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Abstract. Molnupiravir is one of the two COVID-19 oral drugs that were recently granted the
emergency use authorization by the Food and Drug Administration (FDA). Molnupiravir is an
ester and requires hydrolysis to exert antiviral activity. Carboxylesterases constitute a class of
hydrolases with high catalytic efficiency. Humans express two major carboxylesterases (CES1
and CES2) that differ in substrate specificity. Based on the structural characteristics of
molnupiravir, this study was performed to test the hypothesis that molnupiravir is preferably
hydrolyzed by CES2. Several complementary approaches were used to test this hypothesis.
As many as 24 individual human liver samples were tested and the hydrolysis of molnupiravir
was significantly correlated with the level of CES2 but not CES1. Microsomes from the intestine,
kidney and liver but not lung all rapidly hydrolyzed molnupiravir and the magnitude of hydrolysis
was related closely to the level of CES2 expression among these organs. Importantly,
recombinant CES2 but not CES1 hydrolyzed molnupiravir, collectively establishing that
molnupiravir is a CES2-selective substrate. In addition, several CES2 polymorphic variants
(e.g., R180H) differed from the wild-type CES2 in the hydrolysis of molnupiravir. Molecular
docking revealed that wild-type CES2 and its variant R180H used different sets of amino acids
to interact with molnupiravir. Furthermore, molnupiravir hydrolysis was significantly inhibited by
remdesivir, the first COVID-19 drug granted the full approval by the FDA. The results presented
raise the possibility that CES2 expression and genetic variation may impact therapeutic efficacy

in clinical situations and warrants further investigation.
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Significance Statement. COVID-19 remains a global health crisis, and molnupiravir is one of
the two recently approved oral COVID-19 therapeutics. In this study, we have shown that
molnupiravir is hydrolytically activated by CES2, a major hydrolase whose activity is impacted
by genetic polymorphic variants, disease mediators, and many potentially co-administered
medicines. these results presented raise the possibility that CES2 expression and genetic

variation may impact therapeutic efficacy in clinical situations and warrants further investigation.

Key words: COVID-19, molnupiravir, remdesivir, carboxylesterase-1 (CES1), caboxylesterase-

2 (CES2), polymorphism.
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1. INTRODUCTION

COVID-19 (coronavirus disease of 2019) continues to be a global health crisis [COVID-19
Dashboard, 2002; Asif et al., 2022]. Today, confirmed cases have surpassed 515 million with
the death toll of over 6.3 million. SARS-CoV-2 (severe acute respiratory syndrome coronavirus
2), the pathogen of COVID-19, belongs to the family of Coronaviridae [Asif et al., 2022].
COVID-19 vaccination has been shown to prevent infection and reduce severity, representing a
significant stride in the scientific community and for the public health [Wagner et al., 2021]. So
far, all approved vaccines target the Spike protein [COVID-19 Vaccines, 2022]. This protein is
highly glycosylated, undergoes conformational changes and exhibit rapid mutations [Jia and
Gong, 2021; Mansbach et al., 2021], contributing to waning immunity, breakthrough infection
and multiple surges [Getz et al., 2021; Huang et al., 2021; Jia and Gong, 2021; Lipsitch et al.,

2021; Mansbach et al., 2021].

The efforts of developing COVID-19 therapeutics, like those for vaccine development, are
unprecedented [Ayele et al., 2021; Zhou et al., 2021]. In a short span of two years, more than
dozens of therapeutic targets have been identified [Ayele et al., 2021; Zhou et al., 2021], and
hundreds of clinical trials have been completed or under way [Coronavirus, 2022]. These
targets represent a comprehensive list from directly inhibiting the replication of SARS-CoV-2,
and to targeting the host protein TMPRSS2 (transmembrane protease, serine 2), a facilitator of
SARS-CoV-2 infection [Ayele et al., 2021; Zhou et al., 2021]. The recent news from Merck and
Pfizer is exciting. Both companies announce that they have developed oral pills (desirable
formulation) with high efficacy [Coronavirus, 2022; New COVID, 2021]. The Merck pill
molnupiravir reduces the risk of hospitalization and death from COVID-19 by 30%, whereas the
Pfizer pill Paxlovid by 85% [Coronavirus, 2022; New COVID, 2021]. Paxlovid is a combination
of the major ingredient nirmatrelvir and the boosting agent ritonavir [New COVID, 2021; Eng et
al., 2022].
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Mechanistically, nirmatrelvir inhibits SARS-CoV-2 replication by targeting the viral main
protease (MP°) [Zhao et al., 2021]. In contrast, molnupiravir, like the earlier approved COVID-
19 drug remdesivir, inhibits viral replication by targeting RNA-dependent RNA-polymerase
(RdRp) [Malone and Campbell, 2021; Zhang et al.,, 2021]. However, molnupiravir and
remdesivir lead to different outcomes. Remdesivir causes RdRp to pause or induces chain
termination, whereas molnupiravir causes RdRp to introduce widespread errors of the viral
genome, leading to lethal mutagenesis. Importantly, 3CL" and RdRp, compared with the
Spike protein, are more conserved [Bojkova et al., 2022; Muhammed et al., 2021; Showers et
al., 2021; Waters et al., 2022]. For example, the Omicron isolates have only two missense
mutations across the replicase-transcriptase complex [Bojkova et al., 2022]. RdRp, the core
protein of the complex, has only a single mutation (i.e., P323L) [Bojkova et al., 2022]. This
mutation is not in the RNA binding site and may not cause significant changes catalytically

[Bojkova et al., 2022].

Both molnupiravir and remdesivir are ester prodrugs, initially hydrolyzed followed by phospho-
rylation to produce active metabolites (Fig. 1) [Imran et al., 2021; Yan et al.,, 2021].
Carboxylesterases constitute a class of hydrolases with high catalytic efficiency. In humans,
CES1 and CES2 are two major carboxylesterases established to have profound
pharmacological and toxicological significance [Holmes et al., 2010; Shen et al., 2019; Yan,
2012]. These two carboxylesterases, on the other hand, differ in their substrate specificity.
CES1 preferably hydrolyzes esters with an acyl moiety relatively larger than its alkoxy moiety,
whereas the opposite is true with CES2 [Shi et al., 2006, Tang et al., 2006; Wu et al., 2005].
Indeed, we have shown that remdesivir, with an acyl moiety relatively larger than its alkoxy
moiety, is a robust CES1 substrate [Shen et al., 2021a]. Interestingly, we have also shown that

remdesivir is a potent and irreversible CES2 inhibitor [Shen et al., 2021b].
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In contrast to remdesivir, molnupiravir has an alkoxy moiety relatively larger than its acyl moiety
(Fig. 1A). We therefore hypothesized that molnupiravir is preferably hydrolyzed by CES2.
Several experiments were performed to test this hypothesis. Among individual human liver
samples, the hydrolysis of molnupiravir was correlated significantly with the expression of CES2
but not CES1. Recombinant CES2 but not CES1 hydrolyzed molnupiravir. The hydrolysis of
molnupiravir was inhibited by remdesivir, a potent and irreversible CES2 inhibitor [Shen et al.,
2021b]. Furthermore, we have shown that some CES2 genetic polymorphic variants exhibited
significantly altered activity toward molnupiravir. These results presented raise the possibility
that CES2 expression and genetic variation may impact therapeutic efficacy in clinical situations

and warrants further investigation.
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2. MATERIALS AND METHODS

2.1. Chemicals and supplies

Molnupiravir and its hydrolytic metabolite N-hydroxycytidine were purchased from MedChem
Express (Monmouth Junction, NJ). Remdesivir was from Synnovator Inc (Durham, NC).
Raltegravir, structurally similar to molnupiravir, was from Astatech (Bristol, PA). 4-Methylu-
mebelliferyl acetate was from Alfa Aesar (Tewksbury, MA). The goat anti-rabbit-lgG conjugated
with horseradish peroxidase was from Sigma (Saint Louis, MO). Human liver, kidney, intestine
and lung tissues or microsomes were from SEKISUI Xenotech (Kansas City, KS). DMEM
(Dulbecco’s modified Eagle’s medium), ITS (insulin—transferrin—selenium), penicillin
streptomycin solution (100x) were from Corning (Glendele, AZ). Collagen from rat tail were
from Roche (Basel, Switzerland). Unless otherwise specified, all reagents were purchased from

Thermo Fisher Scientific (Waltham, MA).

2.2. Hydrolysis of molnupiravir and LC-MS/MS analysis (liquid chromatography with
tandem mass spectrometry)

Molnupiravir is an ester and hydrolysis is required to exert antiviral activity [Rosenke et al.,
2021]. Carboxylesterases, a major class of hydrolases with high catalytic efficiency, are
expressed in an organ-differential manner with the highest activity in the liver [Holmes et al.,
2020; Xie et al., 2002]. The hydrolysis of molnupiravir was therefore performed by a large
number of liver samples, microsomes from various organs and recombinant human carboxyl-
esterases. The enzymatic assays were conducted as described elsewhere [Shi et al., 2006;
Shen et al., 2021a]. All incubations were performed at 37°C in a total volume of 50 yL. Pilot
studies were performed to determine conditions (e.g., protein concentrations) to maintain the
metabolism in the linear range. Generally, S9 fractions (5 pg protein) were prepared in 25 pL of
incubation buffer (Tris-HCI 50 mM, pH, 7.4) and then mixed with an equal volume of
molnupiravir solution at a concentration of 2 uM (in the same buffer). To prepare S9 fractions,
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liver tissue samples were homogenized in homogenization buffer (50 mM Tris-HCI, pH 7.4, 150
mM KCI, 2 mM EDTA) at a ratio of 1 g wet tissue per 4 mL and then centrifuged at 10, 000 g for
20 min. The supernatant was collected and determined for protein concentrations. The
incubations lasted for 40 min, and the reactions were stopped with 100 pL termination buffer
(acetonitrile : methanol = 3:1) containing the internal standard raltegravir (0.15 pM). The
reaction mixtures were subjected to centrifugation at 12,000 g for 15 min at 4°C. As controls,

the reactions were stopped at 0 min or carried out without protein.

Supernatants (8 yL) were analyzed for the hydrolysis by the LC-MS/MS system TSQ-FORTIS
(Thermo Fisher Scientific, Waltham, MA). Analytes were separated by Chromolith SpeedROD
RP-18 column at 40°C with a gradient mobile phase constituting (A) ammonium acetate (1 mM,
pH 4,3) in water and (B) ammonium acetate (1 mM) in acetonitrile. The mobile phase gradient,
at a flow rate of 1 mL/min, was generated as follows: 2% acetonitrile for the first 1.2 min, 2-90%
for 1.3 min, 90-2% for 0.3 min and 2% for 2.2 min. The analytes were detected in negative ion
mode using the following mass transitions: m/z 328.18 — 126.14 for molnupiravir, 258.1 —
126.04 for the hydrolytic metabolite N-hydroxycytidine and 443.2 — 316.18 for raltegravir. The
assay was linear from 10 to 3000 ng/ml for molnupiravir and from 1 to 1000 ng/mL for N-
hydroxycytidine. All quantifications were performed using peak area ratios, and the calibration
curves consisted of molnupiravir or N-hydroxycytidine to raltegravir ratios plotted against the

molnupiravir or N-hydroxycytidine to raltegravir peak area ratios.

2.3. Carboxylesterase activity by native gel-electrophoresis
We have shown that many carboxylesterases remain active in polyacrylamide gel [Shen et al.,
2021b; Xiao et al., 2012]. Importantly, carboxylesterases, even hydrolyzing the same substrate,

can be electrophoretically separated and individually determined for hydrolytic activity. As a
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result, the relative inhibition between carboxylesterases (e.g., CES1 and CES2) can be
specified on the same gel. In this study, two formats of inhibition were tested for the hydrolysis
of molnupiravir including microsomes and primary hepatocytes. For the inhibition with
subcellular fractions, human microsomes (2 ug) were incubated with remdesivir (0, 1, 10 uM) for
2 h in a total volume of 20 yL (50 mM Tris-HCI,150 mM KCI, 2mM EDTA, pH7.4). The
incubations were then mixed with 5x sample buffer (1.25M Tris-HCI, 40% Glycerol, 0.04%
Bromophenol Blue, pH 6.8), and then subjected to electrophoresis as described previously
[Shen et al., 2021b; Xiao et al., 2012]. After electrophoresis, gels were washed in 100 mM
potassium phosphate buffer (pH 6.5) for 3 times (10 min each), followed by incubating in the
same buffer containing 4-methylumbelliferylacetate for 15 min. Images were captured by
ChemiDoc Imaging system. To gain significance in intracellular setting, human primary
hepatocytes were treated with remdesivir at various concentrations for 2 h. Cell lysates were

prepared and analyzed for inhibition of carboxylesterase activity by native gel electrophoresis.

2-4. Inhibition of molnupiravir hydrolysis by remdesivir

We have reported that remdesivir, the first COVID-19 drug approved by the Food and Drug
Administration, is a potent and irreversible CES2 inhibitor [Shen et al., 2021b]. Remdesivir was
therefore tested for the inhibition of molnupiravir hydrolysis. Once again, two experimental
formats were used: microsomes and primary hepatocytes. Microsomes (2 ug) were pretreated
for 2 h with remdesivir at various concentrations (0, 1 and 10 pyM) and then treated with
molnupiravir (1 uM). The hydrolysis was monitored by LC-MS/MS as described above. For
intracellular inhibition, cryopreserved hepatocytes from 3 individuals were pooled and cultured
as suspensions in 80% Wiliam E medium supplement with 1x ITS, Glutenin, 0.1 yM
dexamethasone and penicillin/streptomycin for 30 minutes. The hepatocytes were treated with
remdesivir at various concentrations for 2 h, the mixtures were collected, centrifuged at 1000 g
for 5 min, washed thoroughly, and then incubated with molnupiravir at 1 yM. The incubation
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lasted for 40 min. The hepatocyte suspensions were centrifuged at 1000 g for 5 min. The
supernatant was collected and mixed with termination buffer containing the internal standard
raltegravir as described above. The cell pellets were mixed with 100 pL termination buffer and
centrifuged at 12,000 g. The parent drug and its hydrolytic metabolite in the media and cells

were determined by LC-MS/MS.

2-5. Transfection

Human embryonic kidney cells (293T) were plated at a density of 60% in DMEM supplemented
with 10% fetal calf serum. After reaching 80% confluence, cells were transfected by
Lipofectamine. A plasmid construct or the empty vector (2 pg/well in 6-well plate) was diluted in
150 yL of serum-free DMEM and then mixed with the same volume of diluted Lipofectamine
reagent with the same medium. The mixture was incubated for 5 min and then applied to a
monolayer of 293T cells. After a 24-h incubation, cells were rinsed and harvested in 1.5 mL of
Tris-HCI buffer (50 mM, pH 7.4). The cell suspension was sonicated by a Branson Sonifier, and
cell debris was removed by centrifugation at 12,000 g for 10 min at 4°C. The cloning of CES1
and CES2 as well as the site-directed mutagenesis variants were described in our previous

publications [Zhu et al., 2000; Xiao et al., 2013].

2-6. Western blotting

Western blotting was performed essentially as described previously [Shen et al., 2020; Xie et al.,

2002]. Tissue homogenates (microsomes or S9 fraction) and cell lysates were resolved by 7.5%

SDS-PAGE in a mini-gel apparatus and transferred electrophoretically to nitrocellulose
membranes. The membranes were then blocked in 5 % non-fat milk. The blots were incubated
with an antibody against CES1, CES2, GAPDH or actin. The preparation of the antibodies
against CES1 and CES2 was described elsewhere [Zhu et al., 2000]. In both cases, the
antigens were synthetic peptides conjugated with keyhole limpet hemocyanin. The sequence of
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CES2 peptide was H2NCEKPPQTEHIEL-COOH, and of CES2 was H,N-CQELEEPEERHTEL-
COOH. Their specificity was established by recombinant CES1 and CES2, respectively. The
primary antibodies were subsequently localized with goat anti-rabbit IgG conjugated with
horseradish peroxidase, and horseradish peroxidase activity was detected with a
chemiluminescent kit. The chemiluminescent signals were captured by ChemiDoc Imaging

system.

2-7. Molecular docking

The molecular docking of molnupiravir or remdesivir to CES2 and its variant R180H was
performed by Autodock Vina [Trott et al., 2010]. The ligands were sourced from PubChem as 3-
D spatial data files. The files were converted into PDB files (program database) using Open
Babel [O'Boyle et al., 2011], and subsequently prepared with Autodock Tools for simulation as
PDBAQT files (Protein Data Bank, Partial Charge (Q), & Atom Type (T) [Morris et al., 2009]. A
homology model of wild-type CES2 (ID: 000748) was downloaded from the PDB and Swiss
Model websites (https://swissmodel.expasy.org/repository/uniprot/O00748) and cleaned to
remove the ligand and any other unwanted molecules such as water using the Chimera [Bienert
et al.,, 2017]. The CES2 mutant (i.e., R180H) was generated in the Chimera with the rotamer
function [Shapovalov et al., 2011]. These files were then prepared for simulation by Autodock
Tools. The center for the Autodock Vina simulation was the center of CES2 or its mutant. The

search box was set to 126 x 126 x 126 with an exhaustiveness of 100.

2-7. Other assays

Protein concentration was determined with Micro BCA Reagent from Pierce as described by the
manufacturer. Data are presented as mean + S.D. of at least three separate experiments,
except where results of blots are shown, in which case a representative experiment is depicted
in the figures. Statistical analyses were performed with SPSS-PASW Statistics 18. Significant
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differences were made for comparison of means according to One-way ANOVA followed by a
DUNCAN'’s test or Student's t test wherever appropriate. Statistical significance was indicated

by asterisk signs or in combination with a line when a p value was less than 0.05, 0.01 or 0.001.
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3. RESULT

3.1. High correlation of molnupiravir hydrolysis with CES2 but not CES1 expression
Carboxylesterases are important hydrolases with high catalytic efficiency [Holmes et al., 2010;
Shen et al., 2019; Yan, 2012]. Humans express two major carboxylesterases (i.e., CES1 and
CES2) that have profound pharmacological and toxicological significance [Holmes et al., 2010;
Shen et al., 2019; Yan, 2012]. CES1 preferably hydrolyzes esters with an acyl moiety relatively
larger than its alkoxy moiety, whereas the opposite is true with CES2 [Shi et al., 2006, Tang et
al., 2006; Wu et al.,, 2005]. As shown in Fig. 1A, molnupiravir has an acyl moiety (boxed)
relatively smaller than its alkoxy moiety. The hydrolytic metabolite N-hydroxycytidine, on the
other hand, differs from the parent drug molnupiravir in lipophilicity. Molnupiravir has an
XLogP3 value of -0.8 whereas N-hydroxycytidine of -2.2
[https://pubchem.ncbi.nim.nih.gov/compound/eidd-2801; https://pubchem.ncbi.nlm.nih.gov/com-
pound/197020]. We therefore hypothesized that molnupiravir is a preferable CES2 substrate
and differs from N-hydroxycytidine in the chromatographic elution profile. As shown in Figs. 1C
and D, molnupiravir had a retention time of 2.74 min, whereas N-hydroxycytidine had a retention

time of 0.81 min, confirming that molnupiravir is more lipophilic than N-hydroxycytidine.

To establish whether molnupiravir is preferably hydrolyzed by CES2, as many as 24 individual
human liver S9 samples were tested for the hydrolysis and the magnitude of the hydrolysis was
analyzed for the correlation with the expression of CES1 and CES2. Overall, all samples
hydrolyzed molnupiravir and the hydrolysis showed approximately a 10-fold individual difference
(Fig. 2A). Among these samples, CES1 showed an 8-fold individual variation and CES2 a 15-
fold in terms of expression (Fig. 2B). Importantly, the level of CES2 was correlated well with the
hydrolysis at a correlation coefficient of 0.693 (p = 0.0012). In contrast, the level of CES1 was
correlated modestly with the hydrolysis at a much lower correlation coefficient: 0.216 (p =
0.0141). Nevertheless, there were outliers even for CES2 (arrowed). Interestingly, the level of
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CES1 was correlated with the level of CES2 at a correlation coefficient of 0.506 (p = 0.0117),

pointing to a potential co-regulation in their expression among these donors.

3.2. Molnupiravir hydrolysis by organ microsomes and recombinant CES1 and CES2

It has been reported that CES2 is abundantly expressed in the intestine, liver and kidney but not
lung [Xie et al., 2002]. We next tested whether these organs differentially hydrolyze
molnupiravir. Microsomes from these organs were pooled and analyzed for the hydrolysis of
molnupiravir. As expected, microsomes from the intestine, liver and kidney but not lung robustly
hydrolyzed molnupiravir (Fig. 3A). The relative activities toward molnupiravir were consistent
with the relative expression of CES2 (Fig. 3A). The chromatogram showed robust presence of
the hydrolytic metabolite N-hydroxycytidine upon incubation with intestinal microsomes (Fig. 3B).
To further establish the dominant role of CES2 in molnupiravir hydrolysis, cells (293T) were
transfected with CES1, CES2 or the corresponding vector and the cell lysates were tested for
the hydrolysis of molnupiravir. As shown in Fig. 3C, lysates from CES2- but not CES1- or
vector-transfected cells hydrolyzed molnupiravir. Western blotting confirmed the expression of

CES1 and CES2 in their respectively transfected cells (Fig. 3C).

3.3. Inhibition of molnupiravir hydrolysis by remdesivir

We have reported that several drugs are potent and irreversible CES2 inhibitors including
remdesivir, the first medicine approved for COVID-19 [Shen et al., 2021b; Shen and Yan, 2017;
Xiao et al., 2013]. Next we tested whether remdesivir inhibits the hydrolysis of molnupiravir.
Two experimental formats were used: microsomes and primary hepatocytes. Microsomes (2 ug)
from various organs were pretreated for 2 h with remdesivir at 0, 1 or 10 yM and then incubated
with molnupiravir (1 uM). The inhibition was monitored by native-gel electrophoresis-coupled
activity-staining with 4-methylumbelliferylacetate as the substrate (in gel), and in parallel
microsomal incubations, the hydrolysis of molnupiravir was monitored by LC-MS/MS. As
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expected, liver microsomes produced three carboxylesterase bands (Fig. 4A). The top two
were both CES1 (presumably different extent of glycosylation) and the band with the fastest
migration was CES2. Importantly, CES2 but not CES1, as clearly shown by the liver
microsomes, was catalytically inhibited by remdesivir and the inhibition occurred in a
concentration-dependent manner (Fig. 4A). Consistent with the observed inhibition of CES2 by
remdesivir, the hydrolysis of molnupiravir was significantly reduced (Fig. 4B). The hydrolysis by
the intestinal microsomes was decreased by as much as 90% even at 1 yM remdesivir (Left of
Fig. 4B). In contrast, the decrease of molnupiravir hydrolysis by liver microsomes was less
profound. Remdesivir at 10 yM decreased the hydrolysis by 40% (Middle of Fig. 4B). As seen
with intestinal microsomes, 1 and 10 uM remdesivir caused comparable inhibition of

molnupiravir hydrolysis by kidney microsomes (~60%, Right of Fig. 4B).

To complement the microsomes-based approach, the intracellular inhibition was determined in
cryopreserved hepatocytes. Donors-pooled hepatocytes were used. Hepatocytes were
pretreated with remdesivir at various concentrations for 2 h, thoroughly washed, resuspended
and then incubated with molnupiravir. Medium and hepatocytes were collected for the
qualification of the hydrolytic metabolite. Cell lysates were also analyzed by native gel
electrophoresis-coupled staining for confirming the inhibition of CES2 by remdesivir. The
results are summarized in Fig. 5. As expected, remdesivir profoundly inhibited CES2 but not
CES1 and the inhibition occurred in a concentration-dependent manner (Fig. 5A). On the other
hand, the overall staining for CES2 and the sensitivity toward remdesivir inhibition varied
depending on a donor. Sample from donor #7 showed the lowest staining (O uM remdesivir)
and the most resistant to remdesivir inhibition. In contrast, samples from donors 25 and 33
showed comparable staining (0 yM remdesivir) and the similar sensitivity to remdesivir (Fig. 5A).
As for the hydrolysis of molnupiravir, hepatocytes from donor #7 (0 uM remdesivir), based on
the total number of cells (10°), produced the highest amount of N-hydroxycytidine, the hydrolytic
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metabolite. This was true for all quantitative analyses for N-hydroxycytidine with an exception of
its intracellular concentration when molnupiravir was incubated at 0 uM (Top of Fig. 5B).
Consistent with the native-gel electrophoresis, sample from donor #7 was more resistant to
remdesivir inhibition in terms of molnupiravir than those from donors #25 or #33 (Figs. 5B and
C). Overall, incubation with a lower concentration of molnupiravir, namely at a concentration of
1 verse 5 uM, produced a less amount of N-hydroxycytidine (Top versus Bottom of Figs. 5B and
C). Also, the extracellular concentration was 100- to 200-fold as much as the intracellular
concentration depending on the incubation concentration of molnupiravir (Figs. 5B and C).
Interestingly, the inhibition of molnupiravir hydrolysis was more robust in hepatocytes than that
in liver microsomes, there were two major possibilities: (1) the liver microsomes have high levels
of CES1, which robustly hydrolyzed remdesivir, leading to decreased inhibitory potency; and (2)
hepatocytes had higher levels of CES2 (microsomal and cytosolic as shown in Fig. 5A), leading
to a relatively greater inhibition (the more the sensitive target exists, the more inhibition).
Indeed, Fig. 4A (liver microsomes) showed a greater activity staining of CES1 than CES2,

whereas Fig. 5A (hepatocytes) showed a greater staining of CES2 than CES1.

3.4. Hydrolytic activation of molnupiravir by CES2 polymorphic variants

We have reported CES2 polymorphic variants that show altered catalytic activity and/or
sensitivity to inhibitors [Xiao et al., 2013]. We next tested whether some of the variants differ
from the wild-type CES2 in the hydrolysis of molnupiravir and/or the resistance to remdesivir-
inhibition. Cells (293T) were transfected with a CES2 plasmid construct or the empty vector,
and the cell lysates were tested for the hydrolysis of molnupiravir. As shown in Fig. 5A,
Western blotting detected robust expression of wild-type CES2 and its variants with an ~20%
difference. Based on the normalization with Western blotting, the variants A139T and L45I
hydrolyzed molnupiravir comparably as the wild-type CES2. On the other hand, the variants
A178V and F485V showed decreased hydrolysis compared with the wild-type CES2 by 74 and
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61%, respectively. In contrast, the variant R180H, compared with the wild-type, showed much
higher hydrolytic activity toward molnupiravir. In fact, this variant was 77% more active than the

wild-type CES2 (Fig. 5A).

Next we tested whether these variants differ from the wild-type CES2 in remdesivir-mediated
inhibition of molnupiravir hydrolysis. As described with microsomes and hepatocytes, lysates
from transfected cells were treated with remdesivir at various concentrations (0, 0.1, 1 and 10
uM), and the remaining activity toward molnupiravir was determined. As shown in Fig. 5B,
remdesivir at 0.1 uM inhibited the wild-type CES2 for hydrolysis of molnupiravir by as much as
87%, representing the highest inhibition among all recombinant CES2 (Fig. 5B). Increased
remdesivir concentration such as 1 pM caused additional inhibition from 87 to 92%.
Interestingly, some variants were as sensitive as the wild-type CES2 to the inhibition of
remdesivir at 1 yM. However, they were more resistant to 0.1 yM remdesivir. For example,
remdesivir at 0.1 uM inhibited the variant R180H by 65% but as much as 97% at 1 yM. This

variant was the most active variant in terms of molnupiravir hydrolysis.

3.5. Molecular docking

We have shown that molnupiravir was a CES2 substrate, whereas remdesivir was a CES2
irreversible inhibitor (Figs. 2, 3, 4 and 5). We have also shown that the CES2 variant R180H,
compared with the wild-type CES2, was more active to molnupiravir but more resistant to
remdesivir (i.e., 0.1 yM) (Fig. 6A). To gain structural insight, we performed docking study. As
shown in Fig. 7 and Table 1, both molnupiravir and remdesivir made contacts with CES2 and its
variant R180H through Van der Waals force, hydrogen bond, pi-sigma, pi-alkyl and pi-cation
interactions. Overall, molnupiravir used relatively more Van der Waals force and hydrogen
bond in its interactions, whereas remdesivir used relatively more pi-sigma, pi-alkyl and pi-cation
in its interactions (Fig. 7). Such differences were probably due to the difference in their
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chemical structure. Remdesivir but not molnupiravir has multiple ring systems (Fig. 1A) [Shen
et al., 2021b].

As shown in Fig. 7 and Table 1, molnupiravir made contacts with CES2 through 17 amino acids,
whereas remdesivir through 19 amino acids. Importantly, as many as 13 amino acids were
shared by molnupiravir and remdesivir for the interaction including: L258, G261, H322, Q324,
L379, M380, S414, 1418, P419, Q422, W538, K539 and L542. With exceptions of 5 amino acids,
all shared residues used the same types of interaction. For example, Q422 interacted with
molnupiravir and remdesivir via hydrogen bond. Conversely, H322 interacted with molnupiravir
via Van der Waals force but pi-cation with remdesivir. Likewise, molnupiravir and remdesivir
shared a large number of amino acids (14 in total) for the interaction with the variant R180H (Fig.
7, Table 1). Among them, with exceptions of L257 and 1263, were those shared by molnupiravir
and remdesivir for the interaction with the wild-type CES2. As for the interaction with
molnupiravir between the wild-type CES2 and the variant R180H, there were as many as 9
different amino acids including: A257, P260, L262, 1263, L378, P323, M415, L381 and K539. In
contrast, only 3 amino acids (A257, S266 and L381) were different between the wild-type and

the variant in interacting with remdesivir.
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4. DISCUSSION

The efforts of developing COVID-19 therapeutics are massive and unprecedented [COVID-19
Vaccines 2022; Ayele et al., 2021; Coronavirus, 2022]. These therapeutics are exemplified by
molnupiravir, nirmatrelvir and remdesivir. Nirmatrelvir inhibits SARS-CoV-2 replication by cova-
lently targeting the viral main protease (M) [Imran et al., 2021]. Nirmatrelvir undergoes
oxidation by cytochrome P450s and the oxidation represents inactivation (CYPs, Gandhi et al.,
2020). Molnupiravir and remdesivir, on the other hand, inhibit viral replication by targeting RdRp
(Table 2) [Malone and Campbell, 2021; Zhang et al., 2021]. Remdesivir causes RdRp to pause
or induces chain termination, whereas molnupiravir causes RdRp to introduce widespread
errors, leading to lethal mutagenesis. They are ester prodrugs, molnupiravir is hydrolyzed by
CES2 and remdesivir by CES1 (Figs. 2 and 3) [Shen et al., 2021a]. In addition, remdesivir is a
potent and irreversible CES2 inhibitor [Shen et al., 2021b]. In addition to hydrolysis, remdesivir
undergoes oxidation [Gandhi et al., 2022], but it remains to be determined whether oxidation is
involved in the metabolism of molnupiravir. Phosphorylation is nevertheless required to produce
therapeutically active metabolite for both drugs. Three-steps of phosphorylation are required for
molnupiravir but only two-steps for remdesivir [Imran et al., 2021; Yan et al.,, 2021].
Molnupiravir is taken orally, whereas remdesivir intravenously (Table 2). Finally, both drugs and
their metabolites are effective against major variants of SARS-CoV-2 (Table 3) [Vangeel et al.,

2022], although the relative potency varies depending on a parent drug or a metabolite.

Molnupiravir and its hydrolytic metabolite N-hydroxycytidine [Kabinger et al., 2021] have much
lower potency than remdesivir and its major metabolite (Table 3). According to the ECs, values
(concentration effective in producing 50% of viral inhibition), molnupiravir is less effective than
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its metabolite N-hydroxycytidine by 57-77% depending on a strain of SARS-CoV-2. In contrast,
remdesivir is much more effective than GS-441524, a major metabolite of remdesivir [Vangeel
et al., 2022]. Actually, remdesivir is ~10 times of the potency of GS-441524 against almost all
SARS-CoV-2 variants (Table 3). It is well established that these metabolites undergo direct
phosphorylation to produce the therapeutically active metabolites for both molnupiravir and
remdesivir [Imran et al.,, 2021; Yan et al., 2021 28-30]. The differences in the relative ECs
values between the parent drugs (molnupiravir and remdesivir) and their metabolites point to the
efficiency of cell membrane crossing and intracellular activation of the parent drugs (e.g.,

hydrolysis).

Membrane crossing is mediated by passive diffusion and active transport [King, 1996].
Remdesivir and its major metabolite GS-441524 have an XLogP3 value of -1.4 and +1.9,
respectively. These values constitute a relatively large net difference (i.e., 3.3), suggesting
passive diffusion favoring remdesivir over GS-441524 for membrane-crossing. Remdesivir
undergoes hydrolysis by CES1 and is eventually converted to GS-441524 [Shen et al., 2021a].
The significantly higher efficacy of remdesivir than GS-441524 points to rapid diffusion and
efficient hydrolysis in the SARS-CoV-2 infected cells. In contrast, molnupiravir and its hydrolytic
metabolite N-hydroxycytidine have an XLogP3 value of -0.8 and -2.2, resulting in a relatively
small net difference (i.e., 1.4). Such difference points to an involvement of both passive and
active transport. Based on their respective XLogP3 values, N-hydroxycytidine is actively
transported more than the parent drug molnupiravir. Indeed, drug transporters such as

equilibrative nucleoside transporters 1 and 2 (ENT1 and ENT2), common uptake transporters,

have been indicated to facilitate the membrane crossing of N-hydroxycytidine [Miller et al., 2021].

Interestingly, remdesivir is a substrate of these two transporters as well [Miller et al., 2021].

21

20z ‘0T |udy UoSeUINOr 13dSY e BIosfeuIno fipdsepuwip Woly papeojumod


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on July 5, 2022 as DOI: 10.1124/dmd.122.000918
This article has not been copyedited and formatted. The final version may differ from this version.

It is therefore suggested that remdesivir likely impacts the efficacy of molnupiravir through at
least two mechanisms: transport and hydrolysis. In a cell model, remdesivir inhibits ENT1
uptake at an ICs5q of 39 yM (the half maximal inhibitory concentration) and ENT2 at an 1C5, of 77
MM [Miller et al., 2021]. In contrast, N-hydroxycytidine inhibits ENT1 uptake at an ICsy of 259
MM and ENT2 at 467 uM. Remdesivir is 6 times as potent as N-hydroxycytidine toward both
transporters. Clinical trials have reported Cmax of 4.1 uyM for remdesivir and 14.0 uM for N-
hydroxycytidine [Deb et al., 2021; Painter et al., 2021], pointing to potential uptake interactions if
they are co-present at similar time-frame. In this study, we have shown that molnupiravir is
hydrolytically activated by CES2 and the activation is potently inhibited by remdesivir, a potent
and irreversible CES2 inhibitor [Shen et al., 2021b]. The inhibition occurs in primary
hepatocytes and with microsomal preparations from the intestine, liver and kidney (Figs. 5 and
6). Interestingly, the inhibition is the highest with the intestinal microsomes but least with liver
microsomes (Fig. 4A). ltis likely that liver microsomes have high levels of CES1, which robustly
hydrolyzes remdesivir, leading to decreased inhibitory potency of remdesivir. In support of this
possibility, liver microsomes contain higher levels of CES1 over CES2 based on native-gel
electrophoresis coupled activity staining (Middle of Fig. 4A), but the relative staining intensity
between CES1 and CES2 is reversed with lysates from primary hepatocytes (Fig. 5A). We
have determined the inhibition of CES2 by remdesivir in the presence of increasing CES1. As

predicated, increasing CES1 leads to decreased inhibition of CES2.

While it cannot be completely excluded that liver microsomes have another enzyme(s) that
hydrolyzes molnupiravir, CES2 is nevertheless the predominately enzyme for molnupiravir
hydrolysis. Several lines of evidence support this possibility. Microsomes from multiple organs,
with an exception of the lung, show robust hydrolysis of molnupiravir and the relative magnitude
of hydrolysis is related to the level of CES2 expression (Fig. 3A). The antiviral activity of N-
hydroxycytidine in the lung is presumably achieved by active uptakes. Alveolar epithelial cells
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have been reported to express high levels of ENT1 and ENT2, uptake transporters for N-
hydroxycytidine [Painter et al., 2021; Baba et al., 2021]. Similarly, a large number of liver
microsomal samples show high levels of correlation between the hydrolysis of molnupiravir and
the expression of CES2 (Fig. 2B). There are nonetheless outliers, pointing to potential CES2
polymorphisms toward molnupiravir. Indeed, we have shown that the CES2 variant E485V is
approximately half active as the wild-type, and conversely, the variant R180H is almost twice as
active as the wild-type (Fig. 6A). And finally, remdesivir, an irreversible CES2 inhibitor (Shen at

al., 2021b), efficaciously inhibits molnupiravir hydrolysis (Figs. 4 and 5).

In addition to altered molnupiravir hydrolysis, CES2 genetic variants show differences in the
sensitivity to remdesivir inhibition. At 0.1 yM, remdesivir inhibits the wild-type CES2 by as much
as 87% of molnupiravir hydrolysis. However, the same concentration inhibits genetic variants
from 55 to 77% depending on a variant (Fig. 6B). On the other hand, remdesivir at 1 pM
comparably inhibits the wild-type and all variants for the hydrolysis of molnupiravir, 90% or
higher (Fig. 6B). One explanation is that these variants do not have significantly structural
changes toward remdesivir. Indeed, molecular docking study has shown that remdesivir
interacts with wild-type CES2 and its variant R180H through the same with an exception of 3
amino acids (out of 20) including A257, S266 and L381 (Table 1). In contrast, wild-type CES2
and its variant R180H differ by as many as 9 amino acids in the interaction with molnupiravir. It
is likely that these amino acids of the variant R180H favor interactions with molnupiravir, thus

leading to a large increase of molnupiravir hydrolysis (Fig. 6A).

It is interesting to notice that molnupiravir and remdesivir share as many as 13 amino acids in
the interaction with the wild-type CES2 (Fig. 7, Table 1), although both drugs structurally differ
greatly (Fig. 1A) [Shen et al., 2021b]. In addition, all shared residues, with exceptions of 5
amino acids only, use the same types of interaction (e.g., hydrogen bond) (Fig. 7, Table 1).
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These findings suggest that both substrate (molnupiravir) and inhibitor (remdesivir) use similar
ways to interact with CES2. All carboxylesterases nevertheless use the triad (Ser-His-Glu) for
hydrolysis [Holmes et al., 2010; Shen et al., 2019; Yan, 2012]. This catalytic machinery follows
two steps; formation of the drug-carboxylesterase complex (step one) following the hydrolysis of
the complex via an activated water molecule (step two). The velocity of step two determines if
an ester is a substrate (fast) or inhibitor (slow). It is therefore that modification of a substrate

likely leads to an identification of an inhibitor or vice versa.

In summary, our work points to several important conclusions. First, molnupiravir is a substrate
of CES2 but not CES1. Second, the hydrolysis of molnupiravir varies among CES2 natural
variants, pointing to genetic polymorphisms for molnupiravir hydrolytic activation. Third,
molnupiravir hydrolysis is profoundly inhibited by remdesivir, pointing to the potential of
interfering with activation of molnupiravir. This possibility is reasonably high as the inhibition by
remdesivir is achieved through irreversible CES2 inhibition. On the other hand, it is not clear
how long the activity of CES2 can be restored in vivo, most likely through newly translated
CES2. Remdesivir is an intravenous agent, creating uncertainties on the magnitude of organ-
specific inhibition (e.g., liver versus intestine). Remdesivir and N-hydroxycytidine share
transporters, further increasing the complexity of the interaction. Clinical trials are needed to

establish the precise magnitude of remdesivir-molnupiravir interaction.
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LEGENDS FOR FIGURES
Fig. 1. Structure and elution profile of molnupiravir and its hydrolytic metabolite N-
hydroxycytidine. (A) Structure of molnupiravir. (B) Structure of N-hydroxycytidine. (C) Elution
profile of molnupiravir.  And (D) Elution profile of N-hydroxycytidine. Representative
chromatograms of molnupiravir (0.6 ng) and N-hydroxycytidine (0.18 ng) eluted with a gradient
mobile phase constituting ammonium acetate (1 mM, pH 4,3) in water and acetonitrile as

described in the text.

Fig. 2. Hydrolysis of molnupiravir by individual human liver samples and correlation
analysis of the hydrolysis with the level of CES1 or CES2. (A) Molnupiravir hydrolysis by
individual liver samples. Liver S9 fractions (2 ug) were incubated with molnupiravir at a final
concentration of 1 pyM for 40 min and the formation of the hydrolytic metabolite N-
hydroxycytidine was analyzed by LC-MS/MS. For Western blotting, S9 fractions (3 ug) were
subjected to SDS-polyacrylamide gel electrophoresis, electrophoretically transferred to
nitrocellulose membrane and detected by the chemiluminescent detection system for CES1,
CES2 or GAPDH. (B) Correlation between molnupiravir hydrolysis and the level of CES2 or
CES1. The intensity of immunostaining was captured and quantified by ChemiDoc Imaging
system. The immunostaining intensity of CES1 or CES2 was plotted against the relative
hydrolysis of molnupiravir. The correlation coefficient and the corresponding p vales were
calculated. An arrow sign indicates potential outliers. (C) Correlation between CES1 and CES2

expression. Statistical significance of correlation at p < 0.01

Fig. 3. Hydrolysis of molnupiravir by organ-specific microsomes and cell lysates
containing recombinant CES1 or CES2. (A) Molnupiravir hydrolysis by organ-specific
microsomes. Pooled microsomes (2 pg) from the intestine (n = 6), liver (n = 20), kidney (n = 20)
or lung (n = 10) were incubated with molnupiravir at a final concentration of 1 uM for 40 min and
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the formation of the hydrolytic metabolite N-hydroxycytidine was analyzed by LC-MS/MS. For
Western blotting, microsomes (1.2 pug) were subjected to SDS-polyacrylamide gel
electrophoresis, electrophoretically transferred to nitrocellulose membrane and detected by the
chemiluminescent detection system for CES1, CES2, GAPDH or B-actin. Single asterisk for
statistical significance at p < 0.05, double at p < 0.01 and triple at p < 0.001 based on the
comparison from the hydrolysis by intestinal microsomes. (B) Representative chromatogram of
molnupiravir hydrolysis by pooled microsomes from the intestine (MPV: molnupiravir, NHC: N-
hydroxycytidine). (C) Molnupiravir hydrolysis by cell lysates containing recombinant CES1 or
CES2. Cells (293T) were transfected by CES1, CES2 or the corresponding vector. Cell lysates
(0.1 pg) were tested for the hydrolysis of molnupiravir hydrolysis. Western blotting confirmed
the expression of CES1 and CES2 upon transfection. Triple asterisks for statistical significance

at p < 0.001 from vector control.

Fig. 4. Remdesivir-inhibition of molnupiravir hydrolysis in microsomes. (A) Selective
inhibition of CES2 by remdesivir. Pooled microsomes (2 ug) from the intestine (n = 6), liver (n =
20) and kidney (n = 20) were incubated with remdesivir (RDV at 0, 1 or 10 yM) for 2 h, and then
subjected to native gel electrophoresis. The gel was then stained for esterase activity by 4-
methylumbelliferyl acetate. Images were captured by ChemiDoc Imaging system. (B) Inhibition
of molnupiravir hydrolysis. Pooled microsomes (2 ug) were incubated with remdesivir (RDV) for
2 h and then with 1 yM molnupiravir for 40 min. The hydrolysis of molnupiravir was monitored
for the production of the formation of N-hydroxycytidine was analyzed by LC-MS/MS. Single
asterisk for statistical significance at p < 0.05, double at p < 0.01 and triple at p < 0.001 for the

comparison indicated by a line.

Fig. 5. Remdesivir-inhibition of molnupiravir hydrolysis in microsomes. (A) Intracellular
inhibition of CES2 by remdesivir (RDV) with 4-methylumbelliferylacetate as the substrate.
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Human primary hepatocytes suspension (10°) were incubated with RDV at various

concentrations (0, 1 or 10 uM) for 2 h and then centrifuged at 1000 g and washed extensively.

The hepatocytes were then lysed and analyzed for CES2 inhibition by native gel electrophoresis.

(B) Intracellular inhibition of molnupiravir hydrolysis by RDV with molnupiravir as the substrate.
Human primary hepatocytes suspension (10°) were incubated with RDV at various
concentrations (0, 1 or 10 uM) for 2 h and washed as above. The pellets were resuspended
and then incubated with molnupiravir at 1 pM for 40 min. The formation of N-hydroxycytidine by
LC-MS/MS. Single asterisk denotes statistical significance at p < 0.05, double at p < 0.01 and

triple at p < 0.001 for the comparison indicated by a line.

Fig. 6. Hydrolysis of molnupiravir by CES2 polymorphic variants and inhibited hydrolysis
by remdesivir. (A) Hydrolysis of molnupiravir by CES2 polymorphic variants. Cells (293T)
were transfected by the wild-type CES2 or mutant. Cell lysates (0.5 ug) were tested for the
hydrolysis of molnupiravir hydrolysis. The same amount of lysates was analyzed by Western
blotting for the expression. The hydrolysis was normalized based on the intensity of the
immunostaining. Single asterisk denotes statistical significance at p < 0.05 and double at p <
0.01 for the comparison with the wild-type CES2. (B) Remdesivir-inhibited hydrolysis of
molnupiravir by CES2 polymorphic variants. Lysates (0.5 pg) from transfected cells were
incubated with remdesivir (RDV) at 0, 0.1, 1 and 10 yM for 2 h and then with 1 uM molnupiravir
for 40 min. The hydrolysis of molnupiravir was monitored for the production of the formation of
N-hydroxycytidine was analyzed by LC-MS/MS. Single asterisk denotes statistical significance

at p < 0.05, double at p < 0.01 and triple at p < 0.001 for the comparison indicated by a line.

Fig. 7. Molecular docking of molnupiravir, remdesivir and sofosbuvir The molecular
docking was performed by Autodock Vina. The ligands were sourced from PubChem as 3-D
spatial data files. The wild-type CES2 was downloaded from the PDB and Swiss Model
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Table 1. Contact amino acids of CES2 or R180H variant with molnupiravir (MPV) or remdesivir (RDV)
Interaction Location of contact amino acids
MPV-CES2 L258 | L259 | P260 | G261 | H322 | Q324 | L378 | L379 | M380 | S414 | M415 | 1418 | P419 | Q422 | W538 | K539 | L542
RDV-CES2 L258 | G261 | 1263 | A264 | S265 | H322 | Q324 | L379 | M380 | L381 | P382 | S414 | 1418 | P419 | Q422 | W538 | K539 | L542 | Q544
MPV-R180H | A257 | L258 | L259 | L261 | L262 | 1263 | H322 | P323 | Q324 | L379 | M380 | L381 | S414 | 1418 | P419 | Q422 | W538 | L542
RDV-R180H | A257 | L258 | G261 | 1263 | A264 | S265 | S266 | H322 | Q324 | L379 | M380 | P382 | S414 | 1418 | P419 | Q422 | W538 | K539 | L542 | Q544
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Table 2. Comparison and contrast between molnupiravir and remdesivir

Item Molnupiravir Remdesivir
Target RdRp RdRp
Consequence Errors introduced Pausing/termination
Hydrolysis Required (CES2) Required (CES1)
Covalent inhibition CES2
Oxidation ? Yes
Phosphorylation Required Required
Dosage regimens 800 mg/twice/12 h 100 mg/day
Giving route Oral Intravenous

RdRp, RNA-dependent RNA-polymerase; CES1 or 2, carboxylesterase-1 or 2
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Table 3. Half maximal effective concentration (ECs,) against SARS-CoV-2 variants

Drug/metabolite Alpha Beta Gamma Delta Omicron GHB
Molnupiravir 3.6 1.9 3.9
NHC 2.3 1.5 2.0 3.3 22
Remdesivir 0.077 0.063 0.074 0.048 0.052
GS-441524 0.76 0.77 0.90 0.87 0.50 0.81

NHC: B-d-N4-hydroxycytidine, hydrolytic metabolite of molnupiravir; GS-441524: major

metabolite of remdesivir in the blood. Vangeel et al., Antiviral Res. 2022, 198:105252.
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