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ABSTRACT: Viral mRNA cap methyltransferases (MTases) are emerging targets for the development of broad-spectrum antiviral
agents. In this work, we designed potential SARS-CoV-2 MTase Nsp14 and Nsp16 inhibitors by using bioisosteric substitution of the
sulfonium and amino acid substructures of the cosubstrate S-adenosylmethionine (SAM), which serves as the methyl donor in the
enzymatic reaction. The synthetically accessible target structures were prioritized using molecular docking. Testing of the inhibitory
activity of the synthesized compounds showed nanomolar to submicromolar ICs values for five compounds. To evaluate selectivity,
enzymatic inhibition of the human glycine N-methyltransferase involved in cellular SAM/SAH ratio regulation was also determined,
which indicated that the discovered compounds are nonselective inhibitors of the studied MTases with slight selectivity for Nsp16.
No cytotoxic effects were observed; however, this is most likely a result of the poor cell permeability of all evaluated compounds.
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he global COVID-19 pandemic has exposed a shortage of Coronaviruses have evolved an mRNA capping apparatus to
therapeutic treatment options against coronaviruses. protect their 5’-ends with a cap moiety ghat is indistinguishable
While repurposing studies of existing drugs have identified from eukaryotic mRNA cap structures.” The capping is aided

by the MTases Nsp14 and Nsp16, which modify the N7 of the
guanosine cap and the 2'OH group of the two subsequent
nucleotides of viral mRNA, respectively.” Nspl6 is activated
and stabilized by binding to Nsp10.° The N7-methylguanosine
(m7G) cap is required for efficient translation of viral

numerous candidates, their usefulness in treating the
respiratory disease is limited due to poor efficacy.’ This has
urged the scientific community to embark on extensive drug
discovery research against the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2). o, proteins,” whereas 2'-O-methylation of the first two nucleo-

The genome of SARS-CoV-2 codes for 29 proteins,” several tides is important for evasion of the host immune response.”
of which have been explored as targets for development of new Studies on SARS-CoV-1 have shown that mutations in the
antiviral drugs. The most notorious of these are the RNA- Nspl4 and Nspl16 genes lead to a significantly attenuated virus
dependent RNA polymerase (RdRp) Nspl2, the helicase that is recognized by the innate immune system.””'® Further
Nsp13, the main (Mpro) and papain-like proteases (PLpro)

NspS and Nsp3d, the nucleocapsid protein N, as well as Received: March 11, 2021 yedand
mRNA cap methyltransferases (MTases) Nspl4 and Nspl6.® Accepted: June 8, 2021 "
Although future clinical development of the identified specific Published: June 9, 2021 kS g

SARS-CoV-2 inhibitors may take several years before approval,

these efforts are also crucial to avoid the breakout of another

coronavirus pandemic in the coming years.
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Figure 1. (A) Molecular structures of the MTase cosubstrate SAM, known pan-MTase inhibitor sinefungin, and general structures of the
compounds studied here. (B) Surface view of SAM binding pockets in the crystal structures of SARS-CoV-1 Nspl14—SAM complex (PDB ID:
SC8T), SARS-CoV-2 Nspl6—SAM complex (PDB ID: 6W4H), human glycine N-MTase—SAM complex, and human RNA guanine-N7-MTase—
SAH complex (PDB ID: 3BGV). The structure of SARS-CoV-2 Nsp14 is not available; however, both strains share 100% sequence identity within
10 A distance of the SAM binding site. Amino acid side chains within 4 A distance of SAM/SAH are shown as lines. Hydrogen bond and 7-stacking
interactions are shown with yellow and cyan dashed lines. The figure was generated using PyMOL.**

data suggest that inhibition of Nsplé can be used for
coronavirus treatment but requires the activation of interfer-
on-stimulated gene response for efficacy.'’ Nsp14 and Nspl6
along with the RdRp Nsp12 and the helicase Nsp13 are among
the most conserved proteins of coronaviruses with sequence
identities above 50%. Therefore, drugs targeting the MTases of
SARS-CoV-2 could have broad-spectrum antiviral activity also
against other coronaviruses including SARS-CoV-1 and
MERS-CoV. Furthermore, crystallographic structures of
Nspl6 from SARS-CoV-2'"'* and of Nspl4 from SARS-
CoV-1" are available facilitating the use of virtual screening
and structure-guided drug design approaches.

Most of the previous work to discover viral MTase inhibitors
has focused on S-adenosylmethionine (SAM) analogues with
minor (ie., single/few atom) modifications in the amino acid
and adenine substituents.'™"® Thus, a few highly potent
inhibitors such as sinefungin (Figure 1A) have been identified
that are effective against MTases from various species.
However, all the discovered inhibitors lacked selectivity for
coronavirus MTases compared to human MTases, and many
showed poor cell permeability due to their zwitterionic nature.
For this reason, none of the early viral MTase inhibitors have
been advanced into clinical development. Aouadi et al.
performed high-throughput screening against SARS-CoV-1
Nspl14 and identified other new classes of active compounds,
mostly polyphenols.'”” However, the most potent of these
compounds were similarly nonselective, although some of the
weaker inhibitors showed more selectivity toward one viral
MTase. Recently, two preprints appeared reporting new Nsp14
inhibitors discovered by screening 161 SAM competitive
MTase inhibitors and through structure-based design.””'

The previous findings motivated us to compare the binding
pockets of SAM between viral and cellular MTases. Figure 1B
shows a side-by-side comparison of the SAM binding sites of
SARS-CoV-1 Nsp14, SARS-CoV-2 Nsp16, and human mRNA
(guanine-N7-) MTase and human glycine N-methyltransferase
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(GNMT). Although the binding sites of the SARS-CoV Nspl4
and Nspl6é MTases look more secluded than those of the
human MTases, there are notable similarities in the shape of
the binding pockets. The adenine subpocket is very narrow in
all structures, whereas the amino acid binding subsite is wider
and potentially able to accommodate bulkier substituents.
Hence, any changes introduced in the adenine fragment have
in most cases led to reduced inhibitor potency against viral
MTases.'®"” In the Nspl6 structure, the amino acid binding
subsite is also tightly filled; however, the shape of the
methylation site would allow the introduction of bulkier or
branched substituents. Based on these considerations, we
decided to explore the structure—activity/selectivity relation-
ships of the methionine fragment with the aim to achieve
selectivity for the viral MTases. Bioisosteric replacements of
the SAM methionine substructure were proposed, and the
designed compounds were prioritized by docking against
SARS-CoV-1 Nspl4 and SARS-CoV-2 Nspl6. The docking
models suggested that aromatic groups replacing the aliphatic
side chain can engage in interactions with the Nsp14 residues
Phe401, Tyr420, Phe426, and PheS06 (Tyr47, Tyrl32 in
Nsp16), which make up a narrow, hydrophobic surface groove
that accommodates the mRNA cap, and bioisosteres of the a-
amino acid group can interact with the charged/polar amino
acids Arg310, Asp331, Asn334, and Lys336 (Asn43, Lys46,
Lys170, Glu203 in Nsp16). As a result, a diverse set of the top
scoring compounds was prepared that could be grouped as S-
aryl-5'-thioadenosine and analogues (1), S-alkylaryl-
(alkylhetaryl)-S-thioadenosines and analogues (2 and 3), and
other SAM analogues (4) (Table 1).

The synthesized compounds were tested for inhibition
against the MTase activities of recombinant SARS-CoV-2
Nspl4, Nspl6/Nspl0,”’ and human GNMT using a
homogeneous time-resolved fluorescent energy transfer
(HTRF) assay,"” which is based on the quantification of
released S-adenosyl homocysteine (SAH) during the enzy-
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Table 1. Enzymatic Potency against Viral and Human MTases, Cytotoxicity and Cell Permeability of SAM Analogues
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Ho, :
N"N ,[f>—ﬂ
Sy

HoN N/J

R, compound num- SARS-CoV-2 SARS-CoV-2 Human Cytotoxicity CCso, UM Cell permeability, %
b Nspl4IC Nspl6/Nspl0IC GNMTIC
e SpR s sp16/Nsp101Cso, [T NIH | HepG2 | AS49 |  1.10° 2.10°
uM uM UM 3T3 cells/ml cells/ml
Q 0.16 £ 0.02 0.04 +0.01 0.15+0.03 >200 >100 | >200 3.90% 9.30%
g COOH
la
o Q 12.0+ 0.6 1.60 +0.08 22+0.1 >200 >100 | >200 <LOQ? <LOQ*
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f‘\sAC(COO“ 0.0080 + 0.0006 0.0040 £ 0.0005 0.0086 = >200 >100 | >200 <LOQ* <LOQ*
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2a
»\s 0.30 £ 0.05 0.10+0.03 0.26 +0.02 >200 >100 | >200 <LOQ* <LOQ*
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ﬁ 233+12 121+9 207+ 10 ND¢ ND¢ ND¢ ND¢ ND¢
,,'\H
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3a
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N=y COOH
4a
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I\/)\IVCOOH
4c
tH, 0.45+0.024 0.86 + 0.044 316+ 15 99.21 >100 | 72.93 <LODP <LODP
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sinefungin

“Limit of quantification, 0.2 #M or 1%. “Limit of detection. “Not determined. “Literature ICy, values against SARS-CoV-1 Nspl14 and Nspl6 are

0.112," 0.383,'® 0.496° uM, and 0.736° uM, respectively.

matic reaction. GNMT was chosen as the off-target for SAM
analogues because of its high abundance®* and because it
competes with tRNA methyltransferases for SAM and thereby
regulates the relative levels of SAM and SAH in cells.”® The
pan-MTase inhibitor sinefungin was also tested for reference.
Of the 11 prepared compounds, one compound (2a) showed
nanomolar, four compounds (1a, 2b, 3a—b) submicromolar,

three compounds (1b, 4a—b) micromolar ICs, values, and
three compounds (2c, 3¢, 4c) were inactive or had minimal
activity (Table 1). Notably, three compounds (1a, 2a—b) were
more potent than sinefungin. Although these compounds
showed no selectivity for the viral MTases over human
GNMT, they were more active against SARS-CoV-2 Nspl6
with selectivity factors of 2—4.

1104 https://doi.org/10.1021/acsmedchemlett.1c00140
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The obtained data provide some insights into the structure—
activity relationships of amino acid-modified SAM analogues as
SARS-CoV-2 MTase inhibitors. Replacement of the sulfonium
by a thioether group leads to more potent inhibitors (1a, 2b,
3b) than by amide (1b) and amine (2c, 3c) functionalities,
indicating that conformational flexibility and bulkiness rather
than the positive charge of this part are required for efficient
binding of the inhibitors. Installation of an aromatic or
heteroaromatic group in place of the aliphatic amino acid side
chain results in improved activity (compounds 1a, 2a—b, 3a—
b) due to additional aromatic—aromatic interactions and
reduced entropic penalty of binding (Figure 2). The observed

Nspa\ L

‘K336

N334

R310

Figure 2. Docking models of compound 2a (colored salmon) in the
X-ray crystal structures of SARS-CoV-1 Nsp14—SAM complex (PDB
ID: SC8T) and SARS-CoV-2 Nspl6—SAM complex (PDB ID:
6W4H) showing the bound SAM (green) and nearby side chains
located within S A from it. Hydrogen bond and s-stacking
interactions are shown with yellow and cyan dashed lines. The figure
was generated using PyMOL.>

improvements are larger for Nsp16 than for Nsp14, although
the number of formed interactions is equal. A possible
explanation of this is that the inhibitor’s adenine fragment
binds Nsp16 in a conformation that is closer to SAM than in
Nspl4 complexes. The presence of a carboxyl group 4-—5
bonds apart from the S-adenosyl residue seems important for
high potency, and its substitution with other hydrogen bond

1105

donors/acceptors is not beneficial (1a, 2a compared to 2b,
3a—b). In contrast, the presence of a positively charged moiety
that replaces the amino group seems nonessential. This is
because the aromatic interactions direct the R group toward
Lys336/Arg310 and away from Asp331 (Aspl30 in Nspl6,
Figure 2). Finally, replacement of the transferred methyl group
of SAM with larger substituents that could extend into the
mRNA cap binding pocket is not well tolerated as shown by
the poor activity of 4b.

Despite the high potency against human GNMT and
possibly other homologous cellular MTases, the compounds
exhibited virtually no cytotoxicity on mouse embryo fibroblast
(NIH 3T3), human liver cancer (HepG2), and adenocarci-
nomic human alveolar basal epithelial (AS49) cell lines.
Therefore, we questioned whether the compounds are able to
permeate the cell membrane. Cell permeability was tested with
the AS49 cell line, and compound concentrations were
determined in cell lysates and culture media by mass
spectrometry. The compound concentrations in the cell lysates
were indeed low and often below the detection limit (Table 1).
This indicates that the cell membrane crossing is a problem of
this class of compounds even though several of them are not
zwitterions as their parental compounds SAM and sinefungin.
However, the compounds retain high polarity, which could be
circumvented by utilizing derivatization or prodrug strategies
to improve Iipophilici?r or to promote the transport of the
nucleoside analogues.”

In summary, we have used SAM cosubstrate analogue design
to discover S-aryl-5'-thioadenosines and S-alkylaryl-
(alkylhetaryl)-S-thioadenosines as novel classes of MTase
inhibitors. These compounds show nanomolar to submicro-
molar potency against SARS-CoV-2 mRNA cap MTases
Nspl4 and Nspl6, but they lack selectivity with respect to
human GNMT and have poor cell permeability. The relatively
facile synthesis and high potency of this class warranties further
studies with the aim to identify novel antiviral agents with
appropriate properties and selectivity toward coronavirus
MTases. The availability of the crystal structures of Nspl4,
Nsp16, and human GNMT should allow a structure-guided
approach to design SAM analogues with increased selectivity
for the coronavirus MTases.
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