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ABSTRACT

Mpox is a zoonotic disease caused by the mpox virus (MPXV), which has gained attention due to its rapid and widespread transmission, with reports from more than
100 countries. The virus belongs to the Orthopoxvirus genus, which also includes variola virus and vaccinia virus. In poxviruses, the RNA cap is crucial for the
translation and stability of viral mRNAs and also for immune evasion. This study presents the crystal structure of the mpox 2'-O-methyltransfarase VP39 in complex
with a short cap-0 RNA. The RNA substrate binds to the protein without causing any significant changes to its overall fold and is held in place by a combination of
electrostatic interactions, n-n stacking and hydrogen bonding. The structure also explains the mpox VP39 preference for a guanine base at the first position; it reveals
that guanine forms a hydrogen bond that an adenine would not be able to form.

Mpox is a zoonotic disease caused by the mpox virus (MPXV), which
presents as a milder form of smallpox with a previously estimated fa-
tality rate of 2%-7% (Li et al., 2023). In recent years, an outbreak of
mpox disease has gained attention from the World Health Organization
and Centers for Disease Control and Prevention due to its rapid and
widespread transmission. Mpox has now been reported in more than 100
countries, prompting concerns about its potential for a pandemic (Kmiec
and Kirchhoff, 2022; Yang, 2022). However, the fatality rate of the
current outbreak appears to be much lower, estimated at around 0.1%
(Saghazadeh and Rezaei, 2023; (CDC) C. f. D.C.a.P. Mpox, 2022).

Mpox virus is a member of the Orthopoxvirus genus, which also in-
cludes variola virus and vaccinia virus (Shchelkunova and Shchelkunov,
2022). The virus consists of enveloped virion with an encapsulated
dsDNA genome, which replicates in the host cytoplasm. This replication
strategy involves the synthesis of viral proteins that are analogous to
host nuclear proteins, such as DNA-dependent DNA polymerase,
DNA-dependent RNA polymerase, and RNA processing machinery. In
fact, RNA capping was discovered, at least in part, thanks to antiviral
research (Furuichi et al., 1975; Shuman and Hurwitz, 1981). In poxvi-
ruses, the RNA cap, specifically the m7GpppN cap (cap-0), is crucial for
the translation and stability of viral mRNAs (Shuman, 2015; Meade
et al., 2019; Grimm et al., 2022; Decroly et al., 2011). Moreover, the
formation of cap-1 via 2-O-methylation allows poxviruses to evade
innate immunity (Meade et al., 2019), as non-methylated RNAs are
detected by cellular RIG-I and IFIT sensory proteins (Zust et al., 2011;
Hyde and Diamond, 2015; Daffis et al., 2010; Russ et al., 2022). Un-
derstanding the molecular mechanisms of poxvirus replication and
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evasion of host immune responses is essential for developing effective
therapies and vaccines.

In a recent study, we structurally characterized the mpox virus 2-O-
methyltransfarase (MTase) VP39 in complex with the natural pan-
MTase inhibitor sinefungin, and we developed sub-micromolar in-
hibitors of this enzyme (Silhan et al., 2023). This MTase, akin to the
majority of MTases, uses S-adenosylmethionine (SAM) as the methyl
group donor. It catalyzes the transfer of the methyl group from SAM to
the 2'-OH group of the ribose ring of cap-0, thereby generating cap-1.
Consequently, SAM undergoes conversion to S-adenosylhomocysteine
(SAH) as a byproduct of the reaction. In this study, we focused on the
interaction of VP39 with cap-0 RNA, which plays a crucial role in viral
replication and immune evasion. To study this interaction, we prepared
a short RNA substrate (sequence m7GpppGAAAAA, detailed in the SI)
and used it for crystallization trials in complex with recombinant VP39
at a molar ratio of 2:1, supplemented with 2 mM S-adenosylhomocys-
teine (SAH). We successfully obtained crystals that belonged to the
orthorhombic space group P2;2,2; and diffracted to a resolution of 2.1
A. The structure was solved by molecular replacement using the struc-
ture of SAH-bound VP39 as a search model. The crystals contained two
VP39 molecules in the asymmetric unit and the RNA was well visible in
one of them (SI Fig. 1). The structure was refined to good R-factors
(Rwork = 21.5% and Rgee = 25.2%) and geometry (SI Table 1) and
deposited in the Protein Data Band under PDB accession code: 80IV.

The binding of RNA to the protein did not result in any significant
changes to its overall fold (Fig. 1A) and the position of the RNA observed
in our study was consistent with what was previously reported for the
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Fig. 1. Structure of mpox VP39 in complex with
cap-0 RNA A) The overall structure shows VP39 in
yellow cartoon, SAH and RNA in stick representation,
with all atoms colored as usual except for SAH car-
bons, which are in green, and RNA carbons, which are
in white. B-D) Zoomed views of important regions of
the capped RNA molecule are shown. Selected water
molecules are shown as red spheres, hydrogen bonds
as black dashed lines, and distances between bases as
teal dashed lines. E) Surface representation of VP39
colored according to its electrostatic potential. F)
Enzymatic activity of the recombinant VP39
comparing the effects of Mg>", Mn®* and EDTA.

vaccinia virus VP39 (Hodel et al., 1998). The RNA substrate was posi-
tioned such that the very 5’ end of the RNA, the base of the cap (m7G,
referred to as GO), was sandwiched between two aromatic side chains,
Tyr22 and Phel80. These two residues stabilized GO base through a
face-to-face n-m stacking interaction (Fig. 1B). The usual distance for n-n
stacking is between 3.3 and 3.8 A (Janiak, 2000) and the observed
distance here is 3.5 A. The amino group of GO base forms hydrogen
bonds with the sidechains of Asp182 and Glu233 while sidechains of
Arg177 and Ser205 interact directly with the triphosphate bridge, while
Ala206, Arg140 and Glu207 form water bridges with this triphosphate
bridge (Fig. 1B).

We observed clear electron density for the next four nucleotides
(hereafter referred to as G1, A2, A3 and A4) (SI Fig. 1). The individual
bases are positioned above each other with near-perfect distances to
enable n-n stacking interaction (Fig. 1C). Additionally, the phosphate

backbone is stabilized by hydrogen bonding with Lys32, Tyr36, Gly38,
and GIn39 (Fig. 1C). Notably, the bases do not form hydrogen bonds
with the protein, explaining the sequence unspecificity of poxviral VP39
enzymes (Hodel et al., 1998). However, G1 stands out as its oxygen
atom, situated on the purine ring, functions as an acceptor of hydrogen
from the adjacentLys142 (Fig. 1D). This explains why mpox VP39 shows
a preference for a guanine base at this position (Silhan et al., 2023);
adenine would not be able to serve as hydrogen acceptor here. The 2-OH
group of the G1 ribose ring, which would be methylated by VP39 if SAM
were present, is 2.8 A away from a water molecule that most probably
represents the catalytic water. It is approximately in the center of the
catalytic tetrad, forming hydrogen bonds with Lys41, Asp138 and
Lys175 but not with Glu207 (Fig. 1D). Interestingly, this catalytic tetrad
is conserved even among unrelated viruses such as are the Poxviridae,
Flaviviridae and Coronaviridae (Nencka et al., 2022; Hercik et al., 2017;
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Fig. 2. A structural comparison of capped RNA molecules crystallized with their respective 2’-0-MTase. A) Comparison of mpox and Dengue. B) Comparison
of mpox and SARS-CoV-2. Carbon atoms are colored according to their virus: mpox (PDB code 801V) in yellow, Dengue in cyan (PDB code 5DTO), and SARS-CoV-2 in

purple (PDB code 7L6T).

Krafcikova et al., 2020).

Apart from these specific interactions, the RNA is also held in place
by electrostatic interactions. The capped RNA binding site and the SAM
binding pocket are both highly positively charged, as evident from the
surface coloring of VP39 by electrostatic potential (Fig. 1E). We
compared the overall structure of the mpox capped RNA with the
structure of RNA from other viruses, including Dengue and SARS-CoV-2,
which were crystallized with the respective 2-O-MTases (Zhao et al.,
2015; Minasov et al., 2021). The alignment showed that, although the
2'-OH group of the ribose ring that is methylated must be in close
proximity to the methyl donor SAM (Fig. 2), the position of the 7 mG
base differed in each case. Surprisingly, the positions of the subsequent
nucleotides were very similar for mpox and Dengue, but not for
SARS-CoV-2. Another significant difference is that SARS-CoV-2 nspl6
2'-0-MTase requires a metal atom (Mg>" or Mn?") (Minasov et al., 2021)
to position the RNA correctly, whereas we could not locate any metal in
our structure. However, the addition of EDTA results in a significant
(~75%) inhibition of the activity of the recombinant protein (measured
as previously (Silhan et al., 2023)). This finding suggests that metals are
not essential for the MTase reaction catalyzed by VP39, but they do play
a helpful role (Fig. 1F). Furthermore, the addition of metals (2 mM Mg2+
or Mn2") also demonstrates an inhibitory effect on the enzyme. This
observation indicates that the recombinant enzyme retains a small
amount of Mg?" from bacteria, which appears to be sufficient for its
function, whereas higher concentrations of Mg?" are somewhat
inhibitory.

Recently, especially during the COVID-19 pandemic, viral MTases
attracted considerable scientific attention (Krafcikova et al., 2020;
Minasov et al., 2021; Rosas-Lemus et al., 2020; Wilamowski et al., 2021;
Dostalik et al., 2021; Aggarwal and Kottur, 2022; Benoni et al., 2021).
These enzymes are relatively unexplored targets for antivirals, as no
antiviral drug, currently on the market, targets an MTase. However,
inhibitors are rapidly being developed against SARS-CoV-2 (Otava et al.,
2021; Devkota et al., 2021; Bobileva et al., 2021; Klima et al., 2022), and
we have recently reported the first inhibitors of mpox MTase VP39
(Silhan et al., 2023). Nevertheless, much work remains to establish
whether MTases are valid targets for antivirals and to define their pre-
cise role during viral life-cycle, which could differ somewhat for each
virus. Further research is needed to fully elucidate the intricacies of the
virus-host interaction and to develop strategies to prevent and control
the spread of mpox.
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