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Abstract

Alongshan virus (ALSV), a newly discovered member of unclassified Flaviviridae family, is
able to infect humans. ALSV has a multi-segmented genome organization and is evolution-
arily distant from canonical mono-segmented flaviviruses. The virus-encoded methyltrans-
ferase (MTase) plays an important role in viral replication. Here we show that ALSV MTase
readily binds S-adenosyl-L-methionine (SAM) and S-adenosyl-L-homocysteine (SAH) but
exhibits significantly lower affinities than canonical flaviviral MTases. Structures of ALSV
MTase in the free and SAM/SAH-bound forms reveal that the viral enzyme possesses a
unique loop-element lining side-wall of the SAM/SAH-binding pocket. While the equivalent
loop in flaviviral MTases half-covers SAM/SAH, contributing multiple hydrogen-bond inter-
actions; the pocket-lining loop of ALSV MTase is of short-length and high-flexibility, devoid
of any physical contacts with SAM/SAH. Subsequent mutagenesis data further corroborate
such structural difference affecting SAM/SAH-binding. Finally, we also report the structure
of ALSV MTase bound with sinefungin, an SAM-analogue MTase inhibitor. These data have
delineated the basis for the low-affinity interaction between ALSV MTase and SAM/SAH
and should inform on antiviral drug design.
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Author summary

The prevalence of ALSV in ticks and domestic animals and the capacity of ALSV to cross
species-barriers to infect humans have raised great public health concern. ALSV is fea-
tured with a four-segmented genome, with a distant evolutionary relationship to classical
unsegmented flaviviruses. The virus encoded MTase, which is essential for viral replica-
tion, represents a plausible antiviral target. In this study, we showed that ALSV MTase
exhibited significantly lower SAM-/SAH-binding affinity than other flaviviral MTases. By
solving crystal structures of the enzyme in the unbound and the SAM/SAH bound states,
we further delineated the basis underlying the observed lower binding avidity. Finally, we
also reported the MTase-SIN complex structure to facilitate antiviral drug design. Taken
together, we have provided solid structural and biochemical evidence to characterize
ALSV MTase as a novel low-affinity SAM-/SAH-binding enzyme.

Introduction

In 2019, a novel tick-borne segmented RNA virus was isolated from the sera of infected
patients in northeast China. The virus, designated as Alongshan virus (ALSV), was categorized
into the Jingmenvirus group in the unclassified Flaviviridae family [1]. The clinical symptoms
of ALSV infection were highly similar to those reported in cases of infectious tick-borne
encephalitis virus (TBEV, another flavivirus member) infection. The patients commonly suf-
fered from fever and headache. In addition, all the patients had a history of tick bites [1]. Nota-
bly, another member of the Jingmenvirus group [2-7], Jingmen tick virus (JMTV), was also
confirmed to be able to infect humans [8]. The emergence and spread of these newly identified
viral pathogens have posed a potential threat to human health [9]. Structural and functional
characterization of the key proteins encoded by these viruses is, therefore, of great significance
in terms of studying the viral pathogenesis, identifying feasible antiviral targets, and finally
preventing the viral infections.

The phylogenetic analyses of the genome sequences have shown that members of the Jing-
menvirus group are more related to the viruses in the Flavivirus genus than those of the other
genera (e.g., Hepacivirus genus, Pestivirus genus and Pegivirus genus) in the Flaviviridae family
[1]. The canonical flaviviruses of the Flavivirus genus, as exemplified by dengue virus (DENV),
Zika virus (ZIKV), Japanese encephalitis virus (JEV), and TBEV, all contain a single-stranded
positive-sense RNA genome, which possesses a single long open reading frame (ORF) [10].
This ORF encodes a polyprotein that would be subsequently processed, by the viral and cellu-
lar proteases, into multiple structural (capsid [C], pre-membrane [prM] or membrane [M],
and envelope [E]) and non-structural (NS) proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B,
and NS5) [11,12]. In contrast, both ALSV and JMTYV (as typical Jingmenvirus group members)
are featured with a segmented genome that is composed of four single-stranded positive-sense
RNA segments [1,2]. Among them, segment 2 and segment 4 encode viral structural proteins
VP1, VP2, and VP3 of evolutionarily unknown origin; segment 1 and segment 3 encode the
viral non-structural proteins of NSP1 and NSP2, which are individually homologous to the
NS5 and NS2B-NS3 non-structural proteins of the canonical unsegmented flaviviruses
[1,2,13].

ALSV NSP1 is a typical flavivirus NS5-like protein. It carries two essential enzymatic activi-
ties: the methyltransferase (MTase) and the RNA-dependent RNA polymerase (RdRp). With
an indispensable role in viral replication [14], the flavivirus NS5 protein is long considered to
be a feasible target for antiviral-drug design and development [15-17]. The flaviviral

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011694  October 13, 2023 2/21


https://doi.org/10.1371/journal.ppat.1011694

PLOS PATHOGENS

Structural and functional analyses of Alongshan virus MTase

NS5-MTase functions to catalyze the methylation of viral RNA cap [18,19]. It can sequentially
methylate the RNA cap at the N7 position of the guanine and the ribose 2’-O position of the
first replicated adenosine [20]. Such methylation process would sequentially generate cap0
structure (featured as 7MerppA. ..) and capl structure (featured as 7MerppA2>_o_Me. .2
using S-adenosyl-L-methionine (SAM) as the methyl donor and generating S-adenosyl-L-
homocysteine (SAH) as the reaction byproduct [20,21]. This methylation step is crucial for
viral genome stability, efficient translation, and evasion of the host immune response [19].
Structurally, flavivirus MTase is composed of a central MTase core with a typical Rossmann
fold and the flanking N- and C-terminal extensions which cradle the core on one side
[16,19,21-23]. SAM and SAH bind in a cleft within the core domain. The solved structures of
SAM/SAH-bound MTases from different flaviviruses have revealed a highly conserved SAM/
SAH-binding pocket [16,19,24]. While canonical flavivirus MTases have been well studied
both structurally and functionally, MTases from any Jingmenvirus group members remain
uncharacterized.

In this study, we report the atomic crystal structures of ALSV H3 strain MTase in both the
free and the SAM/SAH-bound forms. Via detailed structural analyses and comparison, the
similarities and differences between ALSV MTase and the canonical flavivirus MTases are
specified. By focusing on the SAM/SAH-binding pocket, the basis of ligand engagement by
ALSV MTase is delineated. Based on the solution binding data, we show that ALSV MTase is a
low-affinity SAM/SAH-binding enzyme in vitro. Via mutagenesis, we demonstrate that the dif-
ference in the pocket-lining $2/B3 interloop between ALSV and DENV3 MTases is a key factor
leading to their variant binding affinities when engaging SAM. Finally, we also report the com-
plex structure of ALSV MTase bound with SIN (sinefungin, an analogue of the methyl-donor
SAM) and characterize their interactions in solution, which should inform on structure-based
antiviral drug design, optimization, and modification in the future.

Results
Low-affinity binding of ALSV MTase to SAM and SAH

The genomic segment 1 of ALSV encodes a nonstructural protein of 914 amino acids. The
resultant NSP1 protein contains a predicted signal peptide or a transmembrane region at the
N-terminus (residues 1-26), an MTase domain in the middle (residues 42-313), and an RdRp
domain at the C-terminus (residues 333-914) (Fig 1A). Although typical MTase motifs could
be identified in the ALSV enzyme, MTases of ALSV and the canonical unsegmented flavivi-
ruses shared low sequence identities, ranging from 17.74%-19.92% (S1 Table). To learn the
biochemical features of ALSV MTase, we expressed the MTase-domain protein in E. coli and
purified the enzyme to high purity and homogeneity via gel-filtration chromatography (Fig
1B). On a calibrated Superdex 200 Increase column, ALSV MTase was eluted around 16.9 mL,
indicating that the protein existed mainly as a monomer in solution.

We further characterized the binding between ALSV MTase and SAM (the substrate of
methyl-donor) as well as SAH (the product molecule after catalysis) using isothermal titration
calorimetry (ITC). The binding affinities for SAM and SAH were determined to be
12.5 £ 3.6 uM and 12.7 + 3.9 uM, respectively (Fig 1B). In comparison to previously reported
affinity-values of SAM/SAH bound to the MTases of the canonical flaviviruses (as exemplified
by DENV3 [25]), the values observed for ALSV MTase represented substantially lower binding
affinities.

To ascertain such affinity difference, we further prepared the DENV3 MTase protein and
investigated the solution binding behaviors between DENV3 MTase and SAM via ITC. It is
notable that almost all the MTase proteins from canonical flaviviruses would have
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Fig 1. Biochemical characterization of ALSV MTase. (A) A schematic view of the protein-engineering strategy used to yield ALSV MTase. The putative
signal peptide (SP), the methyltransferase domain, and the RNA-dependent RNA polymerase domain are individually marked with the boundary-residue
numbers. ALSV MTase is initially expressed as a GST-fusion protein, which is then enzymatically cleaved to remove the GST tag. (B and C) The upper
panel, solution behavior of native (B) or refolded (C) ALSV MTase protein on a Superdex 200 Increase 10/300 GL column. The inset figure shows the
SDS-PAGE analyses of the pooled samples. The bottom panel, affinity determination between native (B) or refolded (C) ALSV MTase and SAM or SAH
using ITC.

https://doi.org/10.1371/journal.ppat.1011694.9001

simultaneously captured SAM/SAH in their SAM/SAH-binding pockets during expression in
E. coli [26-29]. Accordingly, marked differences in both the affinity-value and the N-value (an
index of the SAM/MTase binding stoichiometry) could be expected for the MTase protein
directly purified from E. coli (with pre-bound SAM) and the MTase protein after a denatur-
ing-refolding cycle (pre-bound SAM was removed). For clarity, we designated the MTase pro-
tein obtained directly from E. coli as native MTase and the protein after the denaturing and
refolding treatments as refolded MTase hereafter. The native and refolded MTase proteins
from both DENV3 (S1A and S1B Fig) and ALSV (Fig 1B and 1C) were subsequently prepared
and then used in parallel for ITC analyses.

For DENV3 MTase, the affinity of SAM binding to the native protein was determined to be
1.40 £ 0.95 uM. As expected, we observed a very low N index, featuring with a value of
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0.03 + 0.04. For refolded DENV3 MTase, however, the affinity was determined to be

156 + 8.11 nM and the N index to be 0.81 + 0.002, respectively (S1C and S1D Fig). The
marked differences observed between the native and the refolded proteins were in good accor-
dance with previous studies [25], demonstrating that the SAM/SAH-binding pocket of
DENV3 MTase was indeed pre-occupied during expression.

For ALSV MTase, the binding affinities of SAM and SAH to the refolded enzyme were
determined to be 8.1 + 3.3 uM and 4.1 + 1.8 uM, respectively (Fig 1C). In comparison to the
native protein, these values represented only a slight/moderate increase in the binding affinity.
The denaturing-refolding cycle therefore did not significantly affect the ligand binding activity
of ALSV MTase, forming a sharp contrast to that observed with the DENV?3 protein. For the N
indices, the values were calculated to be 0.81 + 0.12 and 0.95 + 0.05 for native protein with
SAM and SAH and 1.17 £ 0.08 and 1.05 * 0.06 for refolded protein with SAM and SAH,
respectively (Fig 1B and 1C). The results highlight an overall stoichiometric N index of around
1 for both the native and the refolded proteins, indicating that 1. SAM/SAH binds to ALSV
MTase in a 1:1 molar ratio and 2. the SAM/SAH-binding pocket in ALSV MTase is largely
unoccupied during expression. It is also notable that, in comparison to refolded DENV3
MTase, ALSV MTase binds SAM with an approximate 80-fold lower affinity for native ALSV
MTase and about 52-fold lower affinity for refolded ALSV MTase, respectively.

We then performed a comparative methyltransferase activity assay using the ALSV MTase
protein (native), the DENV3 MTase protein, and the ALSV NSP1 protein that contains both
MTase and RdRp domains (S2A Fig). An nsp10/nsp14 complex protein derived from severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2), prepared as previously described
[30], was used as a positive control. Echoing the above ITC data, the results clearly showed
that, in comparison to DENV3 MTase, ALSV MTase exhibited weaker enzymatic activity (S2B
Fig). In addition, we also observed that the ALSV NSP1 protein, with both the MTase and the
RdRp domains, showed enhanced MTase activity when compared to the single MTase-domain
protein (S2B Fig). The results indicated a possible stabilizing allosteric effect of the NSP1
RdRp domain on the MTase domain, increasing its enzymatic activity to promote viral replica-
tion. It is also noteworthy that similar phenomenon of inter-domain connections for enhanced
MTase activity has been observed in the non-structural protein nsp14 of SARS-CoV-2 [31].

To learn the structural features leading to low-affinity binding between ALSV MTase and
SAM/SAH, we subsequently solved, via X-ray crystallography, the structures of ALSV MTase
in both the unbound and the SAM/SAH-bound forms (see Results below).

Structure of ALSV MTase in the unbound form

The crystal structure of apo ALSV MTase was determined using the single-wavelength anoma-
lous dispersion method and finally refined to a resolution of 2.5 A, with Ry and Ryee values
0f 0.209 and 0.258, respectively (S2 Table). Clear electron densities could be observed for resi-
dues E42-K84, $99-W149 and E155-A295. Amino acids Y85-P98, E150-E154 and D296-R313,
however, were unable to be traced due to high flexibility. Overall, the ALSV enzyme has a glob-
ular fold, which can be further divided into three subdomains (the N-terminal and C-terminal
extension regions and the core region) (Fig 2A). The N-terminal extension region consists of
an extended loop followed by a helix-turn-helix motif (helices A1 and A2). The core region
folds into a seven stranded B-sheet (strands B1-B7) surrounded by four a helices (helices oX,
oA, aD and oE), which reveals the general afo-Rossmann-fold [22,23]. The C-terminal exten-
sion region consists mainly of an o-helix (helix A3).

The overall structure of ALSV MTase is similar to those of the MTase proteins from canoni-
cal unsegmented flaviviruses. Using the previously reported structure of DENV3 MTase (PDB
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Fig 2. Structure of ALSV MTase. (A) Overall structure of ALSV MTase with three subdomains being presented in violet (N-terminal extension region), cyan
(core region) and lemon (C-terminal extension region) colors, respectively. The secondary structural elements are labeled with nomenclatures described for
DENV2 MTase [22]. The regions that are not visible in the structure are indicated with dashed lines. The terminal residues that are density-traceable are also
labeled. (B) The upper panel, superposition of the ALSV MTase structure onto the previously reported DENV3 MTase structure (PDB code: 4R8R) [32]. The
color scheme for our structure is the same as in (A), and the DENV3 MTase structure is shown in gray. The bottom panel, comparison of the individual ALSV
MTase subdomains with those of DENV3 MTase. (C) Topological plots of ALSV MTase [shown in upper panel, subdomains are individually colored in violet
(N-terminal extension region), cyan (core region) and yellow (C-terminal extension region)] and DENV3 MTase [shown in bottom panel, subdomains are
individually colored in green (N-terminal extension region), gray (core region) and orange (C-terminal extension region). Cylinders and arrows represent
helices and strands, respectively. Compared with ALSV MTase, the additional secondary structural elements in DENV3 MTase are highlighted by oval boxes.

https://doi.org/10.1371/journal.ppat.1011694.9002

code: 4R8R) as a representative [32], superimposition of the structures revealed that a majority
of the secondary structural elements could be well aligned (Fig 2B). The root mean square
deviation (RMSD) was calculated to be 2.1 A for 199 equivalent Cas. The core region of ALSV
MTase mostly resembled its DENV3 homologue and therefore featured with an SAM-depen-
dent methyltransferase fold [23]. The N-terminal and C-terminal extension regions, however,
showed marked differences between the two enzymes (Fig 2B and 2C). For ALSV MTase, it
contained a long-extended N-terminal loop, which was not present in DENV3 MTase. In addi-
tion, following the helix-turn-helix motif in the N-terminal extension, the ALSV enzyme also
featured with a shortened loop that is highly flexible (amino acids Y85-P98 being untraceable
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in the electron density map). Its DENV3 equivalent, however, was of longer length, folding
into an extra o-helix (helix A3) and an additional B-strand (strand B1) in the N-terminal
extension region. For the C-terminal extension, ALSV MTase contained a single o-helix (helix
A3) whereas DENV3 MTase possessed an o-helix (helix A4) and an additional B-strand
(strand B2).

Structures of ALSV MTase in complex with SAM and SAH

The crystals of ALSV MTase bound with SAM and SAH were individually obtained by co-
crystallization at a protein/ligand molar ratio of 1:3. The structure of ALSV MTase in complex
with SAM was solved at 2.3 A, with Ry and R values of 0.192 and 0.241, respectively

(S2 Table). The structure of ALSV MTase in complex with SAH was solved at 2.1 A, with
Ryork and R values of 0.210 and 0.236, respectively (S2 Table). In each case, clear electron
densities for the bound ligands were observed (Fig 3A and 3D), which enabled us to define, at
the atomic level, the SAM/SAH-binding pocket.

In the complex structures, the SAM/SAH molecule fits into a conserved pocket located at
the edge of the ALSV MTase core region (Fig 3A and 3D). The pocket is surrounded by helices
oX, oA and oD, strands B1-B4, and several adjacent loops (Fig 3B and 3E). The SAM/SAH
molecule lies down in the pocket, within which the bound ligand is stabilized by multiple
hydrogen-bond interactions. These include residues $99, G129, W130 and D183 of the MTase
forming five hydrogen bonds with the methionine/homocysteine group of SAM/SAH, and
amino acids L148, N168 and V169 mediating another three hydrogen bonds with the adenosyl
group of SAM/SAH (Fig 3C and 3F).

Structural basis for the low affinity binding between ALSV MTase and
SAM/SAH

We next selected a previously reported structure of DENV3 MTase bound with SAM (PDB
code: 5E9Q) [33] to compare with our structure of ALSV MTase in complex with SAM solved
in this study. Similar to that observed in the ALSV structure, the DENV enzyme build a deep
pocket, with helices oX, oA and oD, strands B1-B4, and the adjacent loops, for SAM binding
(Fig 3G and 3H). Superimposition of the structures revealed sterically conserved pockets
within the core region. In addition, the SAM ligand adopted the same extended conformation,
lying down in the pocket (Fig 4A). Therefore, ALSV MTase shared a conserved SAM/SAH-
binding pocket with unsegmented flavivirus MTases despite of their low sequence identities.

We further scrutinized the binding pockets in the two structures and compared the SAM-
binding interactions in detail between the ALSV and DENV3 MTases. Those inter-molecule
hydrogen bonds identified in the ALSV structure were also observed to form in the DENV3
structure (Fig 3I). In addition, DENV3 MTase further provided two additional hydrogen
bonds to stabilize the bound SAM molecule: one by residue H110 and the other by residue
E111 to interact with the adenosyl group of SAM (Figs 3I and 4B). These two amino acids
resided in the loop connecting strands 2 and B3 (hereafter designated as the 2/B3 interloop).
It is notable that this f2/B3 interloop lines the side-wall of the SAM/SAH-binding pocket. In
ALSV MTase, this loop is of short length and high flexibility, devoid of any stabilizing contacts
with the SAM/SAH ligand. In DENV3 MTase, however, the loop is of longer length such that
it is able to half-cover SAM/SAH, thereby properly positioning residues H110 and E111 to pro-
vide additional hydrogen-bond interactions to stabilize the bound ligand (Fig 4B and 4C).
The marked difference in the B2/B3 interloop between ALSV MTase and DENV3 MTase
seems to coincide well with the affinity difference observed between the two enzymes when
interacting with SAM.
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Fig 3. Complex structures of ALSV MTase with SAM and SAH. (A and D) An electrostatic-surface representation of ALSV MTase in the SAM-bound (A)
and SAH-bound (D) forms. The SAM and SAH molecules are shown as yellow and green sticks, respectively. The SAM/SAH-binding pocket is indicated with
black dotted rectangle. The bound SAM and SAH molecules, whose electron densities are contoured at 2.8 ¢ using the |Fo|-|Fc| map, are shown in the black
rectangle. (B and E) A cartoon representation of ALSV MTase in the SAM-bound (B) and SAH-bound (E) forms. Those structural elements involved in the
formation of the ligand-binding pocket are labeled. (C and F) Detailed interactions between ALSV MTase and SAM (C) or SAH (F). Dashed lines indicate
hydrogen bonds. (G, H and I) Overview of the SAM-binding pocket in DENV3 MTase (based on PDB code: 5E9Q). (G) An electrostatic-surface representation
of DENV3 MTase bound with SAM. The SAM molecule is shown as orange sticks. (H) A cartoon representation of DENV3 MTase bound with SAM. Those
structural elements involved in the formation of the ligand-binding pocket are labeled. (I) Detailed interactions between DENV3 MTase and SAM. Dashed
lines indicate hydrogen bonds. Those SAM-binding residues in DENV3 MTase that are equivalent to those responsible for ALSV-MTase/SAM interactions are
shown as cyan sticks, while the other two residues in DENV3 MTase that form additional hydrogen bonds with SAM are highlighted and shown as gray sticks.

https://doi.org/10.1371/journal.ppat.1011694.9003

Guided by the structural observations, we further designed a series of ALSV and DENV3
MTase mutants in which key residues in the pocket-lining $2/p3 interloop were substituted
with alanine. The mutations included H110A, E111A and E112A in DENV3 MTase and
K153A, E154A and E155A in ALSV MTase. The mutant proteins were then prepared (S3 Fig)
and analyzed for their SAM-binding capacities via ITC (Fig 5A-5C). Because the DENV3 pro-
tein would automatically capture SAM during expression, both the native and the refolded
proteins were prepared for the DENV3 MTase mutants. As expected, the mutations of H110A
and E111A in DENV3 MTase both led to decreased binding affinities (Fig 5A and 5C). In
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Fig 4. Comparison of the SAM binding pockets between ALSV MTase and the canonical flavivirus MTase. (A)
Superposition of the ALSV MTase/SAM structure onto the previously reported DENV3 MTase/SAM structure (PDB
code: 5E9Q) [33]. Electrostatic-surface representations of SAM binding pockets are shown on the right panel. (B)
Comparison of the 2/B3 interloops between ALSV MTase and DENV3 MTase. Interactions between 2/p3 interloops

and SAM molecules are shown on the r

ight panel. Dashed lines indicate hydrogen bonds. (C) Structure-based multiple
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sequence alignment of methyltransferases from Jingmenvirus group and canonical flaviviruses. The secondary
structural elements of ALSV MTase and DENV3 MTase are labeled above and below the sequences, respectively. The
residues that interact with SAM molecules are labeled with blue boxes (for ALSV MTase) and grey triangles (for
DENV3 MTase). The $2/p3 interloops are highlighted with violet rectangle.

https://doi.org/10.1371/journal.ppat.1011694.9004

addition, the substitution of E112 with alanine also apparently affected SAM binding. This res-
idue did not directly interact with SAM. Nevertheless, the side-chain of E112 formed two
hydrogen bonds with G107 and S128 (S4 Fig), which could in turn stabilize the conformation
of the $2/B3 interloop for SAM engagement.
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Fig 5. Affinity determination between MTase mutants and SAM using ITC. (A) Binding of SAM to native or

refolded DENV3 MTase mutants (H110A, E111A, E112A, H110A/E111A or H110A/E111A/E112A). (B) Binding of
SAM to native ALSV MTase mutants (K153A, E154A or E155A). (C) Summary of affinity-fold change between mutant
MTase and wild-type MTase [Ky (mutant/wild type)]. The K4 values for wild-type DENV3 MTase are shown in S1C
Fig (native protein) and S1D Fig (refolded protein). The K4 value for wild-type ALSV MTase is shown in Fig 1B
(native protein).

https://doi.org/10.1371/journal.ppat.1011694.9005
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We further introduced double and triple amino-acid mutations into the $2/B3 interloop of
DENV3 MTase to investigate if these residues might have a synergistic effect in mediating
SAM binding. The double-mutant (H110A/E111A) and triple-mutant (H110A/E111A/E112A)
proteins (both the native protein and the refolded protein) were firstly prepared to high purity
and homogeneity (S3 Fig). Subsequently, a quantitatively comparative study on the SAM-
binding affinity were conducted using ITC with these mutant enzymes. The determined affini-
ties for the refolded double-mutant and triple-mutant proteins were 1.04 £ 0.05 uM and
2.31 £ 0.10 pM, respectively (Fig 5A and 5C). These values represented ~7- and ~15- fold
decrease in affinity when compared to that of the refolded wild-type protein. The results indi-
cated that residues H110, E111 and E112 showed a synergistic effect when interacting with
SAM, which in turn demonstrated that the f2/B3 interloop of DENV3 MTase indeed played
an important role in SAM binding. In contrast, residue substitutions in the 2/p3 interloop of
ALSV MTase did not affect its binding to SAM (Fig 5B and 5C), echoing our structural obser-
vation that this loop was devoid of any inter-molecule contacts with SAM.

Structure of ALSV MTase in complex with SIN

Sinefungin (SIN), an analogue of the methyl-donor SAM, is originally isolated from Strepto-
myces griseoleus as a potential antifungal antibiotic [34]. It contains a C-NH, group to replace
the S-CH; group of SAM (Fig 6A) and has been previously identified as a potent inhibitor of
flavivirus MTases [24,25,35,36]. To ascertain if SIN might also be used as a potential inhibitor
against ALSV MTase, we first investigated the binding of SIN to the ALSV MTase protein via
ITC. As expected, SIN readily binds to the ALSV enzyme, showing an affinity (12.6 + 2.8 uM)
that is similar to those observed with SAM and SAH (Fig 6B). We further determined the crys-
tal structure of ALSV MTase in complex with SIN at 2.0 A resolution. The structure was solved
with Ryork and Rge values of 0.198 and 0.226, respectively (S2 Table). The electron density for
the bound SIN molecule was clearly observed in the SAM/SAH-binding pocket (Fig 6C). The
overall structure of ALSV MTase bound with SIN is nearly identical to those of the protein in
complex with SAM and SAH, showing an RMSD of 0.292 A and 0.246 A, respectively. Similar
to SAM/SAH, SIN adopted an extended conformation, lying down in the pocket. Its binding
was stabilized via a series of hydrogen-bond interactions, involving the MTase residues S99,
G129, W130, L148, N168, V169 and D183 (Fig 6D). These interactions were almost the same
as those observed with SAM and SAH, demonstrating that SIN shared a conserved binding
mode as SAM/SAH when interacting with ALSV MTase. As expected, our in-vitro enzymatic
assay clearly showed that SIN, as a broad-spectrum viral methyltransferase inhibitor, preserved
its inhibitory capacity against the ALSV enzyme (S2C Fig).

Discussion

Within the family of Flaviviridae, the arthropod-borne flaviviruses are notorious for their
capabilities to infect humans and in some but not rare cases to cause epidemics and pandemics
[37-40]. Typical flaviviruses are featured with a single-stranded positive-sense RNA genome.
In recent years, the Flaviviridae family has been expanded with the Jingmenvirus group mem-
bers, including ALSV, JMTV, Mogiana tick virus (MGTV) and Guaico Culex virus (GCXV).
These viruses are phylogenetically related to flaviviruses but contain a segmented RNA
genome. The public significance of the Jingmenviruses is currently drawing more and more
attention as accumulating evidence has shown that these viruses can also cause human infec-
tions [1,8]. Notably, a retrospective study has shown that at least 86 patients with complete
medical records in northeast China are confirmed to have been infected by ALSV [1]. In addi-
tion, ALSV is believed to be transmitted by ticks but has also been identified in domestic
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https://doi.org/10.1371/journal.ppat.1011694.g006

animals [1,41]. The prevalence of the virus in both ticks and animals and the capacity of the
virus to cross species-barriers to infect humans have raised great public health concern. The
flavivirus-encoded MTase plays an important role in stabilizing viral genome, promoting effi-
cient translation, and evading immune recognition [19,42] and therefore represents an attrac-
tive target for the development of anti-viral drugs [16,17]. In this study, we have reported the
structural characteristics and the ligand-binding features of ALSV MTase, which is, to our
knowledge, the first MTase in the Jingmenvirus group that has been characterized both struc-
turally and functionally thus far.

In comparison to MTases of the canonical unsegmented flaviviruses, the MTase of ALSV
shows very limited sequence identities. Nevertheless, the structure of ALSV MTase is quite
similar to its flavivirus homologues, featuring with three subdomains folding into a typical fla-
viviral MTase fold. In addition, ALSV MTase also shares a conserved SAM/SAH-binding
mode. The binding pocket locates sterically at the same position of the core region and the
bound ligand adopts the same extended conformation as observed in the canonical flavivirus

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011694  October 13, 2023 12/21


https://doi.org/10.1371/journal.ppat.1011694.g006
https://doi.org/10.1371/journal.ppat.1011694

PLOS PATHOGENS

Structural and functional analyses of Alongshan virus MTase

MTases. Despite of these similarities, ALSV MTase shows a significantly lower binding affinity
towards SAM. Such low-affinity binding is further corroborated by our observation that ALSV
MTase is barely co-purified with SAM. In contrast, multiple MTases of canonical flaviviruses
are always co-purified with SAM [16,19,22,43,44].

Further comparison between our structures and previously reported structures of flaviviral
MTases (using the DENV3 structure as a representative) reveals an interesting conformational
difference in their B2/B3 interloops lining the sidewall of the SAM/SAH-binding pocket. In
ALSV MTase, the $2/B3 interloop is of short length and devoid of any stabilizing contacts with
SAM. In DENV3 MTase, however, this pocketing-lining interloop is of longer length and half-
covers SAM, contributing multiple hydrogen-bond interactions. In addition, we further show
that the observed difference in the B2/B3 interloop coincides well with our subsequent muta-
genesis data. These results demonstrate that the marked difference in the pocket-lining f2/p3
interloop between the two enzymes is indeed a key factor leading to their variant binding affin-
ities when engaging SAM. It is notable that within the Jingmenvirus group, the MTases of
JMTV and MGTV resemble that of ALSV, possessing a shortened 2/B3 interloop (Fig 4C).
We therefore believe that the two viral enzymes should also show a low binding affinity
towards SAM. In contrast, the 2/B3 interloop of GCXV MTase is much longer than its ALSV
homologue (Fig 4C). It remains to be investigated how the GCXV enzyme would perform
when interacting with SAM.

The canonical flavivirus MTase locates at the N-terminus of nonstructural protein 5 (NS5).
Previous studies have reported a set of complex structures of flavivirus MTase bound with
RNA cap analogue, RNA substrate and SAM/SAH, elucidating how viral RNA is specifically
recognized and methylated [21,22,26-28,43,44]. When these MTase structures of the canonical
unsegmented flaviviruses (including ZIKV, DENV2, DENV3, JEV, West Nile virus (WNV),
yellow fever virus (YFV), Murray Valley encephalitis virus (MVEV), TBEV, Omsk hemor-
rhagic fever virus (OHFV), Modoc virus (MODV) and Yokose virus (YOKV) [16,19,27,29,43—
49]) are aligned in parallel with the ALSV MTase structure, a large groove featured with strong
basic electrostatic surface could be observed in the equivalent region of all MTases (S5A Fig).
Previous studies have already demonstrated that this large basic patch is responsible for RNA
binding [21]. Thus, ALSV MTase likely shares a similar RNA substrate binding groove with
canonical flavivirus MTases. The cap binding site is located beside the RNA binding groove
(S5A Fig). Sterically, the RNA cap structure always binds in-between the N-terminal extension
region and the core region. In canonical flavivirus MTases, cap-binding involves residues:
K13, L16,N17, M19, F24, S150 and S215 in ZIKV MTase, K14, L17, N18, L20, F25, K29, S150
and S213 in DENV3 MTase, K13, L16, N17, M19, F24, R28, S150 and S215 in MVEV MTase,
and K13, L16, N17, C19, F24, R28, S150 and S216 in OHFV MTase (S5B Fig). Structure-based
multiple sequence alignment shows that these cap-binding residues are also preserved (either
the same or substituted with amino acids of similar characteristics) in ALSV MTase (S5C Fig),
highlighting conserved interactions for RNA cap engagement in the ALSV enzyme. While
cap-binding and RNA-engagement in ALSV MTase likely resemble those in the canonical fla-
vivirus MTases, the ALSV SAM/SAH-binding pocket, with low affinity binding and a unique
B2/B3 interloop, could represent a novel feature separating Jingmenvirus MTase from the clas-
sical flavivirus MTase.

In summary, we have provided both structural and biochemical evidence to characterize
ALSV MTase as a novel low-affinity SAM/SAH-binding enzyme in the Flaviviridae family.
ALSV MTase retains a typical flaviviral MTase fold and possesses a conserved SAM/SAH-
binding pocket. Nevertheless, a shortened pocket-lining loop correlates with its low binding
affinity towards SAM and SAH. We believe this information should facilitate antiviral drug
design in the future.
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Materials and methods
Gene cloning, protein expression and purification

The coding sequences of ALSV MTase (residues E42-R313, GenBank: AXE71873.1), ALSV
NSP1 (residues E42-N914, GenBank: AXE71873.1) and DENV3 MTase (residues S3-D294,
GenBank: AY662691.1) were synthesized and sub-cloned into the pGEX-6p-1 vector with
BamH I and Xho I restriction sites, respectively. The ALSV MTase mutants (K153A, E154A
and E155A) and DENV3 MTase mutants (H110A, E111A, E112A, H110A/E111A and H110A/
E111A/E112A) were generated with a standard two-step PCR-based strategy. All the recombi-
nant plasmids were transformed into E. coli BL21 (DE3) cells for protein expression. Cells
were grown in LB medium supplemented with 100 ug/mL ampicillin at 37°C and induced for
protein expression with 400 uM isopropyl-B-D-thiogalactopyranoside (IPTG) at 16°C for
about 12 hours. To prepare ALSV MTase selenomethionine derivative protein (designated as
Se-Met-derivate ALSV MTase), the cells were cultured in 1 L of M9 minimal medium at 37°C
until the ODg reached at 0.5, and then supplied with 50 mg of Se-Met (selenomethionine) as
the sole Met source, by additional adding 0.1 g of Lys, Thr, Phe, and 0.05 g of Leu, Ile, and Val,
to inhibit endogenous synthesis of Met. Cells were grown in LB medium at 37°C and then
induced by 400 uM IPTG at 16°C overnight.

For the protein purification, the E. coli cells were harvested, lysed by sonication in a re-sus-
pension buffer consisting of 20 mM Tris-HCI (pH 7.5) and 500 mM NaCl, and clarified via
centrifugation at 18,000xg for 30 min. Cleared lysate-supernatant was bound to glutathione-
Sepharose resin (GE Healthcare) to remove the contaminated proteins, and cleaved by on-col-
umn digestion using PreScission Protease (GE Healthcare) to remove the GST tag. The target
proteins were then collected and further purified by gel-filtration chromatography in re-sus-
pension buffer using a Superdex 200 Increase 10/300 GL column (GE Healthcare).

To remove pre-bound SAM/SAH that was simultaneously captured by ALSV MTase/
DENV3 MTase during protein expression, the protein derived from E. coli was first denatured
using a buffer consisting of 6 M Guanidine-HCl, 50 mM Tris-HCI (pH 8.0), 100 mM NacCl, 10
mM DTT and 10% Glycerol at a final concentration of 10 mg/mL. The denatured protein was
then refolded at 4°C by dialyzing against a buffer containing 100 mM Tris-HCI (pH 8.0), 400
mM L-Arg-HCl, 5 mM reduced glutathione and 0.5 mM oxidized glutathione for about 10
hours. Subsequently, the refolded protein was concentrated using an Amicon Stirred Cell con-
centrator (Merck Millipore) with a 10-KDa cutoff membrane and then adjusted to re-suspen-
sion buffer. The protein was then further purified by gel filtration using a Superdex 200
Increase 10/300 GL column (GE Healthcare).

Crystallization, data collection and structure determination

For crystallization trials, commercial crystallization kits (Molecular Dimensions and Hampton
Research) were used for sitting drop vapor diffusion. Normally, 1 pL protein was mixed with 1 uL
reservoir solution. The resultant drop was then sealed, equilibrating against 70 L reservoir solu-
tion at 18°C. The diffractable crystals of the native ALSV MTase protein and ALSV MTase seleno-
methionine derivative protein were both obtained in 0.5 M Lithium sulfate, 0.1 M Tris (pH 8.5),
and 25% w/v PEG 3350. Crystals of the ALSV MTase in complex with SAH (Sigma) were
obtained in 0.1 M Tris (pH 8.5), and 3.0 M Sodium chloride by co-crystallizing the protein with
SAH at a final concentration of 0.3 mM for the protein and 0.9 mM for SAH. In addition, the
crystals of ALSV MTase in complex with SAM (Sigma) or SIN (J&K Scientific) were obtained in
0.5 M Lithium sulfate, 0.1 M Tris (pH 8.5), and 25% w/v PEG 3350 by co-crystallizing the protein
with SAM or SIN at a final concentration of 0.3 mM for the protein and 0.9 mM for SAM or SIN.
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Data collection were conducted at Shanghai Synchrotron Radiation Facility (SSRF) beam-
line BL18U1 [50]. The collected data were then processed with HKL2000 [51] for indexing,
integration, and scaling. The ALSV MTase apo structure was collected at 2.5 A and solved
using single-wavelength anomalous diffraction [52] in Phenix AutoSol module [53] with
default parameters. The structure model was further built manually using COOT [54] based
on the experimental phase and then refined using Phenix [55].

The structures of the ALSV MTase in complex with SAH, SAM, or SIN were solved by
molecular replacement method using Phaser [56] from CCP4 program suite [57], with the
structure of ALSV MTase as the search model. For refinement, initial restrained rigid-body
refinement was performed using REFMACS [58], which was followed by manual rebuilding
and adjustment in COOT [54]. The SAM, SAH, or SIN molecules were manually built using
COOT based on the simulated annealing omit Fo-Fc maps and were further refined using Phe-
nix [55]. The stereochemical quality of the final model was assessed through the program
PROCHECK [59]. Final statistics for data collection and structure refinement are summarized
in S2 Table. All structural figures were generated using Pymol (http://www.pymol.org).

ITC (isothermal titration calorimetry) assay

The ITC measurements were performed at 25°C on an ITC200 calorimeter (Malvern) with a
reference power of 5 pcal/s and a stirring speed of 750 rpm. Protein samples were prepared in
ITC buffer containing 100 mM Tris-HCI (pH 7.5) and 500 mM NaCl. Ligand (SAM and SAH)
samples and the inhibitor (SIN) were dissolved in the same ITC buffer as the proteins. SAM,
SAH or SIN (500-800 uM) were titrated into the sample cell containing native or refolded
ALSV MTase (30-50 pM). SAM (450 uM) was titrated into the sample cell containing native
DENV3 MTase (55 uM). SAM (250 pM) was titrated into the sample cell containing refolded
DENV3 MTase (30 uM). All samples were centrifuged at 17,000xg for 20 min before titration.
Each titration typically involves 19 injections of 2 pL ligand with 4 s durations and 120 s inter-
vals. The data fitting and analyses were performed using the Origin 7.0 software package pro-
vided by MicroCal with a single-site model.

RNA substrate preparation

A Gppp-capped 351-nt RNA was used as substrate for methyltransferase activity. The
uncapped RNA was prepared by in-vitro transcription using a double-stranded DNA template
[5-CAGTAATACGACTCACTATT-(DNA sequence from GenBank: AY662691.1, the first
351 bp)-3’] and the TranscriptAid T7 high-yield transcription kit (Thermo Scientific). The
reaction was performed in a 20-uL mixture containing 1x TranscriptAid reaction buffer, 10
mM nucleoside triphosphates [NTPs], 1 ug template DNA, and 1x TranscriptAid enzyme mix.
The reaction was incubated at 37°C for 2 h. Then, DNA was removed by DNase I treatment,
and the RNA was purified using GeneJET RNA Purification Kit (Thermo Scientific). The
above prepared RNA was capped by vaccinia capping system (New England Biolabs) following
the manufacturer’s instructions to form Gppp-capped RNA. During the reaction, SAM was
not added to the enzymatic system, so the product RNA was not methylated. Finally, the
capped RNA substrate was further purified using GeneJET RNA Purification Kit.

Methyltransferase activity assay

The methyltransferase (MTase) activity was measured using the MTase-Glo Methyltransferase
bioluminescence assay kit (Promega) following the manufacturer’s instructions. The reaction
mix containing 20 mM Tris (pH 8.0), 50 mM NaCl, 1 mM EDTA, 3 mM MgCl,, 0.1 mg/mL
BSA, 1 mM DTT, 3 uM protein [ALSV MTase (native), ALSV NSP1 (native), DENV3 MTase
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(native), or SARS-CoV-2 nsp10/nsp14 complex (contains N7-MTase activity, prepared as pre-
viously described [30])], 20 uM SAM and 0.3 uM Gppp-capped RNA were incubated for 2 h at
37°C. The reagent solution from the kit was then added, and the mixture was further incubated
for 30 min at room temperature, before the addition of the detection solution. Luminescence
was measured by using a BioTek Synergy H1 microplate reader. The averages and the s.d. of
three measurements were plotted as a histogram using GraphPad Prism 6. For the sinefungin
(SIN) inhibition assay, 500 pM SIN was added to the reaction mix, and the other steps are the
same as in the methyltransferase activity assay.

Supporting information

S1 Fig. Affinity determination between DENV3 MTase and SAM using ITC. (A and B)
Solution behavior of native (A) or refolded (B) DENV3 MTase protein on a Superdex 200
Increase 10/300 GL column. The inset figure shows the SDS-PAGE analyses of the pooled sam-
ples. (C and D) Affinity determination between native (C) or refolded (D) DENV3 MTase and
SAM by ITC.

(TIF)

S2 Fig. The methyltransferase activity assay for ALSV MTase. (A) Solution behavior of
ALSV NSP1 (with both the MTase and the RdRp domains) on gel filtration chromatography.
The inset figure shows the SDS-PAGE analyses of the pooled samples. (B) The methyltransfer-
ase activity of ALSV MTase is compared with ALSV NSP1 and DENV3 MTase. The protein of
SARS-CoV-2 nspl0/nspl4 complex was used as a positive control. Data represents the

mean * SD of three independent reactions. (C) An ALSV MTase inhibition assay conducted
in the presence of 500 uM SIN. Data represents the mean + SD of three independent reactions.
(TIF)

S3 Fig. The protein preparations of DENV3 and ALSV MTase mutants used for affinity
determination in Fig 5. Solution behaviors of DENV3 and ALSV mutant MTase proteins on a
Superdex 200 Increase 10/300 GL column. The inset figure shows the SDS-PAGE analyses of
the pooled samples.

(TIF)

S4 Fig. The B2/p3 interloop in DENV3 MTase is stabilized by residues G107 and S128. As
the dashed lines indicate, the E112 residue on 2/f3 interloop could form two hydrogen bonds
with G107 and S128.

(TIF)

S5 Fig. Structural comparison between ALSV MTase and representative flaviviral MTases
focusing on the cap binding site and the RNA binding groove. (A) Crystal structures of
ALSV MTase in complex with SAM, ZIKV MTase in complex with SAM and "M*GpppA (PDB
code: 5WZ2), DENV2 MTase in complex with SAH and "*GpppA (PDB code: 2P30),
DENV3 MTase in complex with SAH and "™*GpppAGUUGUU (PDB code: 5DTO), JEV
MTase in complex with SAH (PDB code: 4K6M), WNV MTase in complex with SAH (PDB
code: 20Y0), YFV MTase in complex with SAH and GpppA (PDB code: 3EVE), MVEV
MTase in complex with SAH and "™*Gppp (PDB code: 2PX8), TBEV MTase in complex with
SAM (PDB code: 7D6M), OHFV MTase in complex with SAH and 7MerppA2>_O_MeG (PDB
code: 7V1E), MODV MTase in complex with SAM (PDB code: 2WA2), and YOKV MTase in
complex with SAM (PDB code: 3GCZ). The RNA cap analogues, RNA substrates, and SAM/
SAH molecules, if present in the structures, are shown and labeled. Otherwise, the RNA cap
binding sites and RNA binding grooves are indicated with arrows. (B) Detailed interactions
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between methyltransferases of flaviviruses and RNA cap analogues. Dashed lines indicate
hydrogen bonds. (C) Structure-based multiple sequence alignment highlighting the cap bind-
ing site. The secondary structural elements of ALSV MTase are labeled above the sequences,
and the secondary structural elements of DENV3 MTase are labeled below the sequences.
Those amino acids involved in the RNA cap binding are highlighted with blue triangles.
(TIF)

S1 Table. Statistics of the sequence identities among MTase proteins from Jingmenvirus
group and canonical flaviviruses.
(DOCX)

S2 Table. Data collection and structure refinement statistics.
(DOCX)

Acknowledgments

We thank the staff at BL18U1 beamline at SSRF of the National Facility for Protein Science in
Shanghai (NFPS), Shanghai Advanced Research Institute, Chinese Academy of Sciences, for
providing technical support in X-ray diffraction data collection and analysis.

Author Contributions
Conceptualization: Quan Liu, Guangwen Lu.

Formal analysis: Hua Chen, Sheng Lin, Fanli Yang, Zimin Chen, Liyan Guo, Jing Yang,
Guangwen Lu.

Funding acquisition: Fanli Yang, Guangwen Lu.

Investigation: Hua Chen, Sheng Lin, Zimin Chen, Liyan Guo, Jing Yang, Xi Lin, Lingling
Wang, Yanping Duan, Ao Wen, Xindan Zhang, Yushan Dai, Keqing Yin, Xin Yuan,
Chongzhang Yu, Yarong He.

Methodology: Haohao Dong, Jian Li, Qi Zhao, Guangwen Lu.

Resources: Yarong He, Bin He, Yu Cao, Quan Liu, Guangwen Lu.
Supervision: Quan Liu, Guangwen Lu.

Validation: Sheng Lin, Fanli Yang, Zimin Chen, Liyan Guo, Jing Yang, Xi Lin.
Visualization: Hua Chen, Sheng Lin, Fanli Yang, Zimin Chen.

Writing - original draft: Hua Chen, Quan Liu, Guangwen Lu.

Writing - review & editing: Hua Chen, Sheng Lin, Bin He, Yu Cao, Haohao Dong, Jian Li, Qi
Zhao, Quan Liu, Guangwen Lu.

References

1. WangZD, Wang B, Wei F, Han SZ, Zhang L, Yang ZT, et al. A New Segmented Virus Associated with
Human Febrile lliness in China. N Engl J Med. 2019; 380(22):2116-25. Epub 2019/05/30. https://doi.
org/10.1056/NEJMoa1805068 PMID: 31141633.

2. Qin XC, ShiM, Tian JH, Lin XD, Gao DY, He JR, et al. A tick-borne segmented RNA virus contains
genome segments derived from unsegmented viral ancestors. Proc Natl Acad Sci U S A. 2014; 111
(18):6744-9. Epub 2014/04/23. https://doi.org/10.1073/pnas. 1324194111 PMID: 2475361 1; PubMed
Central PMCID: PMC4020047.

3. ShiM, Lin XD, Vasilakis N, Tian JH, Li CX, Chen LJ, et al. Divergent Viruses Discovered in Arthropods
and Vertebrates Revise the Evolutionary History of the Flaviviridae and Related Viruses. J Virol. 2016;

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011694  October 13, 2023 17/21


http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1011694.s006
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1011694.s007
https://doi.org/10.1056/NEJMoa1805068
https://doi.org/10.1056/NEJMoa1805068
http://www.ncbi.nlm.nih.gov/pubmed/31141633
https://doi.org/10.1073/pnas.1324194111
http://www.ncbi.nlm.nih.gov/pubmed/24753611
https://doi.org/10.1371/journal.ppat.1011694

PLOS PATHOGENS

Structural and functional analyses of Alongshan virus MTase

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

90(2):659-69. Epub 2015/10/23. https://doi.org/10.1128/JV1.02036-15 PMID: 26491167; PubMed Cen-
tral PMCID: PMC4702705.

Maruyama SR, Castro-Jorge LA, Ribeiro JM, Gardinassi LG, Garcia GR, Brandao LG, et al. Characteri-
sation of divergent flavivirus NS3 and NS5 protein sequences detected in Rhipicephalus microplus ticks
from Brazil. Mem Inst Oswaldo Cruz. 2014; 109(1):38-50. Epub 2014/03/15. https://doi.org/10.1590/
0074-0276130166 PMID: 24626302; PubMed Central PMCID: PMC4005522.

Ladner JT, Wiley MR, Beitzel B, Auguste AJ, Dupuis AP 2nd, Lindquist ME, et al. A Multicomponent Ani-
mal Virus Isolated from Mosquitoes. Cell Host Microbe. 2016; 20(3):357—-67. Epub 2016/08/30. https:/
doi.org/10.1016/j.chom.2016.07.011 PMID: 27569558; PubMed Central PMCID: PMC5025392.

Pauvolid-Correa A, Solberg O, Couto-Lima D, Nogueira RM, Langevin S, Komar N. Novel Viruses Iso-
lated from Mosquitoes in Pantanal, Brazil. Genome Announc. 2016; 4(6):e01195—-16. Epub 2016/11/05.
https://doi.org/10.1128/genomeA.01195-16 PMID: 27811095; PubMed Central PMCID: PMC5095465.

Yu ZM, Chen JT, Qin J, Guo JJ, Li K, Xu QY, et al. Identification and characterization of Jingmen tick
virus in rodents from Xinjiang, China. Infect Genet Evol. 2020; 84:104411. Epub 2020/06/13. https://doi.
org/10.1016/j.meegid.2020.104411 PMID: 32531517; PubMed Central PMCID: PMC7283072.

Jia N, Liu HB, Ni XB, Bell-Sakyi L, Zheng YC, Song JL, et al. Emergence of human infection with Jing-
men tick virus in China: A retrospective study. EBioMedicine. 2019; 43:317-24. Epub 2019/04/21.
https://doi.org/10.1016/j.ebiom.2019.04.004 PMID: 31003930; PubMed Central PMCID: PMC6557783.

Zhang X, Wang N, Wang Z, Liu Q. The discovery of segmented flaviviruses: implications for viral emer-
gence. Curr Opin Virol. 2020; 40:11-8. Epub 20200324 https://doi.org/10.1016/j.coviro.2020.02.001
PMID: 32217446.

Chambers TJ, Hahn CS, Galler R, Rice CM. Flavivirus genome organization, expression, and replica-
tion. Annu Rev Microbiol. 1990; 44:649-88. https://doi.org/10.1146/annurev.mi.44.100190.003245
PMID: 2174669.

Kuno G, Chang GJ. Full-length sequencing and genomic characterization of Bagaza, Kedougou, and
Zika viruses. Arch Virol. 2007; 152(4):687—96. Epub 2007/01/02. https://doi.org/10.1007/s00705-006-
0903-z PMID: 17195954.

Bollati M, Alvarez K, Assenberg R, Baronti C, Canard B, Cook S, et al. Structure and functionality in fla-
vivirus NS-proteins: perspectives for drug design. Antiviral Res. 2010; 87(2):125-48. Epub 2009/12/01.
https://doi.org/10.1016/j.antiviral.2009.11.009 PMID: 19945487; PubMed Central PMCID:
PMC3918146.

Gao X, Zhu K, Wojdyla JA, Chen P, Qin B, Li Z, et al. Crystal structure of the NS3-like helicase from
Alongshan virus. IUCrJ. 2020; 7(Pt 3):375-82. Epub 2020/05/21. https://doi.org/10.1107/
$2052252520003632 PMID: 32431821; PubMed Central PMCID: PMC7201283.

Welsch S, Miller S, Romero-Brey |, Merz A, Bleck CK, Walther P, et al. Composition and three-dimen-
sional architecture of the dengue virus replication and assembly sites. Cell Host Microbe. 2009; 5
(4):365-75. Epub 2009/04/22. https://doi.org/10.1016/j.chom.2009.03.007 PMID: 19380115; PubMed
Central PMCID: PMC7103389.

Zhu Z, Chan JF, Tee KM, Choi GK, Lau SK, Woo PC, et al. Comparative genomic analysis of pre-epi-
demic and epidemic Zika virus strains for virological factors potentially associated with the rapidly
expanding epidemic. Emerg Microbes Infect. 2016; 5:e22. Epub 2016/03/17. https://doi.org/10.1038/
emi.2016.48 PMID: 26980239; PubMed Central PMCID: PMC4820678.

Duan W, Song H, Wang H, Chai Y, Su C, Qi J, et al. The crystal structure of Zika virus NS5 reveals con-
served drug targets. EMBO J. 2017; 36(7):919-33. Epub 2017/03/04. https://doi.org/10.15252/embj.
201696241 PMID: 28254839; PubMed Central PMCID: PMC5376968.

Barral K, Sallamand C, Petzold C, Coutard B, Collet A, Thillier Y, et al. Development of specific dengue
virus 2’-O- and N7-methyltransferase assays for antiviral drug screening. Antiviral Res. 2013; 99
(3):292-300. Epub 2013/06/19. https://doi.org/10.1016/j.antiviral.2013.06.001 PMID: 23769894.

Dong H, Ren S, Zhang B, Zhou Y, Puig-Basagoiti F, Li H, et al. West Nile virus methyltransferase cata-
lyzes two methylations of the viral RNA cap through a substrate-repositioning mechanism. J Virol. 2008;
82(9):4295-307. Epub 2008/02/29. https://doi.org/10.1128/JV1.02202-07 PMID: 18305027; PubMed
Central PMCID: PMC2293060.

Zhou Y, Ray D, Zhao Y, Dong H, Ren S, Li Z, et al. Structure and function of flavivirus NS5 methyltrans-
ferase. J Virol. 2007; 81(8):3891-903. Epub 2007/02/03. https://doi.org/10.1128/JV1.02704-06 PMID:
17267492; PubMed Central PMCID: PMC1866096.

Ray D, Shah A, Tilgner M, Guo Y, Zhao Y, Dong H, et al. West Nile virus 5’-cap structure is formed by
sequential guanine N-7 and ribose 2’-O methylations by nonstructural protein 5. J Virol. 2006; 80
(17):8362—70. Epub 2006/08/17. https://doi.org/10.1128/JVI.00814-06 PMID: 16912287; PubMed Cen-
tral PMCID: PMC1563844.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011694  October 13, 2023 18/21


https://doi.org/10.1128/JVI.02036-15
http://www.ncbi.nlm.nih.gov/pubmed/26491167
https://doi.org/10.1590/0074-0276130166
https://doi.org/10.1590/0074-0276130166
http://www.ncbi.nlm.nih.gov/pubmed/24626302
https://doi.org/10.1016/j.chom.2016.07.011
https://doi.org/10.1016/j.chom.2016.07.011
http://www.ncbi.nlm.nih.gov/pubmed/27569558
https://doi.org/10.1128/genomeA.01195-16
http://www.ncbi.nlm.nih.gov/pubmed/27811095
https://doi.org/10.1016/j.meegid.2020.104411
https://doi.org/10.1016/j.meegid.2020.104411
http://www.ncbi.nlm.nih.gov/pubmed/32531517
https://doi.org/10.1016/j.ebiom.2019.04.004
http://www.ncbi.nlm.nih.gov/pubmed/31003930
https://doi.org/10.1016/j.coviro.2020.02.001
http://www.ncbi.nlm.nih.gov/pubmed/32217446
https://doi.org/10.1146/annurev.mi.44.100190.003245
http://www.ncbi.nlm.nih.gov/pubmed/2174669
https://doi.org/10.1007/s00705-006-0903-z
https://doi.org/10.1007/s00705-006-0903-z
http://www.ncbi.nlm.nih.gov/pubmed/17195954
https://doi.org/10.1016/j.antiviral.2009.11.009
http://www.ncbi.nlm.nih.gov/pubmed/19945487
https://doi.org/10.1107/S2052252520003632
https://doi.org/10.1107/S2052252520003632
http://www.ncbi.nlm.nih.gov/pubmed/32431821
https://doi.org/10.1016/j.chom.2009.03.007
http://www.ncbi.nlm.nih.gov/pubmed/19380115
https://doi.org/10.1038/emi.2016.48
https://doi.org/10.1038/emi.2016.48
http://www.ncbi.nlm.nih.gov/pubmed/26980239
https://doi.org/10.15252/embj.201696241
https://doi.org/10.15252/embj.201696241
http://www.ncbi.nlm.nih.gov/pubmed/28254839
https://doi.org/10.1016/j.antiviral.2013.06.001
http://www.ncbi.nlm.nih.gov/pubmed/23769894
https://doi.org/10.1128/JVI.02202-07
http://www.ncbi.nlm.nih.gov/pubmed/18305027
https://doi.org/10.1128/JVI.02704-06
http://www.ncbi.nlm.nih.gov/pubmed/17267492
https://doi.org/10.1128/JVI.00814-06
http://www.ncbi.nlm.nih.gov/pubmed/16912287
https://doi.org/10.1371/journal.ppat.1011694

PLOS PATHOGENS

Structural and functional analyses of Alongshan virus MTase

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

ZhaoY, Soh TS, Lim SP, Chung KY, Swaminathan K, Vasudevan SG, et al. Molecular basis for specific
viral RNA recognition and 2’-O-ribose methylation by the dengue virus nonstructural protein 5 (NS5).
Proc Natl Acad Sci U S A. 2015; 112(48):14834-9. Epub 2015/11/19. https://doi.org/10.1073/pnas.
1514978112 PMID: 26578813; PubMed Central PMCID: PMC4672796.

Egloff MP, Benarroch D, Selisko B, Romette JL, Canard B. An RNA cap (nucleoside-2’-O-)-methyltrans-
ferase in the flavivirus RNA polymerase NS5: crystal structure and functional characterization. EMBO J.
2002; 21(11):2757—68. Epub 2002/05/29. https://doi.org/10.1093/emboj/21.11.2757 PMID: 12032088;
PubMed Central PMCID: PMC125380.

Martin JL, McMillan FM. SAM (dependent) | AM: the S-adenosylmethionine-dependent methyltransfer-
ase fold. Curr Opin Struc Biol. 2002; 12(6):783-93. https://doi.org/10.1016/s0959-440x(02)00391-3
WOS:000179777100014. PMID: 12504684

DongH, LiuL, Zou G, Zhao Y, Li Z, Lim SP, et al. Structural and functional analyses of a conserved
hydrophobic pocket of flavivirus methyltransferase. J Biol Chem. 2010; 285(42):32586—95. Epub 2010/
08/06. https://doi.org/10.1074/jbc.M110.129197 PMID: 20685660; PubMed Central PMCID:
PMC2952261.

Brecher MB, Li Z, Zhang J, Chen H, Lin Q, Liu B, et al. Refolding of a fully functional flavivirus methyl-
transferase revealed that S-adenosyl methionine but not S-adenosyl homocysteine is copurified with
flavivirus methyltransferase. Protein Sci. 2015; 24(1):117—-28. Epub 2014/10/30. https://doi.org/10.
1002/pro.2594 PMID: 25352331; PubMed Central PMCID: PMC4282417.

Mastrangelo E, Bollati M, Milani M, Selisko B, Peyrane F, Canard B, et al. Structural bases for substrate
recognition and activity in Meaban virus nucleoside-2’-O-methyltransferase. Protein Sci. 2007; 16
(6):1133—45. Epub 2007/05/08. https://doi.org/10.1110/ps.072758107 PMID: 17473012; PubMed Cen-
tral PMCID: PMC2206675.

Bollati M, Milani M, Mastrangelo E, de Lamballerie X, Canard B, Bolognesi M. Crystal structure of a
methyltransferase from a no-known-vector Flavivirus. Biochemical and biophysical research communi-
cations. 2009; 382(1):200—4. Epub 2009/03/12. https://doi.org/10.1016/j.bbrc.2009.03.008 PMID:
19275894.

Bollati M, Milani M, Mastrangelo E, Ricagno S, Tedeschi G, Nonnis S, et al. Recognition of RNA cap in
the Wesselsbron virus NS5 methyltransferase domain: implications for RNA-capping mechanisms in
Flavivirus. J Mol Biol. 2009; 385(1):140-52. Epub 2008/11/04. https://doi.org/10.1016/j.jmb.2008.10.
028 PMID: 18976670.

Jansson AM, Jakobsson E, Johansson P, Lantez V, Coutard B, de Lamballerie X, et al. Structure of the
methyltransferase domain from the Modoc virus, a flavivirus with no known vector. Acta Crystallogr D
Biol Crystallogr. 2009; 65(Pt 8):796—-803. Epub 2009/07/23. https://doi.org/10.1107/
S0907444909017260 PMID: 19622863.

Lin S, ChenH, ChenZ, Yang F, Ye F, Zheng Y, et al. Crystal structure of SARS-CoV-2 nsp10 bound to
nsp14-ExoN domain reveals an exoribonuclease with both structural and functional integrity. Nucleic
Acids Res. 2021; 49(9):5382—-92. Epub 2021/05/07. https://doi.org/10.1093/nar/gkab320 PMID:
33956156; PubMed Central PMCID: PMC8136770.

Kottur J, Rechkoblit O, Quintana-Feliciano R, Sciaky D, Aggarwal AK. High-resolution structures of the
SARS-CoV-2 N7-methyltransferase inform therapeutic development. Nat Struct Mol Biol. 2022; 29
(9):850-3. Epub 20220908. https://doi.org/10.1038/s41594-022-00828-1 PMID: 36075969; PubMed
Central PMCID: PMC10388636.

Noble CG, Li SH, Dong H, Chew SH, Shi PY. Crystal structure of dengue virus methyltransferase with-
out S-adenosyl-L-methionine. Antiviral Res. 2014; 111:78-81. Epub 2014/09/23. https://doi.org/10.
1016/j.antiviral.2014.09.003 PMID: 25241250; PubMed Central PMCID: PMC7113791.

Benmansour F, Trist |, Coutard B, Decroly E, Querat G, Brancale A, et al. Discovery of novel dengue
virus NS5 methyltransferase non-nucleoside inhibitors by fragment-based drug design. Eur J Med
Chem. 2017; 125:865-80. Epub 2016/10/18. https://doi.org/10.1016/j.ejmech.2016.10.007 PMID:
27750202.

Hamil RL, Hoehn MM. A9145, a new adenine-containing antifungal antibiotic. I. Discovery and isolation.
J Antibiot (Tokyo). 1973; 26(8):463-5. https://doi.org/10.7164/antibiotics.26.463 PMID: 4792069.

Pugh CS, Borchardt RT, Stone HO. Sinefungin, a potent inhibitor of virion mRNA(guanine-7-)-methyl-
transferase, mRNA(nucleoside-2’-)-methyltransferase, and viral multiplication. J Biol Chem. 1978; 253
(12):4075—7. Epub 1978/06/25. https://doi.org/10.1016/s0021-9258(17)34682-3 PMID: 659406

Hercik K, Brynda J, Nencka R, Boura E. Structural basis of Zika virus methyltransferase inhibition by
sinefungin. Arch Virol. 2017; 162(7):2091-6. Epub 2017/03/31. https://doi.org/10.1007/s00705-017-
3345-x PMID: 28357511.

Kyle JL, Harris E. Global spread and persistence of dengue. Annu Rev Microbiol. 2008; 62:71-92. Epub
2008/04/24. https://doi.org/10.1146/annurev.micro.62.081307.163005 PMID: 18429680.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011694  October 13, 2023 19/21


https://doi.org/10.1073/pnas.1514978112
https://doi.org/10.1073/pnas.1514978112
http://www.ncbi.nlm.nih.gov/pubmed/26578813
https://doi.org/10.1093/emboj/21.11.2757
http://www.ncbi.nlm.nih.gov/pubmed/12032088
https://doi.org/10.1016/s0959-440x%2802%2900391-3
http://www.ncbi.nlm.nih.gov/pubmed/12504684
https://doi.org/10.1074/jbc.M110.129197
http://www.ncbi.nlm.nih.gov/pubmed/20685660
https://doi.org/10.1002/pro.2594
https://doi.org/10.1002/pro.2594
http://www.ncbi.nlm.nih.gov/pubmed/25352331
https://doi.org/10.1110/ps.072758107
http://www.ncbi.nlm.nih.gov/pubmed/17473012
https://doi.org/10.1016/j.bbrc.2009.03.008
http://www.ncbi.nlm.nih.gov/pubmed/19275894
https://doi.org/10.1016/j.jmb.2008.10.028
https://doi.org/10.1016/j.jmb.2008.10.028
http://www.ncbi.nlm.nih.gov/pubmed/18976670
https://doi.org/10.1107/S0907444909017260
https://doi.org/10.1107/S0907444909017260
http://www.ncbi.nlm.nih.gov/pubmed/19622863
https://doi.org/10.1093/nar/gkab320
http://www.ncbi.nlm.nih.gov/pubmed/33956156
https://doi.org/10.1038/s41594-022-00828-1
http://www.ncbi.nlm.nih.gov/pubmed/36075969
https://doi.org/10.1016/j.antiviral.2014.09.003
https://doi.org/10.1016/j.antiviral.2014.09.003
http://www.ncbi.nlm.nih.gov/pubmed/25241250
https://doi.org/10.1016/j.ejmech.2016.10.007
http://www.ncbi.nlm.nih.gov/pubmed/27750202
https://doi.org/10.7164/antibiotics.26.463
http://www.ncbi.nlm.nih.gov/pubmed/4792069
https://doi.org/10.1016/s0021-9258%2817%2934682-3
http://www.ncbi.nlm.nih.gov/pubmed/659406
https://doi.org/10.1007/s00705-017-3345-x
https://doi.org/10.1007/s00705-017-3345-x
http://www.ncbi.nlm.nih.gov/pubmed/28357511
https://doi.org/10.1146/annurev.micro.62.081307.163005
http://www.ncbi.nlm.nih.gov/pubmed/18429680
https://doi.org/10.1371/journal.ppat.1011694

PLOS PATHOGENS

Structural and functional analyses of Alongshan virus MTase

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Halstead SB. Reappearance of chikungunya, formerly called dengue, in the Americas. Emerg Infect
Dis. 2015; 21(4):557-61. Epub 2015/03/31. https://doi.org/10.3201/eid2104.141723 PMID: 25816211;
PubMed Central PMCID: PMC4378492.

Cao-Lormeau V-M, Blake A, Mons S, Lastére S, Roche C, Vanhomwegen J, et al. Guillain-Barré Syn-
drome outbreak associated with Zika virus infection in French Polynesia: a case-control study. The Lan-
cet. 2016; 387(10027):1531-9. https://doi.org/10.1016/s0140-6736(16)00562-6 PMID: 26948433

Carteaux G, Maquart M, Bedet A, Contou D, Brugieres P, Fourati S, et al. Zika Virus Associated with
Meningoencephalitis. N Engl J Med. 2016; 374(16):1595—-6. Epub 2016/03/10. https://doi.org/10.1056/
NEJMc1602964 PMID: 26958738; PubMed Central PMCID: PMC26958738.

Kuivanen S, Levanov L, Karelnen L, Sironen T, Jaaskelainen AJ, Plyusnin |, et al. Detection of novel
tick-borne pathogen, Alongshan virus, in Ixodes ricinus ticks, south-eastern Finland, 2019. Eurosurveil-
lance. 2019; 24(27):9-16. Epub 2019/07/11. Artn 1900394 https://doi.org/10.2807/1560-7917.ES.
2019.24.27.1900394 WOS:000474246600002; PubMed Central PMCID: PMC6628756. PMID:
31290392

Ghosh A, Lima CD. Enzymology of RNA cap synthesis. Wiley Interdiscip Rev RNA. 2010; 1(1):152-72.
Epub 2010/07/01. https://doi.org/10.1002/wrna.19 PMID: 21956912; PubMed Central PMCID:
PMC3962952.

Geiss BJ, Thompson AA, Andrews AJ, Sons RL, Gari HH, Keenan SM, et al. Analysis of flavivirus NS5
methyltransferase cap binding. J Mol Biol. 2009; 385(5):1643—-54. Epub 2008/12/23. https://doi.org/10.
1016/j.jmb.2008.11.058 PMID: 19101564; PubMed Central PMCID: PMC2680092.

Assenberg R, Ren J, Verma A, Walter TS, Alderton D, Hurrelbrink RJ, et al. Crystal structure of the Mur-
ray Valley encephalitis virus NS5 methyltransferase domain in complex with cap analogues. The Jour-
nal of general virology. 2007; 88(Pt 8):2228-36. Epub 2007/07/12. https://doi.org/10.1099/vir.0.82757-
0 PMID: 17622627.

Egloff MP, Decroly E, Malet H, Selisko B, Benarroch D, Ferron F, et al. Structural and functional analy-
sis of methylation and 5’-RNA sequence requirements of short capped RNAs by the methyltransferase
domain of dengue virus NS5. Journal of molecular biology. 2007; 372(3):723-36. Epub 2007/08/10.
https://doi.org/10.1016/j.jmb.2007.07.005 PMID: 17686489.

Zhao'Y, Soh TS, Lim SP, Chung KY, Swaminathan K, Vasudevan SG, et al. Molecular basis for specific
viral RNA recognition and 2’-O-ribose methylation by the dengue virus nonstructural protein 5 (NS5).
Proceedings of the National Academy of Sciences. 2015; 112(48):14834-9. https://doi.org/10.1073/
pnas.1514978112 PMID: 26578813

Lu G, Gong P. Crystal Structure of the full-length Japanese encephalitis virus NS5 reveals a conserved
methyltransferase-polymerase interface. PLoS pathogens. 2013; 9(8):e1003549. Epub 2013/08/21.
https://doi.org/10.1371/journal.ppat. 1003549 PMID: 23950717; PubMed Central PMCID:
PMC3738499.

Yang J, Jing X, YiW, Li X-D, Yao C, Zhang B, et al. Crystal structure of a tick-borne flavivirus RNA-
dependent RNA polymerase suggests a host adaptation hotspot in RNA viruses. Nucleic Acids
Research. 2021; 49(3):1567-80. https://doi.org/10.1093/nar/gkaa1250 PMID: 33406260

Jia H, Zhong Y, Peng C, Gong P. Crystal Structures of Flavivirus NS5 Guanylyltransferase Reveal a
GMP-Arginine Adduct. Journal of virology. 2022; 96(14):e0041822. Epub 2022/06/28. https://doi.org/
10.1128/jvi.00418-22 PMID: 35758665; PubMed Central PMCID: PMC9327709.

Zhang WZ, Tang JC, Wang SS, Wang ZJ, He JHINS, Techniques. The protein complex crystallogra-
phy beamline (BL19U1) at the Shanghai Synchrotron Radiation Facility. Nuclear Science and Tech-
niques. 2019; 30(11):170.

Otwinowski Z, Minor W. Processing of X-ray diffraction data collected in oscillation mode. Method Enzy-
mol. 1997; 276:307-26. https://doi.org/10.1016/S0076-6879(97)76066-X WOS:A1997BH42P00020.
PMID: 27754618

Wang BC. Resolution of phase ambiguity in macromolecular crystallography. Methods in enzymology.
1985; 115:90-112. Epub 1985/01/01. https://doi.org/10.1016/0076-6879(85)15009-3 PMID: 4079800.

Adams PD, Grosse-Kunstleve RW, Hung LW, loerger TR, McCoy AJ, Moriarty NW, et al. PHENIX:
building new software for automated crystallographic structure determination. Acta Crystallogr D Biol
Crystallogr. 2002; 58(Pt 11):1948-54. Epub 2002/10/24. https://doi.org/10.1107/s0907444902016657
PMID: 12393927.

Debreczeni JE, Emsley P. Handling ligands with Coot. Acta Crystallogr D Biol Crystallogr. 2012; 68(Pt
4):425-30. Epub 2012/04/17. https://doi.org/10.1107/S0907444912000200 PMID: 22505262; PubMed
Central PMCID: PMC3322601.

Adams PD, Afonine PV, Bunkdczi G, Chen VB, Davis IW, Echols N, et al. PHENIX: a comprehensive
Python-based system for macromolecular structure solution. Acta Crystallographica Section D

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011694  October 13, 2023 20/21


https://doi.org/10.3201/eid2104.141723
http://www.ncbi.nlm.nih.gov/pubmed/25816211
https://doi.org/10.1016/s0140-6736%2816%2900562-6
http://www.ncbi.nlm.nih.gov/pubmed/26948433
https://doi.org/10.1056/NEJMc1602964
https://doi.org/10.1056/NEJMc1602964
http://www.ncbi.nlm.nih.gov/pubmed/26958738
https://doi.org/10.2807/1560-7917.ES.2019.24.27.1900394
https://doi.org/10.2807/1560-7917.ES.2019.24.27.1900394
http://www.ncbi.nlm.nih.gov/pubmed/31290392
https://doi.org/10.1002/wrna.19
http://www.ncbi.nlm.nih.gov/pubmed/21956912
https://doi.org/10.1016/j.jmb.2008.11.058
https://doi.org/10.1016/j.jmb.2008.11.058
http://www.ncbi.nlm.nih.gov/pubmed/19101564
https://doi.org/10.1099/vir.0.82757-0
https://doi.org/10.1099/vir.0.82757-0
http://www.ncbi.nlm.nih.gov/pubmed/17622627
https://doi.org/10.1016/j.jmb.2007.07.005
http://www.ncbi.nlm.nih.gov/pubmed/17686489
https://doi.org/10.1073/pnas.1514978112
https://doi.org/10.1073/pnas.1514978112
http://www.ncbi.nlm.nih.gov/pubmed/26578813
https://doi.org/10.1371/journal.ppat.1003549
http://www.ncbi.nlm.nih.gov/pubmed/23950717
https://doi.org/10.1093/nar/gkaa1250
http://www.ncbi.nlm.nih.gov/pubmed/33406260
https://doi.org/10.1128/jvi.00418-22
https://doi.org/10.1128/jvi.00418-22
http://www.ncbi.nlm.nih.gov/pubmed/35758665
https://doi.org/10.1016/S0076-6879%2897%2976066-X
http://www.ncbi.nlm.nih.gov/pubmed/27754618
https://doi.org/10.1016/0076-6879%2885%2915009-3
http://www.ncbi.nlm.nih.gov/pubmed/4079800
https://doi.org/10.1107/s0907444902016657
http://www.ncbi.nlm.nih.gov/pubmed/12393927
https://doi.org/10.1107/S0907444912000200
http://www.ncbi.nlm.nih.gov/pubmed/22505262
https://doi.org/10.1371/journal.ppat.1011694

PLOS PATHOGENS

Structural and functional analyses of Alongshan virus MTase

56.

57.

58.

59.

Biological Crystallography. 2010; 66(2):213-21. https://doi.org/10.1107/s0907444909052925 PMID:
20124702

Randy J, Read. Pushing the boundaries of molecular replacement with maximum likelihood. Erratum.
Acta Crystallogr D Biol Crystallography. 2003; 59(2):404—.

Collaborative Computational Project N. The CCP4 suite: programs for protein crystallography. Acta
Crystallogr D Biol Crystallogr. 1994; 50(Pt 5):760-3. Epub 1994/09/01. https://doi.org/10.1107/
S0907444994003112 PMID: 15299374.

Murshudov GN, Skubak P, Lebedev AA, Pannu NS, Steiner RA, Nicholls RA, et al. REFMACS for the
refinement of macromolecular crystal structures. Acta Crystallogr D Biol Crystallogr. 2011; 67(Pt
4):355-67. Epub 2011/04/05. https://doi.org/10.1107/S0907444911001314 PMID: 21460454; PubMed
Central PMCID: PMC3069751.

Laskowski RA, Macarthur MW, Moss DS, Thornton JM. PROCHECK: a program to check the stereo-
chemical quality of protein structures. J Appl Crystallogr. 1993; 26(2):283-91. https://doi.org/10.1107/
S0021889892009944 WOS:A1993KY85100021.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011694  October 13, 2023 21/21


https://doi.org/10.1107/s0907444909052925
http://www.ncbi.nlm.nih.gov/pubmed/20124702
https://doi.org/10.1107/S0907444994003112
https://doi.org/10.1107/S0907444994003112
http://www.ncbi.nlm.nih.gov/pubmed/15299374
https://doi.org/10.1107/S0907444911001314
http://www.ncbi.nlm.nih.gov/pubmed/21460454
https://doi.org/10.1107/S0021889892009944
https://doi.org/10.1107/S0021889892009944
https://doi.org/10.1371/journal.ppat.1011694

