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Abstract

Monkeypox virus (MPXV) is a double-stranded DNA virus from the family
Poxviridae, which is endemic in West and Central Africa. Various human
outbreaks occurred in the 1980s, resulting from a cessation of smallpox
vaccination. Recently, MPXV cases have reemerged in non-endemic nations,
and the 2022 outbreak has been declared a public health emergency. Treatment
optionsare limited, and many countries lack the infrastructure to provide
symptomatic treatments. The development of cost-effective antivirals could
ease severe health outcomes. G-quadruplexes have been a target of interest in
treating viral infections with different chemicals. In the present work, a
genomic-scale mapping of different MPXV isolates highlighted two conserved
putative quadruplex-forming sequences MPXV-exclusive in 590 isolates.
Subsequently, we assessed the G-quadruplex formation using circular dichro-
ism spectroscopy and solution small-angle X-ray scattering. Furthermore,
biochemical assays indicated the ability of MPXV quadruplexes to be recognized
by two specific G4-binding partners—Thioflavin T and DHX36. Additionally, our
work also suggests that a quadruplex binding small-molecule with previously
reported antiviral activity, TMPyP4, interacts with MPXV G-quadruplexes with
nanomolar affinity in the presence and absence of DHX36. Finally, cell biology
experiments suggests that TMPyP4 treatment substantially reduced gene
expression of MPXV proteins. In summary, our work provides insights into
the G-quadruplexes from the MPXV genome that can be further exploited to

develop therapeutics.
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1 | INTRODUCTION

Monkeypox virus (MPXV) belongs to the Poxviridae family and
Orthopoxvirus genus, with the smallpox virus as a popular close-related
human pathogen. Primarily transmitted through direct contact with
infected humans or animal reservoirs, MPXV triggers a smallpox-like
illness distinguished by premature enlargement of lymph nodes.t MPXV
is a zoonotic vesicular-pustular malady first identified in humans in the
Democratic Republic of Congo (DRC) in 1970.2 Since then, the infection
has been considered endemic in DRC, propagating the cases to central
and western African nations.® Initially thought to be a Southern
Hemisphere geographical disease, MPXV's first infected case in the
midwestern United States was detected in 2003.% Although previously
deemed a rare disease, MPXV has emerged as the most critical human
Orthopoxvirus infection since the eradication of Smallpox in 1977,* and it
is evolving into a global public health threat with increasing numbers of
cases in more than 30 countries outside of Africa.’> Currently, no
approved treatment exists exclusively for MPXV and patients are guided
to symptomatic medication.® Even though Smallpox vaccines can offer
85% protection against MPXV,” a continuous vaccination program was
discouraged after determining the virus was incapable of maintaining
itself in human populations.2 An absence of surveillance measures and
cessation of smallpox vaccination have weakened herd immunity and are
likely contributing to the reemergence in non-endemic areas.®¢ In its
latest report, the Centers for Disease Control and Prevention confirmed
a total of 86 231 monkeypox cases, with 98% of the cases identified in
previously unaffected regions and locations.

Poxviridae family members carry a sizeable double-strand DNA
genome in approximately 200 kbp that multiplies into the host cell and is
organized within a Central conserved region flanked by left and right
terminal regions that hold inverted terminal repeats (ITRs).” MPXV's large
genome equivalently contains multiple open reading frames that encode
the entire proteins responsible for viral replication, transcription, and
virion assembly.” Clade | and Clade Il, formerly known as Congo Basin
and West Africa, respectively, compartmentalize MPXV genomes, and
no meaningful reduction in size and content was observed by examining
new draft genomes released from 2022 isolates.® However, structural
features present in the MPXV genome are still poorly investigated, and
most of the currently known details were deciphered in a comparison
based on close-related Poxviridae representatives. Recent research shed
light on an RNA quadruplex structure in the C9L gene that became
unstable during the evolution course, which was believed to be a
significant element in MPXV transmission.”

G-quadruplexes (G4s) are noncanonical DNA and RNA structures
formed by guanine-rich sequences that fold into two or more
consecutive quartets.’® A G-quartet refers to four planar guanines
separated in two equivalent tracts collectively interacting via
Watson-Crick and Hoogsteen hydrogen bonds. G4 is formed by
stacking two or more quartets and preferentially stabilized by
monovalent cations (K* > Na* > Li*) and disturbed by the presence
of divalent cation, like Mg?* and Ca.?*'*'2 DNA quadruplexes can
fold into parallel, antiparallel, and hybrid topologies based on strand
direction, likewise loop size and composition.’® To facilitate

computational screening of putative quadruplexes, a theoretical
consensus sequence was established as follows Gz,-N4.7-G3,-N4.7-
G3+-N1.7-G34-N41.7, where G is the guanosine tracts, and N is the
nucleotide content inside the loop.*® However, quite a few DNA and
RNA quadruplexes were discovered and characterized in literature
uncompliant within this consensus sequence.}**°

These noncanonical G4 structures have been identified in all
domains of life, modulating critical human processes, such as
replication, transcription, mRNA splicing, translation, and epigenetic
regulation of the genome, as previously reviewed.*®*” G4s have also
been discovered across microbial genomes that play an essential role
in facilitating immune evasion, radioresistance, virion secretion, and
nitrate metabolism.*® Targeting G4s is a promising strategy to control
microbial infection by inhibiting critical pathways. By specifically
targeting RNA G4, researchers identified a reduced level of Ebola
virus L gene expression in a mini-genome system that impacts
decreasing viral replication.?” Moreover, in Herpes Simplex Virus-1
infected cells, DNA G4s were shown to participate in antiviral cellular
defense pathways, and once those structures are stabilized, viral
infection is diminished to controlled levels.?® RNA G4s were also
targeted in Zika virus-infected cells and shown to mitigate viral levels
acting as a roadblock stalling polymerase and ribosome processing,21
Recently, DNA G4s were predicted at the coding regions of
monkeypox genes, and the protein expression was targeted using
different G4-binders in a Vaccinia virus strain model.?? Interestingly,
the abovementioned papers used a cationic porphyrin, TMPyP4, a
potential inhibitor of human telomerase,?® to target different G4s
structures, indicating its antiviral activity.

In this work, a robust genomic screening in MPXYV isolates collected
during different outbreaks was performed to map G-rich sequences.
Subsequently, we utilized Quadruplex-forming G-rich Sequences (QGRS)
Mapper?* and G4RNA screener? to calculate putative G4 folding scores
of G-rich sequences from the MPXV genome. A conservation study
indicated two unique putative G4 structures disturbed in close-related
Orthopoxvirus. Using biophysical tools, we further characterized both G-
rich sequences to establish that they adopt G4 structures in solution.
Finally, we demonstrate the ability of G4s to interact with TMPyP4 in
vitro. Overall, our results demonstrate for the first time that the MPXV
genome contains G4-forming sequences that could potentially be
targeted using TMPyP4 and other G4-interacting drugs to explore

therapeutic development avenues.

2 | MATERIALS AND METHODS

2.1 | Genome mapping and sequence conservation
analysis

Genome data were collected on the Nucleotide database of NCBI,
where all 590 complete MPXV genomes (accessed in August 2022)
isolated from different countries and years were assembled for
further sequence analysis. All genomes used with their respective
NCBI code are available in Supporting Information: Table 1. To assess
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the diversity of sequences, a phylogenetic tree using the 590
sequences was done as follows. MPXV genome file was aligned using
MAFFT (Multiple Alignment using Fast Fourier Transform)?® and
further assigned to different clades according to differences in query
and reference sequences through Nextclade. The maximum-
likelihood method was used to construct a phylogenetic tree using
IQ-tree?” and the tree was finally visualized using iTOI v5.28 A total of
38 sequences were assigned to Clade I, whereas 552 sequences are
accommodated in Clade Il (Supporting Information: Figure 1). Then,
the Putative Hybrid-Quadruplex forming Sequence (PHQS) script
performed an initial screening to map G-rich regions in all genomes as
previously described?® according to the following parameters: G-tract
size =2, loop size 1-5, number of g-tracts equal or higher than 4,
search range 210000, bin size 100 nucleotides. The percentage of
hits was achieved by dividing the number of times each sequence
appeared in the prediction for the number of genomes used (n = 590).
Next, recovered sequences were ranked using QGRS mapper,2*
following default parameters, and G4RNA screener?® based on cGcG
(Consecutive G over consecutive C ratio), G4H (G4Hunter), and
G4NN (G4 Neural Network) with a defined threshold of cGcG >4.5,
G4H >0.9, and G4NN >0.5.

The nucleotide Basic Local Alignment Tool (BLASTn)® was used to
assess similarities within MPXV sequences against viruses from the
Orthopoxvirus genus. MPXV selected putative G4-sequences were
individually aligned with Smallpox (taxid: 10 255, n = 55), Cowpox (taxid:
10243, n=22), Camelpox (taxid: 28 873, n=9), and Horsepox (taxid:
397 342, n=3) genomes using BLASTn default parameters. Matching
sequences were further realigned using Clustal Omega multiple
sequence alignment tool.* All genomes used with their respective NCBI

code are available in Supporting Information: Table 1.

2.2 | Circular dichroism (CD) spectroscopy

Synthetic lyophilized oligonucleotides were purchased from Alpha
DNA. The oligos used in this study are described in Table 1. MP1,
MP2 and their respective mutants were dissolved to 20 uM using a
G4 buffer (20 mM HEPES, 100 mM KCI, and 0.2 mM EDTA, at pH
7.4). Before data collection, the oligos were heated at 95°C for 5 min
and cooled down at room temperature for 30 min. Jasco J-815

TABLE 1 Representative codes and sequences for the oligos
used in this study.
Oligo Sequence
MP1 5'-ATTAGGTGGGGGATGGACAA-3'
MP1 mutant 5'-ATTAGGTGAGAGATGGACAA-3'
MP2 5'-GGTAAAGGAGGAAAGGGTGG-3'
MP2 mutant 5'-GATAAAGGAGAAAAAGGTGG-3'

T7 primer 5'-TAATACGACTCACTATAGGG-3'

Telomeric G4 5'-TTAGGGTTAGGGTTAGGGTTAGGG-3'

MEDICAL VIROLOGY

spectropolarimeter (Jasco Inc.) was used to collect spectra of all
oligos ranging from 220 to 320 nm, using a 1.0 mm cell, 0.1 nm data
pitch, with five accumulations and 32 s integration time. A continuous
supply of nitrogen gas was provided to avoid water condensation in
the cells. All measurements were baseline corrected with G4 buffer

and repeated in triplicate.

2.3 | Solution small-angle X-ray scattering (SAXS)

SAXS data were collected using the B21 BioSAXS beamline at the
Diamond Light Source, using an Agilent 1200 HPLC connected in line
with a specialized flow-cell, as previously described.>?> Samples of
wild-type and mutant oligos were concentrated to 150 uM, heated
and cooled as described above, and injected into the Shodex
KW402.5-4 F, preequilibrated with G4 buffer. About 600 frames,
with 3s exposure were collected. Scattering data were analyzed
using the ATSAS suite, version 2.8.3% We used Chromixs to buffer
baseline correct samples peak intensity.>* Samples' quality check and
the radius of gyration (Rg) were assessed by performing a Guinier
analysis (g2 vs. In(l(q))).>> The folding of wild-type and mutants were
obtained by a dimensionless Kratky plot (qRg vs. qRz*1(q)/1(0))*¢ and
a paired-distribution function (P(r)) provided the real-space R, and
the maximum particle dimension (Dynay) using GNOM.3” P(r) plot was
the input data to DAMMIN®® calculates 11 models of each oligo,
selecting different seeds for each model although using equal
parameters to ensure symmetry. DAMAVER was used to obtain an
average model, and DAMFILT vyielded a filtered representative
structure model.®?

2.4 | Microscale thermophoresis (MST) studies

MST experiments were done at room temperature using the Nanotem-
per Technologies Monolith® NT.115 instrument and standard capillaries
to measure fluorescence counts, binding affinity, and binding check. For
the Thioflavin assay, 5 UM of oligos diluted in G4 buffer and previously
heat-cooled (as mentioned above) were incubated with 1uM of
Thioflavin T for 15 min. MST was used to collect initial fluorescence
counts. Samples were analyzed in quadruplicate; fluorescence counts
were normalized based on telomeric G4 (positive control, sequence in
Table 1), and data were statistically analyzed using an unpaired t-test on
GraphPad Prism 9.4 software.

A DHX36 construct carrying the N-terminal amino acid residues
ranging from 53 to 105 (DHX3653-1¢5), containing DNA and RNA G4
interacting motif, was cloned and purified as previously described by
our group.14 The reaction was prepared by mixing 100 nM of 5’ FITC
labeled oligonucleotide with DHX3653-105 ranging from 0.001 to
17.5 uM diluted in MST buffer (20 mM HEPES, 100 mM KCl, 0.2 mM
EDTA, and 0.05% Tween 20, at pH 7.4), and incubated at room
temperature for 20 min. Subsequently, binding affinity experiments
were performed using medium MST-Power, 50% excitation-power,
with data collection on the cold region at O s and the hot region at 5 s.
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Another binding affinity experiment tested the interaction
between TMPyP4 within G4-forming and mutant oligos following
the same methodology described above. TMPyP4 was acquired
from Sigma Aldrich (CAS number 36951-72-1), diluted from 1.1
to 0.0003 uM and further incubated at room temperature for
20 min with 100nM of 5’ FITC labeled oligonucleotides. Three
independent replicates from DHX3653-105 and TMPyP4 binding
affinity were submitted to data collection and analyzed on MO
Affinity Analysis software (version 2.1.3). The software uses
thermophoresis-based fluorescence changes to calculate the
binding affinity, Kq. GraphPad Prism 9.4 software was used to
plot curves.

For the competitive assay, 100 nM of G4-forming oligonu-
cleotides were mixed first with 500 nM of TMPyP4 in MST buffer;
the reaction was prepared in four tubes and incubated at room
temperature for 20 min. Then, 500 nM of DHX3653-105 was added
to two tubes, whereas the other two were filled with MST buffer.
In a different set, the oligonucleotides were first incubated with
500 nM of DHX3653-105 for 30 min, and then half of them were
incubated with 500 nM of TMPyP4 for additional 30 min. The
experiment was done in duplicate with four reactions in each set,
totaling eight points per condition tested. Data was collected via
an MST binding check that ran using medium MST power, 50%
excitation power, on the cold region at Os and the hot region at
5s at room temperature. Fluorescence changes due to thermo-
phoresis were recorded and normalized using MO Affinity
Analysis software (version 2.1.3), and the graph was plotted using
GraphPad Prism 9.4 software.

2.5 | MPXV gene expression experiments

The MPXV genes A27L and A50R were cloned into a mammalian
expression vector, pcDNA 3.1(+), and expressed linked with red-
fluorescence protein (RFP) as a reporter. The A27L and A50R
sequences were retrieved from the Monkeypox reference
sequence (NC_063383) available in the NCBI database and
synthesized and purchased from Biomatik. An RFP-expressing
plasmid (#26720; Addgene) was used as a negative control. The
plasmids were transformed into Escherichia coli DH5a and
selected on ampicillin-resistant agar plates. Individual colonies
were inoculated in LB media and plasmids were purified using the
GenelJET Plasmid Maxiprep Kit (Thermo Fisher Scientific) accord-
ing to the manufacturer's instructions. HEK293 cells were seeded
in 35mm petri dishes (2.0x10° cells/dish). Once the cells
reached ~80% confluence, they were transfected with 5pug of
A27L, A50R, or RFP. plasmids per dish using Lipofectamine™
3000 Transfection Reagent (Invitrogen) following the manufac-
turer's protocol. After 24 h of transfection, cells were treated
with 0, 10, 15, or 20 uM of TMPyP4 and kept in the dark for an
additional 20 h. The cells were then imaged using an Olympus
FV1200 confocal microscope with brightfield microscopy and
RFP filter, using excitation 488 nm and emission 561 nm. Images

were collected and analyzed using FV1200 Olympus software. All
microscope images were quantitatively analyzed on Imagel)
software.

3 | RESULTS

3.1 | Predicted G4 sequences are predominantly
localized in the right terminal region and are MPXV
exclusive

We employed a computational screening in 590 genome isolates
across the globe using the PHQS script exploring G-rich
sequences following a pattern of (G2 2, 1 <N 2 5),., where G is
guanines, and N is the number of nucleotides held in the loop
between two G-tracts. Eleven putative G-rich sequences were
retrieved, with 7 identified in all 590 genomes (100% hits), 3 in
588 genomes (99%), and 1 only detected in 24 genomes (4%)
(Figure 1A). MPXV genome carries left and right terminal regions
that comprise noncoding ITR. One putative sequence was
predicted on the Left terminal region, whereas 8 sequences are
concentrated at the right terminal region. Also, a central
conserved region contains 2 putative sequences in the middle
of the genome. Using the DRC 2008 isolate as a reference
(GenBank accession KP849469), a corresponding gene for each
putative sequence was identified. All predicted sequences are
localized in the coding region, and their respective protein code is
available in Figure 1A. The nucleotide length varies from 15 to 48,
but the G-score was calculated using the minimal predicted G4.
G-scores above the threshold are presented in bold green,
whereas below the threshold are presented in red. QGRS Mapper
identified 4 putative G4-sequences (threshold 219) while Ghun-
ter (threshold 20.9), cGcG (threshold 24.5), and G4NN (threshold
>0.5) detected 7, 10, and 7 sequences, respectively. Collectively
analyzing the predicted G-score along with conservation hits
across MPXV strains, G4-sequences related to the genes A27L
and A50R were selected for further studies and referred to as
MP1 and MP2, respectively.

A local alignment was conducted to analyze the conservation
of selected putative G4-sequences against disease-associated
members of the Orthopoxvirus genus (Figure 1B). MP1 and MP2
were aligned with Smallpox (n=55), Cowpox (n=22), Camelpox
(n=9), and Horsepox (n = 3), and their corresponding sequences
are presented in Figure 1B. Sequence alignment for MP1
demonstrates 85% similarity, with three nucleotide gaps in the
center. Regarding MP2, Smallpox, Horsepox, and Cowpox contain
a cytosine residue instead of a guanine residue in the MPXV
genome, whereas Camelpox differs from MPXV by substituting
double guanine residues with thymidine and cytosine residues.
Cowpox has one genome with 100% similarity with MP1
(DQ437593.1) and four with 100% similarity with MP2
(KY549143.2, KY369926.1, HQ407377.1, X94355.2). Interest-
ingly all variations were observed to be substituting guanine
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( A) 5’ ITR Left terminal region Central conserved region I Right terminal region I 3’ ITR |
Hits in MPX genome 100% 100% 99% 99% 99% 100% 4% 100% 100% 100% 100%
Gene related C10L I8R L6R ASL ASL A27L A28L AS0R B3R B4R B21R
Length (nts) 20 17 27 17 32 20 48 20 17 16 15
QGRS Mapper 19 18 18 17 21 20 21 20 18 17 18
GHunter 0.80 1.05 0.81 1.23 0.56 2.33 1.05 1.25 0.88 1.18 1.06
cGeG 17.0 5.7 8.3 23.0 2.8 430.0 23.0 260.0 16.0 11.0 160.0
G4NN 0.35 0.87 0.44 0.71 0.51 0.99 0.03 0.89 0.27 0.84 0.85

© o

Monkeypox ~ ATTAGGTGGGGGATGGACAA
Smallpox ATTA - - - GGGGGATGGACAA
Horsepox ATTA - - - GGGGGATGGACAA
Cowpox* ATTA - - - GGGGGATGGACAA
Camelpox ATTA - - - GGGGGATGGACAA

e
e

Monkeypox GGTAAAGGAGGAAAGGGTGG
Smallpox GGTAAAGGAGCAAAGGGTGG
Horsepox GGTAAAGGAGCAAAGGGTGG
Cowpox* GGTAAAGGAGCAAAGGGTGG
Camelpox GGTAAAGGATCAAAGGGTGG

FIGURE 1 Mapping putative quadruplexes in MPXV genome followed by a conservation analysis. (A) Representative genome of the
Poxviridae family flanked by 5’ and 3’ inverted terminal repeats (ITR) followed by a left terminal region (orange), central conserved region (blue),
and right terminal region (yellow). Gene localization was individually represented in each column following the color code used before to
demonstrate genomic position. Then, the nucleotide length of putative sequences and predicted G-score for each are presented in the
subsequent rows. Numbers displayed in bold green are above the defined threshold, whereas red numbers correspond to G-scores under the
threshold. (B) Conservation analysis of MP1 (green square) and MP2 (red square) sequences against human disease-related Orthopoxvirus. *Only
Cowpox has one genome with 100% similarity with MP1 and four with 100% similarity with MP2. MPXV, monkeypox virus.

(A)
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5 == MP1 mutant
()
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= = MP2 mutant
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240 260 280 300 320
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FIGURE 2 Circular dichroism (CD) spectroscopy reveals that MPXV oligos fold in a parallel topology. (A) and (B) CD spectroscopy profiles of
MPXV G4 MP1 (continuous green line) and MP2 (continuous red line), as well as MP1 mutant (dashed green line) and MP2 mutant (dashed red
line), demonstrate that a single mutation in MP1 and MP2 G4 oligos leads to a change in G4 secondary structures. MPXV, monkeypox virus.

residue disrupting G-tracts, negatively impacting the putative
G4-sequence score.

3.2 | Biophysical evaluation of G4 formation

To assess the ability of MP1 and MP2 to fold into a G4, two 20-
mer wild-types (MP1 and MP2) oligos were synthesized and
evaluated using biophysical methods (Table 1). Additionally, MP1

and MP2 mutants were also designed to disrupt the G4 second
quartet by replacing two guanines with adenines. Immediately
before performing experiments, all the oligonucleotides were
heated at 95°C for 5 min and cooled down at room temperature
for at least 15 min. CD spectroscopy was used to investigate G4
folding and topology in the presence of potassium ions
(Figure 2A). A noticeable positive peak at around 263 nm and a
deep negative peak at about 243 nm were observed for MP1 (left
plot, continuous green line) and MP2 (right plot, continuous red
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FIGURE 3 Guinier and Kratky's plots indicate that oligomers are free of aggregation and properly folded in solution. (A) A liner Guinier (Ln

(1,g) vs. g?) region indicates that all samples are pure and aggregation-free. (B) Dimensionless Kratky plots (I{a)/1(0)*(a*Rg

)2 vs. q*Rg) suggest that

both wild-type and mutants are folded and appropriate for low-resolution structure determination. Also, an effect of a single mutation for MP1
and MP2 G4 oligo is evident by the differences between dimensionless Kratky plots for wild-type and mutants. MP1, green colored circle; MP1
mutant, green blank circle; MP2, red colored square; and MP2 mutant, red blank square.

TABLE 2 Analysis of small-angle X-ray scattering data for MP1, MP2, and their mutants.

Parameters

Sequence molecular weight (gmol™)

MP1
6286.2

MP1 mutant
6254.2

MP2
6360.2

MP2 mutant
6312.2

Guinier 1(0) 0.0031+1.7x107° 0.0025+2x 1075 0.0031+1.6x107° 0.0047 +2x107°
Guinier Ry (A) 17.18+0.20 18.90+0.30 16.31+0.17 19.38+0.16

a.Rg range 0.25-1.30 0.20-1.30 0.20-1.30 0.24-1.30

P(r) 1(0) 0.0030+1.1x107° 0.0024+1.5x107° 0.0030+1.6x107° 0.0046+1.6x 107>
P(r) Rg(A) 16.18+0.05 18.28+0.10 15.54+0.05 19.55+0.10

Drmax (A) 44 55 45 59

X2 1.10 1.05 1.18 1.08

NSD 0.64+0.02 0.53+0.01 0.66+0.02 0.57+0.01

Abbreviation: NSD, normalized spatial discrepancy.

line), suggesting that both oligonucleotides can fold into a G4
structure in a buffer containing potassium ions and adopt a
parallel topology.?° Inversely, the MP1 mutant (left plot, dashed
green line) showed a shift to the right with a positive peak around
272 nm and a negative close to 245 nm. MP2 also had a minor
right change in the negative peak to around 248 nm, and a broad
positive peak could be seen from 260 until 275 nm. Both mutant
patterns are atypical to any well-known G4 topology, suggesting
that these oligos cannot fold into a G4 structure.

Further, low-resolution structures were determined to visu-
alize differences in wild-type G4-forming oligos compared to
their respective mutants using SAXS. The merged intensity
data (Supporting Information: Figure 2) and Guinier analysis
(Figure 3A) demonstrate that our samples are pure and

monodisperse. The linearity observed in the Guinier plots
indicates an aggregation-free solution and allows the calculation
of Rg using low angle region, presented in Table 2 as Guinier Ry
(A). An elongated structure could be observed in both mutants
with Rg of approximately 19 A, whereas MP1 and MP2 are more
compacted, with 17.18 and 16.31 A, respectively. Next, we
performed dimensionless Kratky and P(r) function analysis to
further gain insights into oligos' folding, conformation, and
compactness states.*! The dimensionless Kratky plot suggested
that wild-type oligos exhibit comparable folding states, reason-
ably distinct from those steady plateau displayed by mutants but
indicating that all oligos are folded and are appropriate for low-
resolution three-dimensional structure determination (Figure 3B).
The P(r) plot was derived from indirect Fourier transformations to
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FIGURE 4 Normalized pair distribution function of MPXV
oligomers. P(r) versus radial distance plot indicates that as expected, both
wild-type G4s have similar dimensions and are compact, whereas, both
mutants are extended in solution. MP1 (continuous red line) and MP2
(continuous green line) assume a compact and solid structure, while MP1
mutant (red dashed line) and MP2 mutant (green dashed line) fold into an
elongated structure. G4s, G-quadruplexes; MPXV, monkeypox virus.
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convert reciprocal information on the Guinier plot into a real-
space electron paired distribution.*? Oligos' Rg was calculated in
real-space (P(r) Rg(A), in Table 2) and corresponded to those
achieved by the Guinier plot, with slight differences in G4-
forming oligos where real-space R; are 16.18 and 15.54 A,
presented with about 1 A unit more in Guinier. Additionally, the
Gaussian distribution observed in the P(r) plot indicates that both
mutants have a compacted structure with equivalent maximum
particle dimension, yet the mutants are displayed in an elongated
structure with Dpax around 55 and 59 A for MP1 and MP2,
respectively (Figure 4).

DAMMIN was used to generate 11 low-resolution structures of
wild-type and mutant oligos. The goodness of fitting (x?) within all
generated models is presented in Table 2 and statistically indicates a
favorable agreement for all 4 oligomers. Consecutively, the normal-
ized spatial discrepancy (NSD) was calculated to verify the agreement
within low-resolution structures calculated using DAMMIN. NSD
values, presented in Table 2, indicate that in each case, all DAMMIN-
derived structures are in good agreement with each other.

Consequently, we present averaged and filtered low-resolution

A

A\ 4

55 A

A

MP2

90°C"
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v

<~
N
\
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A

v

FIGURE 5 Low-resolution three-dimensional structures of MPXV oligos. DAMFILT filtered representative models with two consecutive
90°C rotations along their x-axis. Horizontal arrows represent their D,,,.x obtained from the pair-distribution function. As expected, MP1 (red)
and MP2 (green) have a compacted quasi-globular shape, whereas MP1 mutant (pale green) and MP2 mutant (dark salmon) displayed an
elongated structure that is very similar to each other. MPXV, monkeypox virus.
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FIGURE 6 Thioflavin T assay indicates MPXV G4s folding by
stacking two tetrads. Thioflavin T assay measures the relative
fluorescence of MPXV oligos, demonstrating that MP1 and MP2
present a high amount of relative fluorescence, compared to non-G4
forming primers (negative control) or mutants. Relative values were
calculated based on well-established Telomeric G4 (blue bar) as a
positive control. G4s, G-quadruplexes; MPXV, monkeypox virus.

structures for each oligo in Figure 5. Altogether, the low-resolution
structures emphasize that mutants adopt comparable elongated
structures while G4-forming sequences fold into dense and quasi-

globular structures.

3.3 | Parallel G4s interact with quadruplexes-
binding partners

Next, we determined the ability of the oligomers to fold in
solution and be recognized by well-established G4-binding
partners. As previously demonstrated, Thioflavin T (ThT) recog-
nizes telomeric G4 DNA with high affinity.*® Therefore, relative
fluorescence was calculated using Telomeric G4 as 100%
fluorescence counts; T7 primer was used as a non-G4 forming
sequence. MP1 has an average relative fluorescence of 70% when
compared to Telomeric G4, while MP1 mutant had a signal of
around 35% (Figure 6). Also, it is perceptible that MP2 had a
fluorescence signal of around 80% and its relative mutant a
slightly superior intensity than T7 primer, at around 10%. An
unpaired t-test statistically supports a significant distinction
between MP1 and its mutant with a p-value = 0.001 and between
MP2 and MP2 mutant, which the p-value < 0.001. Altogether,
these results indicate that ThT is a suitable sensor for detecting
MP1 and MP2 in solution, emphasizing their ability to fold
into G4.

Furthermore, we also asked if DHX3653-105, @ member of the
DEAH-box helicase family described to interact with G4 structures,
can recognize MPXV G4s.144445 The MST binding assays of MPXV
G4s with the G4 interacting N-terminal motif of DHX36s53-105
suggested the K4 of 44.0+ 1.8 nM for MP1 (continuous green line)
and 611.9 + 234.3 nM for MP2 (continuous red line). Conversely, the
binding affinities of mutants for the DHX3653_105 were determined
to be in a micromolar range (Figure 7A). Mutants from MP1 (green
dashed line) and MP2 (red dashed line) interact with DHX3653-105
with a binding affinity of 16 354.6 + 1632.7 and 11 953 + 920.7 nM,
respectively.

After utilizing a G4 interacting fluorescence sensor and
DHX3653-105 protein, we assessed if TMPyP4, a cationic
porphyrin chemical that targets G4 structures, also recognizes
MPXV G4s.2°%¢ We used MST to determine that MP1 and MP2
bind to TMPyP4 with K4 of 182.3+14.3 and 180.9 +22.6 nM,
respectively (Figure 7B and Table 3). MP1 mutant also interacts
with TMPyP4 in a nanomolar range (612.3 +47.6 nM), although
interaction strength is around 3.3 times weaker than MP1.
Furthermore, the MP2 mutant interacts with TMPyP4 in a
micromolar range (4324.7 +199.2nM), suggesting a binding
event only starts at exceptionally high concentrations.

3.4 | TMPyP4 outcompetes with DHX3655_105 for
MPXV G4 binding site

A competitive assay was performed to understand if TMPyP4 can
recognize G4 structures in the presence of another intrinsic
cellular partner, such as DHX3653-105. Using MST, G4-forming
oligos were incubated with TMPyP4 (Figure 8, black circles),
followed by the determination of the normalized fluorescence for
MP1 and MP2. Our assays indicated the fluorescence units of
1050 for MP1 and 975 for MP2 (Figure 8A,B). After adding an
equal concentration of DHX3653-105 to each reaction tube, no
statistically significant differences were observed for both MP1
and MP2 (green and red circles in Figure 8). Inversely, G4-forming
oligos were first incubated with DHX3653-105 (black triangles in
Figure 8) and then supplemented with an equal amount of
TMPyP4. A significant statistical difference (p<0.0001) was
observed for MP1 (green triangles, Figure 8A) and MP2 (green
triangles, Figure 8B) using an unpaired t-test. This competitive
assay and interaction experiments strongly suggest that TMPyP4
outcompetes and stabilizes G4 structures, whether binding to an

intrinsic cellular partner or not.

3.5 | TMPyP4 treatment downregulates
expression of MPXV A27L and A50R genes

To determine whether TMPyP4 stabilization of G4s can modulate
MPXV genes, we designed a gene expression system for MPXV
A27L and A50R genes, which carry MP1 and MP2, respectively.
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FIGURE 7 Assessment of binding affinity using MST between MPXV G4s and G4-binding partners. We determined the affinity of (A) DHX3653-10s
and (B) TMPyP4 with MPXV oligos. MST data for MP1 (continuous green line) and MP1 mutant (dashed green line) are presented on the left side, and
for MP2 (continuous red line) and MP2 mutant (dashed red line) on the right side. FITC fluorescent oligos were constantly added to the reaction
capillaries while a varied concentration of DHX3655-105 and TMPyP4 was tested. Dissociation constants (Ky) were calculated based on a curve fitting
and are presented in Table 2. The binding curves demonstrate that both DHX3653-105 and TMPyP4 interact with nanomolar affinity to MP1 and
MP2, compared to mutants. G4s, G-quadruplexes; MPXV, monkeypox virus; MST, microscale thermophoresis.

TABLE 3 The dissociation constant (Kg) calculated using MST for
MPXV G4's and their respective mutants interaction with
DHX3653_105 and TMPYP4

DHX36 TMPyP4
MP1 44.0+1.8nM 182.3+14.3nM
MP1 mutant 16 354.6 +1632.7 nM 612.3+47.6 nM
MP2 611.9+234.3nM 180.9 +22.6 nM
MP2 mutant 11953.0£920.7 nM 4324.7 £199.2nM

Abbreviations: MPXV, monkeypox virus; MST, microscale
thermophoresis.

MPXV gene expression was tracked through the fluorescence
reporter RFP in a cellular system, as demonstrated in the
schematic Figure 9A. A plasmid expressing RFP (RFP) was
used as a negative control upon TMPyP4 treatment, as no G4 has
been reported on the RFP sequence. As expected, RFP expression
in RFP remained basically unaltered after treatment with

TMPyP4 at different concentrations 10, 15, and 20uM
(Figure 9B, top panel). A trivial decrease was observed after
treatment with 20 uM of the porphyrin (Supporting Information:
Figure 4). However, treatment of MPXV genes caused a
substantial reduction of RFP expression starting at 10 uM of
the TMPyP4. While A27L gene expression (Figure 9B, middle
panel) was decreased by about 25% upon treatment with 10 uM
of TMPyP4, a substantial reduction of 50% was observed at
higher concentrations (Supporting Information: Figure 3). A50R-
RFP expression was observed through tiny fluorescence dots
(Figure 9B, bottom panel), in a different pattern than was noticed
in RFP.y and A27L. However, TMPyP4 treatment was effective
in constraining A50R gene expression at similar concentrations to
those observed in A27L (Supporting Information: Figure 3).
Additionally, bright microscope images demonstrated that cells
are viable and healthy after treatment, suggesting nontoxic
activity at the tested concentrations (Supporting Information:
Figure 4).
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FIGURE 8 G4 binding partners competitive assay within MPXV G4s assessed using MST. (A) MP1 and (B) MP2 were first incubated with
TMPyP4 in the absence of DHX3653_105 (black circles). In a different reaction, an equal concentration of DHX3653-105 was added to the oligos
and TMPyP4 mixture (MP1—green circles in [A] and MP2—red circles in [B]). Similarly, both oligos were incubated in the absence of TMPyP4
(black triangles) followed by an equivalent reaction with equal concentrations of TMPyP4 (MP1—green triangles in [A] and MP2—red triangles in
[B]). These experiments demonstrate that MP1 and MP2 can be recognized by TMPyP4, even though they are bound to DHX3653-105. On the
other hand, if MP1 and MP2 are already bound to TMPyP4, they cannot interact with DHX3653-10s. Thus, these data highlight that TMPyP4 is
able to interact with and stabilize MPXV G4s in the presence of host G4-interacting proteins. *Indicates the component that was secondly added
to the reaction mixture. G4s, G-quadruplexes; MPXV, monkeypox virus; MST, microscale thermophoresis.
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FIGURE 9 TMPyP4 treatment reduced expression of MKPX A27L and A50R genes in HEK293 cells. (A) Schematic representation of
construct designing. All the constructs were designed in pcDNA 3.1(+) plasmid with a His-tag coding region (in green), followed by the specific
with containing the G4 or the non-G4 control (in blue), and glycine-serine rich linker (in yellow) and the RFP-coding sequence (in red). (B) Cells
transfected with RFP-expressing plasmid were treated with 0, 10, 15, and 20 uM of TMPyP4 (top panel) and used as control, while cells
transfected with MPXV genes A27L and A50R, fusioned with RFP, were also treated with TMPyP4 and could be observed at middle and bottom
panel, respectively. Porphyrin treatment clearly is inefficient in reducing RFP expression at the top panel. However, in A27L and A50R infected
cells treated with 15 and 20 uM of TMPyP4, a substantial reduction in overall fluorescence could be noticed after stabilization of G4s when
compared to their respective untreated cells. Cells were observed at a confocal microscope using RFP excitation and emission at a x10
magnification. G4s, G-quadruplexes; MPXV, monkeypox virus; RFP, red-fluorescence protein.
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4 | DISCUSSION

Structural insights and characteristics in the MPXV genome are poorly
understood. Most of what is known were either achieved by sequence
similarity with close-related Poxvirus or old literature reports that
evaluate particular genomic organization features.*”~#° For the first time,
a detailed mapping within more than 500 MPXV genomes from different
outbreaks across the globe pinpointed various G-rich sequences that
potentially fold into a G4 in solution. As the first step of bioinformatic
screening, a genomic analysis using the PHQS was performed. PHQS
was primarily designed to determine the increasing prevalence and
abundance of hybrid-quadruplex over intramolecular G4s by analyzing
the transcription start site of several genomes.2’ However, we used the
PHQS script solely to identify G-rich sequences throughout MPXV
genomes regardless of inter- or intramolecular G4. An in-depth score-
based prediction was subsequently used to classify putative G-rich
sequences.

Collected putative G4-sequences ranged in nucleotide length from
15 to 48-mer (Figure 1A). However, G4-predictive scores were
calculated by counting only the minimal sequence comprising the four
G-tracts, considering that additional nucleotides could underestimate the
score. QGRS Mapper uses retrieved nucleotide sequence information to
generate a G-score based on loop size, considering the size and
equivalent distribution of nucleotides on the loops.2* The total number
of tetrads also impacts the G-score; where more tetrads are formed, a
more stable G4 structure can be formed. Even though the QGRS
software does not provide a baseline score, a previously published paper
established a threshold of 19 residues and demonstrated that all
predicted oligos above the score folded into a G4 in vitro.> Alternatively,
the G4RNA screener uses a machine learning approach combined with
an experimentally validated G4 set to provide a sequence-based G-score
using three objective analyses: cGcG, G4Hunter, and GANNN.?> ¢GcG
ratio and G4Hunter score system are based on the competitive rates of
Watson-Crick and Hoogsteen-based structures, where excessive cyto-
sine over guanine can hinder G4 formation.?>° Otherwise, G4NN uses
an artificial neural network to evaluate similitudes among input
sequences within an experimental G4 database.?> Although both QGRS
and G4RNA screener were designed for RNA G4s, G4Hunter was
modeled to analyze DNA G4s with high accuracy.”® Also, the loop size
and distribution, as well as the number of G-tracts for canonical G4s,
are equivalent for DNA and RNA molecules, which does not impair the
scoring system. Previous work had also predicted DNA G4s using the
QGRS Mapper scoring approach.>?

Putative G4-sequences were pinpointed in different protein-
coding regions of the MPXV genome, although only the Right
terminal region possesses 8 out of 7 sequences. MP1 was identified
in the antisense strand of the A27L coding gene. A27L possesses a
reverse open-reading frame gene that encodes 1 of the viral A-type
inclusion proteins frequently targeted for viral neutralization®® and is
responsible for environmental protection during Orthopoxvirus infec-
tions.>* Meanwhile, MP2 was positioned inside the gene AS5S0R that
encodes the ATP-dependent DNA ligase, responsible for repairing
nicked DNA duplexes in Vaccinia virus>> with mutations associated in

new lineages of MPXV isolates.’® Furthermore, conservation studies
analyzing disease-related Orthopoxvirus genomes against MPXV G-
rich sequences showed that putative G4s are MPXV-exclusive
(Figure 1B). The subtle variations observed in nucleotide arrangement
impair the formation of G4 in other disease-related Orthopoxviruses
once an essential G-tract is disrupted. Thus, the localization of G4
sequences in important coding sites and the strong conservation and
exclusiveness collectively indicate that these structures may modu-
late either viral environmental protection or replication exclusively
during MPXYV infections.

CD spectroscopy has been established as a primary biophysical
method to assess G4 folding in solution and to evaluate the topology of
G4s by comparing different spectral profiles.*® CD analysis of both MP1
and MP2 demonstrate their ability to fold in solution and assume a
parallel topology compared to the mutant oligos (Figure 2A). Guinier
plots also indicate that wild-type and mutants can fold in solution
without aggregation (Figure 3A). Biophysical characterization using SAXS
has been routinely used in our lab to characterize long noncoding RNA
structures*? but also to visualize small DNA structures that fold into
quadruplexes. Using a 23-mer oligo, our group demonstrated structural
differences in a wild-type Hepatitis B virus (HBV) quadruplex when
single guanosine is replaced by adenines.** Interestingly, the Kratky plot
(Figure 3B) and the pair-distribution function (Figure 4) are reasonably
similar, with an almost bell-shaped curve when comparing wild-type
quadruplexes. Additionally, MPXV G4s have a Dy Of 44 and 45A,
which is consistent with HBV quadruplex, whereas mutants' maximum
distance is near 60 A (Table 2). MP1 mutant showed a distinct profile
with a slightly reduced Dy 55A, exhibiting a slightly compacted
structure but still significantly different than wild types. The three-
dimensional low-resolution structures clearly represent the abovemen-
tioned differences and provide evidence of quadruplex folding in solution
(Figure 5).

Biophysical characterization is consistent with MP1 and MP2
interaction with G4-binding partners. ThT was shown to serve as a
fluorescence sensor for RNA” and DNA G4s“® by stacking into G-tetrad
and stabilizing the K* induced G4s. A considerable variation (about 20%
-30%) in the relative fluorescence among Telomeric and G4-forming
oligos was noticed upon their interaction with ThT, which could be
influenced by the number of tetrads (Figure 6). ThT stacks to the tetrads
and the Telomeric G4 is formed by three tetrads, while MP oligos are
formed by two. Also, the heightened fluorescence intensity for MP1
mutant indicates its ability to form one tetrad and therefore had higher
than basal fluorescence counts, coherent with the somewhat compacted
structure obtained by SAXS. DHX3655-1¢5 is an ATP-dependent helicase
well-known to bind via the N-terminal region to G4 containing parallel
topologies with high affinity and unwind them.*****> DHX3655-105-
specific motif (DSM) localized in the N-terminal portion is essential in G4
recognition,58 and several factors like the number of G-tracts,
stereochemistry and loop size have been shown to alter binding
affinity.>” MST studies have shown that MP1 and MP2 interact with
the N-terminal region of DHX3653-105 in a comparable nanomolar range
to previously reported DNA Gé4s structures (Figure 7A).1*°® The
difference in binding affinity between MP1 and MP2 could be explained
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by the difference in loop size and distribution; while MP1 has a smaller
and most equally distributed loop, MP2 has a sizeable central loop and
only one nucleotide in the side loops.

To investigate a potential therapeutic application of targeting MP1
and MP2 structures in a cellular system, interaction with TMPyP4 was
also estimated. Besides targeting G4 structures in solution and in vivo,
TMPyP4 has been described to stabilize DNA G4 structures and inhibit
polymerase progression,?° stall ribosomes on RNA G4C, repeats*® and
unfold an extremely stable RNA G4 present in mRNA to enhance protein
translation.?® Figure 7B demonstrates that MP1 and MP2 interact with
TMPyP4 with subnanomolar affinities at a similar range compared to
mutant oligos. Similarly observed in the Thioflavin T assay, the MP1
mutant interacted with TMPyP4, indicating its ability to fold into one
solely tetrad and leading to the speculation that TMPyP4 preferentially
associates with tetrads instead of loops in the G4 structure. In addition, it
was previously revealed that TMPyP4 could recognize the DNA G4
structures simultaneously when associated with intrinsic cellular
partners, such as DHX36s55_105 (Figure 8). Contrarily, DHX3653-105
could not recognize or compete with G4 binding sites when TMPyP4 is
previously associated. Previous literature reported TMPyP4 as an
alternative antiviral against Herpes Simplex Virus-1,° Zika,?* Ebola
virus,*? and monkeypox?2 by stabilizing G4 structures and, consequently,
inhibiting either transcription or translational events critical to viral
replication. The porphyrin concentrations used in the aforementioned
studies were similar to the range we used (Figure 9), and cell viability was
equally assessed in all of them, demonstrating that concentrations above
25 uM could cause a significant reduction in cellular viability. TMPyP4
treatment demonstrated a remarkable effect in reducing MPXV gene
expression without leading to complete inhibition of protein translation.
A27L and A50R encode critical proteins for viral survival and protection
and are frequently targeted for vaccine development in similar viruses.
Consequently, the robust interaction within TMPyP4 and MPXV G4s
suggests a promising therapeutic avenue to explore further in a context
of a cellular viral infection.

5 | CONCLUSION

In summary, our work provides a deep genomic-scale screening in
MPXV isolates to identify G-rich sequences that potentially fold into
G4 structures. Sequence similarities and conservation studies
demonstrate that two putative G4s are conserved across various
outbreak isolates and are MPXV-exclusive. A robust biophysical and
biochemical characterization provides evidence that DNA G4s fold in
solution, assuming a parallel topology. While this work has shown
that the MPXV genome holds two DNA G4s that tightly interact with
ThT and DHX3653-105 in vitro, additional work is required to
elucidate the biological significance of those structures using virology
assays. This work also demonstrates an interaction between MPXV
quadruplexes and the cationic porphyrin TMPyP4, and treatment
with TMPyP4 substantially reduced gene expression of MPXV's
important protein. TMPyP4 need to be further validated as an

alternative therapeutic approach in a context of a MPXV-infected
cells to assess their antiviral activity. Several G4-binding chemicals
have been explored within antiviral activity, such as Braco-19 and
Pyridostatin (PDS), which could be further explored in MPXV G4s.
Finally, our work provides background to the further development of

new therapeutics that target MPXV-specific structures.
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