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Mpox is azoonotic disease endemic to Central and West Africa. Since 2022,
two human-adapted monkeypox virus (MPXV) strains have caused large
outbreaks outside these regions. Tecovirimat is the most widely used drug
to treat mpox. It blocks viral egress by targeting the viral phospholipase
F13; however, the structural details are unknown, and mutationsin the

F13 gene canresultinresistance against tecovirimat, raising public health
concerns. Here we report the structure of an F13 homodimer using X-ray
crystallography, both alone (2.1 A) and in complex with tecovirimat

(2.6 A). Combined with molecular dynamics simulations and dimerization
assays, we show that tecovirimat acts as amolecular glue that promotes
dimerization of the phospholipase. Tecovirimat resistance mutations
identified in clinical MPXV isolates map to the F13 dimer interface and
preventdrug-induced dimerizationin solution and in cells. These findings
explain how tecovirimat works, allow for better monitoring of resistant
MPXYV strains and pave the way for developing more potent and resilient

therapeutics.

Orthopoxviruses (OPXVs) produce several humandiseases, including
smallpox and mpox, caused by variola (VARV) and monkeypox (MPXV)
virus, respectively. Cowpox (CPXV), camelpox (CMLP), and borealpox
(BRPV) alsolead to sporadic zoonoticinfections'. Smallpox vaccination
was discontinued 50 years ago, leaving most of the current population
unprotected and raising concerns about the emergence of zoonotic
OPXVs or the reintroduction of VARV. Two major mpox epidemics have
emerged since 2022. The first, caused by a mild clade Il strain, spread
rapidly across the globe, resulting in more than 90,000 cases and 179
deaths”. The second, produced by avirulent clade I strain, produced the

largest outbreak ever recorded in the Democratic Republic of Congo
and spread to neighbouring countries, resulting in hundreds of deaths’.
First-generation vaccines do not meet modern safety standards, and
attenuated third-generation vaccines, although effective, are difficult
to produce on a large scale and do not induce long-term immunity*”.
Most recently, mMRNA-based candidate vaccines have shown efficacy in
animal models and are currently being tested in clinical trials®’.
OPXVs have an unusual replication cycle that produces two differ-
ent virions termed mature and enveloped viruses. Mature viruses are
produced in the cytoplasm and formed by a viral capsid surrounded
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Fig.1|F13 forms ahomodimer that can be inserted into amembrane’s surface.
a, Schematic representation of the replication cycle of OPXVs. Mature viruses
enter the cell, fusing their membrane (in blue) with the cellular one. After DNA
replication,immature particles are formed (IV, membrane in red), which give

rise to intracellular mature virus particles in the cytoplasm of the infected cell.
Mature viruses (MV) can either be released by lysis or wrapping. In the latter,
mature viruses acquire two additional membranes (WV, in orange) from the Golgi
apparatus or endosomal vesicles to form wrapped virions, fuse the outermost
with the plasma membrane and release enveloped viruses (EV). Tecovirimat
blocks wrapping, asindicated. The scheme, adapted from Fig. Linref. 86,

was created with BioRender.com. b, Crystal structure of the sF13 homodimer
represented in cartoon. One protomer is coloured blue and the other green.

The N termini and the MIR are indicated on one protomer, and the phospholipase
activesiteisindicated on the other. Bottom panels provide close-up views of the

two regions forming the dimer interface, indicated by coloured rectangles in the
upper panel. All single escape mutants identified to date are shown as spheres,
coloured according to their potency, reported as IC50 fold change. ¢, Side view
of the F13 homodimer interacting with a lipid membrane that mimics Golgi
membrane composition, as observed from molecular dynamics simulations.
For clarity, water molecules and lipids in the foreground of the membrane are
not shown. sF13 chains are coloured as in b, with palmitoylated cysteines and
hydrophobic residues in the MIR and N termini depicted as sticks. The bottom
panel provides close-up views to show lipid-protein interactions, with the
proteinresidues involved in the interaction depicted as sticks and labelled.
Protein carbons are coloured according to the chain, membrane carbons in
white. Nitrogen, oxygen, sulfur and phosphate atoms are coloured blue, red,
yellow and orange, respectively.

by asingle membrane. To disseminate within the host, mature viruses
formwrapped virions covered by three membranes, which henceforth
fuse the outermost with the plasma membrane to leave the host cell as
enveloped viruses, covered by two remaining membranes (Fig. 1a). Two
oraldrugs havebeen approved for the treatment of smallpox and mpox,
brincidofovir (Tembexa) and tecovirimat (TPOXX). Brincidofovirisan
inhibitor of viral DNA polymerase that hasbeen shown to produce side
effectsin patients®. Tecovirimatis an inhibitor of mature virus wrapping
widely used to treat mpox patients infected with clade IIb strains. How-
ever, ithasalow resistance barrier, and multiple tecovirimat-resistant
MPXYV strains have been reported®’°. Resistance mapping studies™
have indicated that tecovirimat targets the virus envelope protein
F13,amembrane-anchored phospholipase that plays akey role in the
production of wrapped virions™". Tecovirimat binding to F13 blocks
viral wrapping®, but the structural mechanism is poorly understood.
Molecular dynamics simulations based on predicted structures have
suggested different tecovirimat binding sites'*", but none of them
explain either how tecovirimat blocks wrapping or why resistance
mutants escape the drug. This paucity of structural and mechanistic
data prevents anticipating which mutations may confer resistance to
tecovirimat and the development of better drugs.

Inthis article, we elucidate using crystallography and molecular
dynamics simulations the structure of F13 with tecovirimat. We showed
that F13 forms a homodimer on membranes, and tecovirimat inserts
into a cavity formed between the two protomers. Using analytical ultra-
centrifugation (AUC), size-exclusion chromatography coupled with
small-angle X-ray scattering (SEC-SAXS), mass photometry, proximity
ligation assay (PLA) and binding free energy calculations, we further
report that tecovirimat induces homodimerization of F13 in solution

and within cells, but notinresistant mutants, providing amechanistic
basis for drugactivity and viral escape.

Results

Tecovirimat binds a pocket between two protomers
F13isaphospholipase anchored to membranes viatwo palmitoylated
cysteines located in a hydrophobic membrane-interacting region
(MIR; Extended Data Fig.1)"°. For the structural studies, we produced
asoluble variant of F13 (sF13) by removing the hydrophobic N-terminal
tail (amino acids 2-5) and by introducing five mutations in the MIR.
We obtained two different crystal forms (Supplementary Table 1).
In both, sF13 featured a homodimer stabilized by two helicesand a
B-hairpin (Fig.1b) with aninterface area 0f 939 A% formed by a network
of hydrogen bonds involving residues Y253, N259, N267, Y285, S292
and N300 (Extended Data Fig. 2). The contact region forms a large
cavity of 290 A>. The hydrophobic N termini and MIRs were located
ononeside of the dimer, and the two phospholipase D (PLD) catalytic
pockets were pointed outwards (Fig. 1b). To evaluate whether the dimer
was compatible with membrane insertion, we performed molecular
dynamics simulations on membranes mimicking the composition
of the Golgi membrane (Supplementary Table 2). We observed that
the homodimer remained intact during the 1,000 ns of simulation,
suggesting that the dimeric interface is stable in the physiological
membrane-bound state. sF13 was anchored to the membrane with the
two palmitoylated cysteinesinserted deeply into the outer leaflet of the
membrane, while the N-terminal tail was associated with the lipid head
group and glycerol regions (Fig.1c). Twolines of evidence suggest that
the homodimer has abiological role: (a) other membrane-interacting
PLDs, such as the human exonucleases PLD3 and PLD4 (refs.17,18), form
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Fig. 2| Tecovirimat binding site. a, Cubic crystals used to obtain the structure of
the sF13/tecovirimat and sF13/IMCBH complexes. b, Crystal structure of the sF13/
tecovirimat complex. Left: a Fo-Fc omit map contoured at 30 showing the density
found at the dimer interface in the soaked crystal with the tecovirimat molecule
modelled. Centre and right: orthogonal views of the dimerization interface

with the tecovirimat molecule modelled and the residues contacting the drug
represented as sticks and labelled. sF13 chains are coloured as in Fig. 1. ¢, Crystal
structure of the sF13/IMCBH complex. Left: asin b, an omit map showing the
electron density at the dimer interface in the soaked crystal. Centre and right:
asinb, orthogonal views showing the sF13/IMCBH contacts.

similar homodimers with physiological roles; and (b) mapping single
escape mutants onto the sF13 homodimer reveals that all lie within or
closetothe dimerinterface. Four escape mutations known to produce
higher resistance to tecovirimat (Y258C, A288P, A290V and 1372N)
were located at the centre of the interface (Fig. 1b and Supplementary
Table 3). Moreover, an escape mutant (D280Y) of N;-isonicotinoly-
N,-3-methyl-4-chlorobenzoylhydrazine (IMCBH), aselective inhibitor
ofvacciniavirus (VACV) replication that blocks wrapped virion forma-
tion in vitro'>*°, also mapped close to the dimer interface. These data
indicate that F13 dimerizes when present on membranes and that this
homodimer is targeted by tecovirimat and IMCBH.

To map the tecovirimat binding site, we soaked cubic crystals
(Fig.2a) inasolution containing1 mM tecovirimat. The resulting maps
revealed an additional electron density at the dimeric interface com-
patible with the size and shape of a tecovirimat molecule (Fig. 2b).
However, because the pocketis symmetrical and tecovirimatis anasym-
metricmolecule, the resulting electron density is featureless, prevent-
ing accurate modelling of the molecule. To identify the correct pose
andrationalize the featureless electron density, we performed absolute
binding affinity calculations based on molecular dynamics simula-
tions and free energy perturbation (FEP) techniques. We generated 15
poses of different rotational states of tecovirimat compatible with the
electrondensity. After equilibration of each pose using free molecular
dynamics simulations, we computed the absolute binding free energy
(ABFE) using three independent sets of full FEP calculations. Because
FEP achieves ABFEs with an accuracy of approximately 1-2 kcal mol™
(ref. 21), the calculations enabled us to identify high-affinity poses
selected by tecovirimat in the experiment. It is worth noting that we
identified multiple poses with very low binding free energy values
(AGy;ng) Of less than =20 kcal mol™ (Extended Data Fig. 3 and Supple-
mentary Table 4). Averaging over 45 independent simulations, we
estimated an exceptionally strong affinity of AG;,q = —25.1kcal mol™,
suggesting that tecovirimat strongly stabilizes the homodimer. The
presence of multiple conformers with similarly high affinities is com-
patible with the presence of multiple tecovirimat conformers in the
crystal,inagreement with the featureless electron density. To validate
our approach, we evaluated a set of seven structurally similar ligands
with published half-maximal effective concentration (EC50) values
alongside tecovirimat**, We aligned each ligand to the tecoviri-
mat best pose and performed ABFE calculations. We obtained good
agreement betweenthe computed ABFE values and experimental data
(Extended DataFig.4).

We used the highest affinity pose to refine the crystallographic
data. We observed that the molecule was stabilized by a network of
polar contacts involving Y258 and S292 and hydrophobic contacts
mediated by Y253, 1262, 1266 and Y285 (Fig. 2b). Similarly, we soaked
sF13 cubic crystals with IMCBH and observed an electron density
between both protomers that was compatible with the dimensions
of IMCBH (Fig. 2¢). Overall, the structural data revealed that both

tecovirimat and IMCBH bind to the same pocket between the two
protomers of the homodimer. The estimated AG,;,, values suggest that
tecovirimat stabilizes F13 homodimers, like amolecular glue.

Tecovirimat stabilizes F13 homodimers

Next, we evaluated the oligomeric state of sF13 with and without teco-
virimat by using AUC. In the absence of the drug (Fig. 3a), sF13 was
predominantly monomeric in solution (sedimentation coefficient,
S$=3.4), withaminor presence of ahigher S coefficient species (§=4.4),
whichweinterpreted as a dimer. Consistent with our hypothesis, teco-
virimat shifted the equilibrium to the dimeric form (§ = 4.7), with no
monomeric protein detected. To confirm that the tecovirimat-induced
dimerinsolution corresponded to the dimer observedinthe crystals,
we analysed the sF13/tecovirimat complex using SEC-SAXS (Fig.3band
Extended Data Fig. 5). In agreement with the AUC experiments, the
F13/tecovirimat complex behaved as a monodisperse distribution of
dimersinsolution with an estimated molecular mass of approximately
76-84 kDa, amaximum distance (D,,,) of 108 A and aradius of gyration
(R of 32.9 A, matching the calcuolated values of the crystallographic
dimer of 88.6 kDa, 117 Aand 32.3 A, respectively. For further structural
insight, we compared the experimental SAXS curve with the theoreti-
cal curves of the F13 monomer and dimer (Fig. 3b) and the ab initio
model derived from the SAXS curve with the crystallographic F13 dimer
(Fig.3c). Wefound inboth analyses that the crystallographic dimer fit-
ted wellto the experimental SAXS curve. Overall, these results show that
tecovirimat induces the dimerization of sF13 in solution and that the
resulting dimer adopts the same organization as the dimer observed
in the crystal structure.

Next, we assessed the activity of tecovirimat in solution. To do
this, we designed an assay to calculate the concentration of the drug
required to induce dimerization of 50% of sF13 (EC50). We used mass
photometry, which measures the molecular mass of individual mol-
ecules by quantifying thelight scatteringin a dilute solution. This tech-
nique enables a higher throughput than AUC or SEC-SAXS and allows
for the evaluation of a full range of tecovirimat concentrations. We
compared the EC50 values obtained using the mass photometry assay:
92 nM for tecovirimat and 1,475 nM for IMCBH (Fig. 3d and Extended
Data Fig. 6) to the half-maximal inhibitory concentration (IC50) val-
ues measured in cells infected with arecently isolated clade IIb MPXV
strain®*: 17 nM for tecovirimat and 74 nM for IMCBH (Fig. 3e). In both
assays, tecovirimat outperformed IMCBH, indicating that the activity
measured insolution correlated with the antiviral activity of the drugs.
The higher EC50 values in solution can be explained by higher entropy
loss during dimerization as, on the membrane surface, F13 diffused
in only two translational dimensions and one rotational dimension.
Tecovirimat is approximately 15 times more active in solution than
IMCBH, but its antiviral activity is 5 times better. This discrepancy
couldbe explained by factors unrelated to their biochemical activities,
such as differencesin membrane permeability or cellular distribution.
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Fig. 3| Tecovirimatinduces sF13 dimerization in solution. a, AUC analysis of
sF13 without tecovirimat (brown line) and with 10 puM tecovirimat (blue line).
Experimentally derived sedimentation coefficient values (Svedberg units (S)) are
shown above each peak. c(s), the concentration of protein with sedimentation
coefficient s. b, Experimental SAXS profile (green dots) and theoretical profiles
(dashed lines) calculated using CRYSOL® for one monomer of sF13 (blue dashed
line) and the dimer shown in Fig. 1 (pink dashed line). /(q), scattering intensity
infunction of the scattering vector q; q (A, scattering vector; A, Angstrom;

X, chi-squared test. ¢, Orthogonal views of a representative dummy atom model
(green) reconstructed from SAXS data. For comparison, we have included below
amodel of the crystallographic sF13 dimer with an outline of the dummy model.

Drug concentration (nM)

d, Dose-response curve used to estimate tecovirimat effect in solution. The
yaxis represents the proportion of dimers ina dilute solution of F13 measured by
mass photometry. The x axis represents the concentration of drug (tecovirimat
or IMCBH) present in the solution. The EC50 values were determined froma
dose-response curve fitted using GraphPad Prism. Data are mean + s.d. of three
independent experiments (n = 3). e, Tecovirimat (blue line) and IMCBH (orange)
inhibit plaque formation of MPXV. Vero cells were infected with MPXV clade Ilb
and treated with the indicated concentrations of tecovirimat or IMCBH. Plaque
inhibition is expressed as a percentage, normalized to control conditions.
Dataare mean +s.d. of triplicate wells from five independent experiments for
tecovirimat (n =15) and two independent experiments for IMCBH (n = 6).

Toidentify the pathway by which tecovirimatinduces dimerization
in solution, whether it binds to the monomer and induces dimeriza-
tion or binds to a pre-formed dimer, we computed the binding affin-
ity of tecovirimat to F13 protomers. Using the best tecovirimat pose,
we removed one protomer from the molecular dynamics simulation
system and computed the affinity for the remaining protomer. We
estimated a AG,;,; of -5.7 kcal mol™ (Supplementary Table 5), which
corresponds to an EC50 value of approximately 68 uM. Thus, at the
EC50 value of dimerization of 92 nM (Fig. 3d), only a small fraction of
F13 protomers will be occupied by tecovirimat, suggesting that teco-
virimat binds and stabilizes a transient dimer.

Tecovirimat escape mutants prevent F13 dimerization

Taken together, these structural and functional data suggest that
escape mutants circumvent drug activity by preventing the forma-
tion of F13 homodimers. To test this hypothesis, we investigated the
effect of escape mutants on tecovirimat activity using the mass pho-
tometry assay. We tested three escape mutants identified in mpox
patients treated with tecovirimat (Supplementary Table 3): A295E, the
quadruple mutant N267D, A288P, A290V, D294V (4MUT) and AN267.
We also assayed one escape mutant (G277C) identified in vitro but
never reported in mpox patients. The mutations identified in the
clinical MPXV strains were located at the homodimerizationinterface
and were expected to have an impact on tecovirimat-induced dimer
formation, whereas G277C was located further away (Fig. 1b). Con-
sistently, the mass photometry assay showed that sF13%%5F, sF13*MUT
and sF13*™% did not form homodimers in the presence of tecoviri-
mat at the range of concentrations tested, whereas sF13°*7¢ did as
the wild-type protein (Fig. 4a). To complement the mass photometry
data, we repeated the AUC experiments reported above using sF13*2%¢
and sF13*MUT (Fig. 4b and Extended DataFig. 6). In contrast to the mass

photometry experiments, which were performed using a dilute solu-
tion of sF13 (25 nM), the AUC experiments were performed at a higher
concentration (10 pM), which facilitates protein homodimerization,
to detect weaker tecovirimat activities. Thus, in the AUC experiments,
we observed that the drug induced partial dimerization of sF13*%,
but not of sF13*T, which aligns with the AEC50 values reported for
A295E and 4MUT.

Next, we aimed to elucidate the structural basis of the par-
tial resistance of the A295E mutant. We obtained cubic crystals of
sF13*%E and soaked them in tecovirimat. In the absence of tecoviri-
mat, sF13***f formed a homodimer that resembled that of sF13"7,
but with the ends of the a10 helix being more open, so that Y285 was
hydrogen-bonded with Q299 instead of with N300, asin the wild-type
protein (Fig. 4c). Thisresultsin a reduction in the buried surface area
from 939 to 882 A?, likely reducing dimer stability. In the presence of
tecovirimat, sF13***f recovered the native conformation, in which
Y285 was hydrogen-bonded to N300 (Fig. 4d). We failed to crystallize
SF13*MYT butitislikely that the introduction of aprolinein the middle of
the a10 helix generates aconformational reorganization that prevents
F13 dimerization. Overall, we concluded that escape mutantsisolated
from tecovirimat-treated patients alter the dimerization interface of
sF13, making tecovirimat-induced dimerization less efficient.

We then investigated whether tecovirimat induces F13 dimeri-
zation in cells. To evaluate this, we performed PLA. This technology
is based on two oligonucleotide-labelled antibodies (probes) that
bind to the constant region of a pair of primary antibodies targeting
the proteins of interest. If the probes are less than 40 nm apart, they
hybridize and produce a fluorescent signal that can be visualized and
quantified by fluorescence microscopy (Fig. 5a). As we did not have
specific antibodies targeting F13, we engineered a version of F13 with a
flagtagintheloop connecting 1A to alA, away from the dimerization
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and membrane interactioninterfaces (Flag-F13""). We also produced
two variants that escape tecovirimat (Flag-F13*M" and Flag-F13"%%F),
We used two commercial antibodies targeting the flag tag, one with
amouse and the other with a rabbit Fc. Hela cells were transiently
transfected with Flag-F13"7, Flag-F13*M'T or Flag-F13***t and incu-
bated with 10 pM tecovirimat or 0.1% dimethyl sulfoxide (DMSO) as a
control. PLA signal was quantified after 24 h ofincubation. A signal was
detected in F13-expressing cellsbut notin control cells. In the absence
oftecovirimat, asignal was observed in cells expressing WT or mutant
F13, likely correspondingto basal levels of proteins that were less than
40 nmapart. Inline with the AUC experiments, tecovirimatinduced a
strongincrease in the PLAsignalin cells expressing Flag-F13"", aslight
increase in cells expressing Flag-F13***f and none in cells expressing
Flag-F13*“'T (Fig. 5Sb and Extended DataFig. 7). Therefore, we conclude
that tecovirimat induces F13 dimerization in cells and that escape
mutants interfere with this dimerization.

Dimer-stabilizing mutations render VACV non-viable

Isolation of tecovirimat-resistant MPXV strains revealed only ten muta-
tions that, either isolated or in combination, confer resistance to the
drug (Fig. 1a and Supplementary Table 3)°. We wondered why other
mutations did not emerge. One plausible explanationis that most muta-
tionsin this region are associated with amajor loss of fitness, rendering
the virus non-viable. To test this, we designed three escape mutants
(S292F, S292K and L296Y) by introducing bulky side chains into the
tecovirimat binding cavity (Fig. 6a) and studied their sensitivity to
tecovirimat in vitro using the mass photometry assay. We confirmed
that sF13%%°%, sF135*%* and sF13'°Y were totally insensitive to tecoviri-
mat activity (Fig. 6b). sF13%* and to lesser extent sF13'**Y formed
dimersinthe absence of the drug, suggesting that filling the cavity with
hydrophobic side chains stabilizes the dimer. To assess viral viability,
we introduced S292F into VACV using the marker-free vaccinia virus
engineering (MAVERICC) system® to produce the recombinant virus
rVACVS®¥ As controls, we generated three additional viruses bearing

substitutionsin F13 known to confer tecovirimat resistance: rVACV®*’¢,
rVACV*MTand rVACV**E, As expected, all the control viruses could be
rescued and grew to high titres (Fig. 6¢). However, despite multiple
attempts, we were unable to generate rVACVS?%, suggesting that this
substitution is deleterious to viral morphogenesis.

Identification of previously undescribed potential
tecovirimat-escape mutants

We then sought for other tecovirimat resistance mutations that might
have been unnoticed. Toidentify them, we extracted the F13 sequence
from all MPXV genomes available in the GISAID (Global Initiative on
Sharing All Influenza Data) database? and from all OPXV sequences
available in the GenBank database. Within each species, we mapped
variations in the F13 amino acid sequences at the dimer interface. No
escape mutants were identified in MPXV clade I sequences. However, we
identified three potential escape mutantsin MPXV clade Il sequences:
L296F, D280Y and P243A, all from animmunocompromised patient
treated with tecovirimat?. In addition, we identified R291E in one out
of 81 analysed VARV strains. A structural analysis showed that R291E
introduced two negatively charged residues facing each other onboth
sides of the interface (Fig. 6a), creating electrostatic repulsion that
may hinder dimer formation and confer tecovirimat resistance. To test
this, we produced sF13***f and studied its sensitivity in vitro to teco-
virimat. We showed that the drug had some activity at the highest con-
centrations in the assay (Fig. 6b). Next, we evaluated the resistance of
rVACV** 1010 uM tecovirimat by plaque assay (Fig. 6¢) using rVACV"',
rVACV*™UT and rVACV*** as controls. As reported previously?, teco-
virimatabrogated plaque formation by rVACV"". The control mutants
completely (A295E, 4MUT) or partially (G277C) escaped tecovirimat,
as determined by measurements of both plaque number and plaque
area (Fig. 6¢), providing evidence that F13 substitutions conferring
tecovirimat resistance in MPXV are also transferable to VACV. The
mutant R291E remained sensitive to tecovirimat, at least at the high
drug concentration we used in these assays.
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quantification of the PLA signal as the average area of PLA fluorescence per cell;
7,000t012,000 cells were analysed per data point. Data are mean + s.d. of two
independent experiments performed in triplicate (n = 6). For statistical analysis,
two-way analysis of variance was used. NS, non-significant; ***P < 0.0001;
**P=0.0087.NT, non-transfected.

Discussion

Here we presentastructural study of viral phospholipase F13, includ-
ingitsinteraction with tecovirimat. Previous studies have identified
threeimportant regions for F13 activity: two palmitoylated cysteine
residues required for membrane association'®, a phospholipase
motif? ' and a di-aromatic motif required for interaction with late
endosome proteins™. Similar to tecovirimat binding, mutations
in any of these regions reduce wrapped virion formation"**, but
none of the escape mutants identified map there. Our structural

and molecular dynamics data suggest that F13 may homodimerize
on membranes. Comparison with other phospholipases revealed
that this homodimer closely resembles that of phospholipases PLD3
and PLD4""®, which are transmembrane proteins with exonuclease
activity. Sequence analysis showed that poxviral phospholipase K4,
a paralogue of F13 with nuclease activity*, shares 48% sequence
identity with human PLD3. Taken together, these findings suggest
that poxviruses captured a PLD3-like gene from which both viral
phospholipases evolved; K4 became asoluble protein but maintained
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(right panel) in the presence (+) and absence (-) of 10 pM tecovirimat calculated
from plaque assays. Each bar represents the means + s.d. from two independent
experiments (n =2). The limit of detection (10? p.f.u. ml™) isindicated with a
dashedline.

its nuclease activity, whereas F13 remained in the membrane but
acquired broad phospholipase activity®.

Despite this evolutionary link, there is an important difference
between the homodimer of F13 and its eukaryotic counterparts. The
active form of PLD3 is a stable dimer in solution”, but the soluble ver-
sion of F13 is mostly monomeric. Structural analysis revealed a large
cavity at F13’'sdimerizationinterface, whichis absentin PLD3 and PLD4
homodimers. We hypothesized that this cavity reduces the stability of
the F13 dimer. Sequence analysis showed that this cavity is conserved
across OPXVs, and most of the tecovirimat escape mutants were located
around it. Molecular dynamics simulations showed that tecovirimat
binds to the cavity with strong affinity, with some poses exhibiting
binding free energies lower than -20 kcal mol™, demonstrating that
tecovirimatserves asa highly potent molecular glue. AUC, SEC-SAXS,
mass photometry and PLAs confirmed that tecovirimatinduced dimeri-
zation of F13, both in solution and within cells.

This model provides a molecular framework for understanding
most escape mutants identified thus far; they alter the F13 dimerization
regionand prevent tecovirimat frominducing dimerization. To support
this hypothesis, we developed a mass photometry assay to measure the
activity of tecovirimat in solution and showed that A295E, 4MUT and
AN267 did not dimerize in the presence of the drug.

The results presented here have broad implications for public
health. Estimating tecovirimat sensitivity of clinical isolates is impor-
tant for monitoring epidemics. This is currently performed by isolat-
ing the virus®***, whichis labour intensive and requires expensive and
advanced equipment. The precise mapping of F13/tecovirimat contacts
provides the possibility of performing sequence-based estimations
of tecovirimat sensitivity. While we were preparing this paper, early
results from the PALMOO? clinical trial were released®, showing that
tecovirimat did not accelerate recovery in patients infected with MPXV
cladel.Based onthestructure of the sF13/tecovirimat complex, we did

notidentify any mutationsin clade I strains that could explain this lack
of activity. Additional clinical trials will examine tecovirimat’s effec-
tiveness on different strains and when administered early ininfection.
However, these results emphasize the need for new antiviral drugs. The
structural data, molecular dynamics simulations and the battery of
assays developed here will pave the way for the development of these
novel antivirals active against tecovirimat-resistant strains.

Methods

Protein production and purification

To produce soluble F13 (sF13"" and mutants), we cloned a synthetic
gene, codon-optimized for expression in Escherichia coli into a
pET-28a(+) vector (Novagen) with an N-terminal His- and Strep-tag
followed by a thrombin site. The sequence is derived from the West-
ern Reserve strain of VACV (Uniprot code, P04021). We removed the
hydrophobic N-terminal tail (residues 2-5) and introduced five muta-
tionsinthe MIR: W177A, L178A, C181A, C185A and C186A, toremove the
palmitoylation sites and the hydrophobic residues around. The point
mutants mentioned in the text were introduced into this vector. We
transformed E. coli BL21(DE3) cells (New England Biolabs) and induced
protein expression overnight at 16 °C with 0.25 mM isopropyl -D-
1-thiogalactopyranoside. We collected cells from 3 1 of culture, resus-
pended them in 40 ml cold resuspension buffer (Tris-HCI 10 mM pH
8,NaCl150 mM, EDTA1 mM) supplemented by one tablet of complete
protease inhibitor (Pierce) and froze them at -20 °C. The next day, we
thawed and lysed them using a sonicator. After removing the insolu-
ble material by centrifugating at 20,000 g (30 min, 4 °C), we purified
the recombinant protein using streptag-based affinity chromatogra-
phy in a StrepTrapTM HP 5 ml column (Cytiva), treated it with 5 mM
Tris(2-carboxyethyl)phosphine hydrochloride (Thermo Fisher Scien-
tific) for 10 min at room temperature to reduce all exposed cysteines
and purified the protein using size-exclusion chromatography with
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a Superdex 75 column (Cytiva) using SEC buffer (Tris—-HCI 10 mM pH
8, NaCl 100 mM). The final yields obtained were: sF13""=3.5mg 17,
SF1322%E =2 5mg 17, sF13°97¢=2.8 mg 1™, sF13*MT=14 mg 17,
SF13%2¢7 = 0.6 mg ™!, sF13"*"E=1mg1?, sF135°" =19 mgl’,
sF13°%% = 0.2 mg I and sF13"%%" = 0.4 mg I"". All proteins were analysed
by SDS-PAGE to assess their purity (Extended Data Fig. 8a).

Crystallization and structure determination

For crystallization, we digested the purification tags using 1.5 units
of thrombin (Cytiva) per 0.1 mg of protein overnight at 4 °C and then
treated the protein with Tris(2-carboxyethyl)phosphine hydrochloride
for10 minatroomtemperature. The digest wasloaded to a gelfiltration
Superdex 7516/60 column in 10 mM Tris-HCI pH 8.0, 100 mM NacCl,
and the fractions of the main peak were pooled and concentrated
to 12 mg ml™ in the same buffer for crystallization trials. Crystalliza-
tion screening trials were carried out by the vapor diffusion method
using aMosquito TM nanodispensing system (STPLabtech) following
established protocols®. Monoclinic crystals of sF13"" were grown after
10 days in 20% (w/v) PEG 3350, 0.1 M HEPES pH 7.5 and 2% (v/v) Tacsi-
mate and were cryoprotected in the same solution supplemented with
20% (v/v) glycerol. Cubic crystals of sF13"" were grownin1dayin1M
Na,citrate and 0.1 Mimidazole pH 8 and were cryoprotected using the
crystallization solution supplemented with 33% (v/v) glycerol. To obtain
the complex with tecovirimat, we soaked cubic crystals, which have a
highsolvent content (70%), for 5 mininto a soaking solution containing
1mMtecovirimat (BenchChem, catalogue number B611274),10% (v/v)
DMSO, 1M Na,citrate and 0.1 Mimidazole pH 8. To obtain the complex
with IMCBH, we soaked cubic crystalsinto asolution containing1 mM
IMCBH (BLD Pharmatech, catalogue number BL3H9998ECS8C), 10%
(v/v) DMSO, 1M Na; citrate and 0.1 M imidazole pH 8. After soaking,
all crystals were cryoprotected using the soaking solution supple-
mented with 33% (v/v) glycerol. Similarly, cubic crystals of sF1342
were obtained in 1day using 1 M Na, citrate and 0.1 M imidazole pH 8
and soaked with tecovirimat as reported above.

X-ray diffraction data were collected on beamlines PROXIMA-1
and PROXIMA-2A at the synchrotron SOLEIL (St Aubin, France) using
the beamline control software MXCuBE (version 2). Diffractionimages
were integrated with XDS (version 10 January 2022)¥, and crystallo-
graphic calculations were carried out with programs from the CCP4
programsuite (version 9)*®. To determine the phases, we used amodel
of F13 obtained using AlphaFold2 (ref. 39) as a template to perform
molecular replacementin PHASER (version 2.8.3)*°, To obtain the final
models, we iteratively built and refined the structures using phenix.
refine (Phenix version1.19.2-4158)* and Coot (version 0.9.8.95)*? using
isotropic B factor and Translation/Libration/Screw groups as refine-
ment strategy. We validated all the models using MolProbity (version
4.5.2)". The crystallographic statistics are provided in Supplementary
Tablel.Incrystals soaked with tecovirimat or IMCBH, additional elec-
tron density appeared at the dimeric interface that was compatible
with the shape and size of the drug, as shown in Fig. 2. To facilitate the
modelling, all maps derived from the cubic crystals were corrected
using a bulk-solvent mosaic model available in the PHENIX program
(phenix.mosaic). The electron density for tecovirimat does not show
clear features. We hypothesize that this is because the binding pocket
is symmetric, while the molecule itselfis not, allowing it to adopt two
indistinguishable orientations rotated by 180°. However, it is also
possible that thisis a crystallographic artefact, with tecovirimat only
enteringinasingle orientation, and the density is featureless because
of the presence of a twofold symmetry axis crossing the molecule. To
investigate this, we reprocessed the cubic crystals in the space group
Plandrefined the tecovirimat moleculeintwo different ways:inasin-
gle orientation with 100% occupancy and in two orientations rotated
by 180° with 50% occupancy each, mimicking what is observed in the
cubic space group. When comparing the two refinements (Extended
Data Fig. 8b), we observed improved R factors and reduced residual

densities when using the model with two rotated molecules, support-
ing our original hypothesis. Coordinates and structure factors have
beendepositedinthe Protein Data Bank. Figures showing the crystal-
lographic models were generated with PyMol v3.0.3 (Schrédinger, LLC).

Molecular dynamics simulations

To assess the stability of the X-ray resolved F13 dimer on the mem-
brane surface, we conducted molecular dynamics simulations. Before
simulation, we made several structuralmodifications to the sF13 dimer.
First, the unresolved N-terminal residues (residues 1-5) were mod-
elled as unstructured and integrated into the dimer structure using
the Modeller (version 10.4) tool**. Next, the structure was processed
using the CHARMM-GUI (accessed on December 2023)* server to
add post-translational palmitoylation on residues C185and C186 and
neutral capping of the N- and C-terminal residues. Subsequently, the
F13 dimer was positioned ona membrane (Fig. 1c) mimicking the lipid
composition of the Golgi membrane (as outlined in Supplementary
Table 2). For the protein force field, we used the CHARMM36m-WYF
force field***, which includes corrections for cation—pi interactions,
while lipids were described using the CHARMM36 force field*®. The
protein-membrane system was solvated with 52,801 water molecules
using CHARMM-modified TIP3P* water model, and the total charge of
the system was neutralized by adding 82K" ions. The total systemsize is
249,131atoms. The box dimensions were 14.34 x 14.34 x13.56 nmin the
x,yand zdirections. The solvated system was energy minimized using
the steepest descent algorithm to remove any steric clashes, followed
by six shortequilibrations ranging from 125 psto 500 ps withrestraints
oneither protein backbone/side chain atoms or lipid phosphate atoms.

Throughout the equilibration process, we maintained atempera-
ture of 310 K using the Berendsen thermostat® with a time constant
(7)) of 1 ps, while pressure was maintained at 1 bar using the Berendsen
semi-isotropic scheme with a time constant (7,) of 5 ps. van der Waals
and electrostaticinteractions were treated using the cut-off and Parti-
cle Mesh Ewald™*? methods, respectively, with a cut-off of 1.2 nm. Cova-
lentbondsinvolving hydrogen atoms were constrained using the LINCS
algorithm®. For the final production run, we removed all restraints
and switched to V-rescale’* and Parrinello-Rahman®*°® semi-isotropic
scheme to regulate the temperature and pressure, respectively. The
rest of the parameters were consistent with those used during equi-
libration. The production simulations were conducted for 1 pus with 5
repeats using the GROMACS (version 2021) simulation package”, using
atime step of 2 fs. For analysis, we concatenated the last 300 ns from
each repeat and examined monomer-monomer contacts within 5 A.
Allimages and plots were generated using VMD (version 1.8.1)** and
the matplotlib (version 3.10)*’ library.

Although the structure of the sF13 dimer was determined at a
resolution of 2.6 A, a crystallographic 2-fold axis passes through the
ligand density (tecovirimat), leading to challenges in accurately fitting
the ligand. To enhance the accuracy of ligand modelling within the
density, we used the recently developed RosettaEMERALD (rosetta
release-362)°° protocol. This protocol integrates both RosettaGenFF
and genetic algorithm optimization for robust ligand modelling within
the density map. The three-dimensional structure of tecovirimat was
downloaded from PubChem® in its endo-isomeric form, which is the
favoured product of the Diels-Alder reaction used to synthesize the
drug. Next, the sF13 dimer-tecovirimat complex was docked to the
density using the ChimeraX (v1.7.1) tool®’. Following this, we used the
RosettaEMERALD protocol to accurately model tecovirimat within the
density. Briefly, aninitial pool of 500 ligand conformations, along with
protein side chains, undergo genetic algorithm optimization over 10
generations. Thetop 20 lowest-energy conformations obtained from
geneticalgorithm optimization were further refined, along with protein
side chains, using a cartesian minimization in Rosetta. The protocol was
executed intriplicate. Out of the total 60 ligand conformations, redun-
dantposeswere eliminated, and 15 poses were selected for binding free
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energy calculations. These 15 selected poses are indicated by the first
number of x-axis labels of Extended Data Fig. 3. The RosettaEMERALD
XML script and flags used for refining the ligand within the density are
provided in the supplementary material.

ABFE calculation

The selected 15 poses were subjected to binding free energy estima-
tionusing anin-house pipeline (publicationin preparation). Our ABFE
protocol is similar to the one previously described by ref. 63. ABFE
calculations were performed in triplicate for each pose. To optimize
the ABFE calculations, the membrane was excluded from the simula-
tion. This simplification s justified as the tecovirimat binding pocket is
located at 40 A from the membrane surface, and equilibration simula-
tions show that the interface remains stable throughout the simulation
(Extended Data Figs. 9 and 10). The AMBER-ff14sb®* parameters for
F13 dimer were acquired through the use of OpenMM (version 8.0)%°
and ParmEd (version 4.1.0)° software, while the OpenFF-2.0.0 (ref. 67)
parameters with AM1-BCC charges for tecovirimat were obtained via
TOFF*®software v0.1.0. The TIP3P* water model was used, along with
AMBER parameters for ions. GROMACS-2022.4 (ref. 57) simulation
package was used as the molecular dynamic engine.

Inall cases, the simulation temperature was maintained at 298.15K
using Langevin dynamics with a collision frequency of 2 ps™. Van der
Waals and electrostaticinteractions were treated using the cut-offand
Particle Mesh Ewald methods®"*, respectively, with a cut-off of 1 nm.
Hydrogen bonds were constrained using the LINCS algorithm*. Two
differentisotropic schemeswere used to maintain the pressureat1 atm:
Berendsen®’ withatime constant of 1 ps and Parrinello-Rahman®* with
atime constant of 2 ps. All production simulations used the former.
We used a hydrogen mass repartitioning factor of 2.5, which allowed
an integration time step of 4 fs for all production simulations. Other
molecular dynamics parameters are detailed in the GROMACS input
files provided as Supporting Information.

Our in-house pipeline operates as follows (Supplementary
Fig.1): During the ‘Build Simulation System’ phase, the user provides
configuration details for the protein-ligand complex, and topolo-
gies are generated accordingly. Two neutral solvated systems with
150 mM of NaCl are created for the ligand and protein-ligand com-
plexin an octahedron box with 1.5 nm distance between the solute
and the edges’ box with the GROMACS’ solvate module. The ‘Equi-
libration Setup’ and ‘Equilibration Run’ steps generate molecular
dynamics parameters and conduct the corresponding equilibration
simulations. For the protein-ligand complex, the process begins with
minimization using the steepest-descent algorithm. This is followed
by alns NVT (constant particle number, volume and temperature)
phase with a 2 fs integration time step and position restraints on
the heavy atoms using a force constant of 2,500 k) mol™ nm™. Next,
a1.05 ns NVT phase and approximately 1 ns NPT (constant particle
number, pressure and temperature) phase are conducted, both with
a3 fsintegration time step and the same position restraints. The
previous NPT phase uses the Berendsen scheme as detailed above.
Subsequently, a5 ns NPT phase with the Parrinello-Rahman scheme
witha4 fsintegration time step is performed without restraints. This
is followed by a final step of 10 ns under the same conditions. For the
ligand alone, the same procedure is followed, except the initial 1 ns
NVT phase with a 2 fs integration time step is omitted and the final
NPT simulationis performed during 5 ns. The final 10 ns of the of the
protein-ligand complex simulation was used to estimate the optimal
Boresch restraints for the decoupling phase of the protein-ligand
complex simulations.

Similar to the previous two steps of the workflow, ‘FEP Setup’ and
‘FEP Run’ prepare and execute the FEP simulations needed to complete
the thermodynamic cycle detailed in the “Thermodynamic cycle for
FEP’ section. Each window for both the protein-ligand complex and
theligand alone begins with minimization using the steepest-descent

algorithm. Thisis followed by a10 ps NVT phase with a2 fsintegration
time step and position restraints on the heavy atoms using a force
constant of 2,500 k] mol™ nm™ Next,a100 ps NPT phaseis conducted
with a 4 fsintegration time step, the same position restraints and the
Berendsenscheme as detailed above. Subsequently,a500 ps NPT phase
withthe Parrinello-Rahmanscheme and a4 fsintegration time step is
performed without restraints. This is followed by a final step of 10 ns
under the same conditions.

The free energy contributions of each step are computed using
either the multistate Bennett acceptance ratio® or thermodynamic
integration estimators during the ‘Get Contribution’ step. The Python
package alchemlyb-2.0.0 (ref. 70) was used for this purpose. Finally, all
results are aggregated in the ‘Get Cycle’s AG’ step.

Thermodynamic cycle for FEP

The thermodynamiccycleinvolved decoupling the Coulomb interac-
tions of the ligand in water over 11 A points, followed by the decoupling
of vander Waalsinteractions over 21 A points with asoft-core potential
activated to prevent numerical instability. Boreschrestraints”, chosen
fromthelast10 ns of the protein-ligand complex free simulation dur-
ingthe equilibration phase (‘ABFE calculation’ section), had their free
energy contribution analytically calculated.

Boththeselection and energy contribution estimation of Boresch
restraints were conducted using the software MDRestraintsGenerator
(version 0.2.0)”%. The selected restraints were activated for the ligand
incomplex with the protein, and the van der Waals interactions of the
ligand were reactivated in the protein complex over 21 A points with a
soft-core potential to avoid numerical instability. Subsequently, Cou-
lomb interactions were activated over 11 A points to finally remove the
restraints over 12 A points. The binding free energy is calculated from
the contributions of all previously mentioned steps.

Clustering and identification of the most favourable

energetic pose

Frames selected by MDRestraintsGenerator and used as input struc-
tures for the FEP simulations were clustered based on the protein-
ligand interaction fingerprint calculated with ProLIF (version 2.0.3)”.
Eachbit of the fingerprint represents a pair of atom/atom groups from
the protein and ligand involved in a specific class of interaction as
defined by ProLIF. This unambiguous definition allows for the separa-
tion of potential poses that may be symmetrical. The final fingerprint
consists of 956 bits. The similarity among frames is calculated using
the Tanimoto metric implemented in RDKit (version 2023.03.2)"* on
the constructed protein-ligand interaction fingerprint, resulting in
the generation of a similarity matrix.

The similarity matrix was then subjected to the hierarchical clus-
tering algorithm in SciPy using Ward’s variance minimization algo-
rithm”. After constructing the dendrogram, the number of clusters
was determined through visual inspection.

ABFE between the most energetic favourable pose and the
individual monomers

Toinvestigate whether tecovirimat can bind to the monomer, the ABFE
for each individual monomer was calculated for the identified most
energetic favourable pose within the dimer. The same methodology
previously described was used, with the only difference being that a
single monomer was used instead of the dimer.

Calculation of average binding free energies

To estimate the average binding free energy for the dimer and mono-
mer complexes with tecovirimat, we averaged over all independent
simulations (N =45 for the tecovirimat-dimer, N = 6 for the tecoviri-
mat-monomer binding) as shown in equation (1), implying that we
average with respect to the binding probabilities (rather than with
respecttothebinding free energies). Thereby, the average is dominated
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by the high-affinity binding poses. Here, Sis the inverse temperature,
and (-) denotes the average over independent simulations.

AGying = —f1In(e=PAGoina) (1

The 95% confidence interval was estimated from 1,000 rounds of
bootstrapping. In each round, N AGy;,q; sSamples were drawn with
replacement fromour N AGy;,q; values and averaged according to equa-
tion (1). After removing the largest and smallest 2.5% of the 1,000
bootstrapped averages, 95% confidence intervals were obtained from
the upper and lower bounds of the remaining 950 averages.

Validation of ABFE calculation via ABFE calculations for seven
additional ligands
To provide additional evidence for the tecovirimat binding pose and
to validate the ABFE calculations, we carried out additional ABFE cal-
culations with seven structurally similar ligands with available ECia"¥
values alongside tecovirimat?>?>. Here ECta"" denotes the effective
concentration that inhibits 50% of virus-induced cytopathic effects on
VACVs. Eachligand was aligned to the tecovirimat pose reported here,
and ABFE calculations were conducted using three independent rep-
licates for each of the eight ligands, including tecovirimat. The calcu-
lated binding affinity AG?, . reported for each ligand represents the
meanacrossthe threereplicates, and the error was taken as the stand-
arderror of the mean (s.e.m.).

We assume that the EC}o"" value is related to the change in free
energy upon two reactions, dimerization and ligand binding;:

2P = PPX™;AG,

dimer

X-ray o X-ray o
PP +L = PPL ’AGcomplex ?2)
2P+ 1L = PPLN™;AG:.  +AG®

dimer complex

where Pdenotes the protomer (asingle monomer), L the ligand, PP* ™

the homodimer observed in the crystal, and PPL*™ is the ternary
complex. AG, . denotes the free energy for dimerization of two
protomerstowards the dimeric crystal structure, and AGzomp]exdenotes

the free energy for ligand binding to the crystallographichomodimer.
For the overall reaction, the fraction of protein in ternary complex s

2app,

= — 3
ap + 2app )

Here, a;denotes the activity of speciesidefined as a; = C;/C’, where
Cisthestandard concentration of 1 mol I">. The dissociation constant
for equation (2) is:

_ apa,
Equations (3) and (4) yield
Ky = 2(19_ 9 apa, (5)

Let a; denote the ligand activity at which 50% of the protein is in
complex (8 =0.5). Here “*’ is used to distinguish the symbol q,, the
activity of the ligand at any 6 value. Thus, we have:

Ky =2apa; 6)

Assuming that a is proportional to EC}o"' among the eight ligands,

wehave a7 = yECY®/c°, where yis an unknown constant. Thus,

VACV

AG + AGgimer = RTIN(Ky) = RTIn ( éfj

complex

) +RTIn(2yap), ()

where R is the gas constant and 7 the temperature. Furthermore, we
assume that the activity of the protomer a, on the cell is constant.
Inour ABFE calculations, we evaluated only the second step of the
two reactions of equation (2):
PP 4L = PPL™;AG

calc

(8
VACV
Thus, AG, is offset from Rﬂn(Ecé—f) by two constant
contributions:
AGofiser = —AG]

%imer + RTIN (2yay) 9)
AG,q.c accounts for (1) the free energy cost of F13 dimerization
and (2) our assumption that the intracellular ligand activity is pro-
portional (but not equal) to extracellular ligand concentration in
experiment. By comparison of our calculated AFBEs with the experi-
mental EC5”" values, we estimated AGge ~ (AGS,. — AGS,) =
-15.2 + 0.4 kcal mol™, where (-) denotes the average over the eight
ligands. The error for the quantity R71n (“Zﬂ) + AG e Was estimated
by error propagation using the uncertainties Python library.
Supplementary Fig.1correlates AG?, with RTIn (‘C{ﬁ) after cor-
recting for AG,g.:. The reasonable agreement (1) validates the ABFE
protocoland (2) suggests that the crystallographic pose of tecovirimat
isadopted by the other seven ligands considered in this analysis.

Mass photometry

Mass photometry experiments were done using TwoMP instrument
(Refeyn) using filtered (0.22 pm) ‘protein buffer’ (10 mM Tris-HCI pH
8,100 mM NaCl) to avoid contaminations which would increase the
background signal. Contrast-to-mass calibrations were achieved by
measuring the contrast of two references (bovine serumalbumin (BSA)
and urease, both purchased from Sigma Aldrich) diluted in protein
buffer, covering mass range from 66 kDa to 272 kDa. Four contrast
values were used to generate a standard calibration curve, with the
following rounded average masses: 66,132,198 and 272 kDa. We per-
formed the experiment using microscope coverslips (24 x 50 mmand
170 + 5 umthick) cleaned withisopropanol and Milli-Q water followed
by drying with air. Samples were loaded into dried coverslip surface
assembled into silicone gaskets. Immediately before mass photometry
measurements, 2 pl of sF13 protein stocks, with increasing amounts
of tecovirimat or IMCBH, was diluted in 18 pl of ‘protein buffer’ into
the gasket hole and mixed twice. In all cases, the final concentration
of sF13 was 25 nM. Tecovirimat/IMCBH were at different concentra-
tions between 10 pM and 1 nM. Data acquisition was performed using
AcquireMPv2.3 (Refeyn), and movies of 2,936 frames were recorded at
49 Hz framerate, adjusted to maximize camera counts while avoiding
saturation. Mass photometry images were processed and analysed
using DiscoverMP v2.3 (Refeyn).

Mean contrast values from the BSA and urease calibration were
plotted and fitted to a linear functiony = bx, where y is the contrast, x
isthe mass and b is the contrast-to-mass calibration factor. To extract
mole fractions (percentage of each species), we converted all particle
contrasts obtained from each movie to mass, applied a Gaussian fit-
ting and calculated mole fractions as the area of each Gaussian curve.
Finally, sF13 dimer percentage values were plotted against tecovirimat/
IMCBH concentration using Prism Graphpad v9.0.2, and EC50 values
were extracted using a nonlinear fit function (Extended Data Fig. 6).

AUC

Sedimentation velocity experiments were carried out at 20 °C in an
Optima AUC analytical ultracentrifuge (Beckman Coulter) equipped
with double-UV and Rayleighinterference detection. Purified sF13 pro-
teins at 0.4 mg mlin the presence or absence of tecovirimat (10 pM)
were centrifuged at42,000 r.p.m. (23,600 g) usingan AN60-Tirotor and
12 mmthick double sector centrepieces. Absorbance and interference
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profiles were recorded every 5 min. Buffer viscosity (7 =1.016 cP) and
density (p =1.0054 g ml™) at 20 °C were estimated with SEDNTERP 1.09.
Partial specific volumes at 20 °C were estimated based on amino acid
sequences using SEDNTERP 1.09 software. Data were analysed with
SEDFIT 16.1 (ref. 77) using a continuous size distribution c(S) model.
Theoretical sedimentations of the complex were generated using
hydropro 10 (ref. 78).

SAXS experiments

SAXS data were collected on the SWING beamline at Synchrotron
Soleil (France) using the online HPLC system. These experiments have
been performed using sF13"" digested with thrombin. sF13"" sam-
ples at 4.6 mg ml™ were prepared in a buffer containing 10 mM Tris
pH 8,100 mM NaCl and 10 puM tecovirimat and injected into a size
exclusion column (Superdex 75 increase 5/150 mm) cooled at 15 °C
eluting directly into the SAXS flow-through capillary cell at a flow rate
of 200 pl min™. The data were analysed using FOXTROT and PRIMUS
from ATSAS 3.2 (ref. 79), from which Guinier was generated. Scatter-
ing curves were selected for stable R, at the apex of the elution profile,
the selected curves were averaged, and buffer signal was subtracted.
Fromthese corrected scattering curves, the pair distribution function
was computed using GNOM (version 5.0)*°, and the normalized Kratky
plot was generated. Using the structure of sF13*" (PDB 9FHS), the
experimental curve was compared to theoretical curve using CRYSOL
(version 2.8.3)%. Ab initio models were generated with DAMMIN
(version 5.3)%, and for each model, sedimentation characteristic
was calculated with hydropro (version 10)’%. The SAXS statistics are
provided in Supplementary Tables 6 and 7.

F13 transfection for PLA and immunofluorescence staining

To perform the PLA experiment and immunofluorescence staining of
F13,HeLa cells (ATTC CCL-2) were transfected with pcDNA 3.1 plasmids
coding foreither F13"" or F13*UT (N267D, A288P, A290V, D294V), with
aninternal FLAG tag sequence (GGGDYKDDDDKGGG) inserted within
residues D21and N22. The use of aninternal FLAG tagin F13 was neces-
sary, asthe N-terminusis buried into the membrane and the C-terminus
is part of the dimeric interface. Thus, none of them were suitable for
standard N- or C-terminal protein tagging. We selected the best region
to insert the FLAG tag based on the sF13 dimer structure reported
here. For this, we selected an exposed loop, away from the membrane
interaction region and the dimerization interface.

For PLA and immunofluorescence, 1.2 x 10* HeLa cells per well
were transfected in suspension using lipofectamine 2000 (Thermo
Fisher Scientific) in a 96-well plate (pClear, Greiner Bio-One 655090)
with100 ng of DNA. In each well 50 pl of HeLa cells at 2.4 x 10° cells mI™
were mixed with 50 pl of transfection mix and 50 pl of DMSO or DMSO/
tecovirimat, resulting in tecovirimat at afinal concentration of 10 pM
and DMSO at 0.1%. Cells were incubated 24 h at 37 °C and 5% CO,; sub-
sequently the cells were fixed with 4% PFA for 10 min.

PLA

PLAwas performed using the Duolink PLA Fluoresence kit (DU092008,
Merck). In short, cells were permeabilized at room temperature for
3 min in PBS with Triton 0.1% and washed with PBS. About 40 pl of
Duolink blocking solution was added to each well, and the plate was
incubated at 37 °Cfor 1 h. After blocking, cells wereincubated at room
temperature for 45 min with primary monoclonal mouse M2 (dilu-
tion =1:350, F3165, Sigma-Aldrich) and rabbit D6W5B (dilution = 1:500,
14793, Cell Signaling Technology) anti-FLAG antibodies (diluted in
Duolink Antibody Diluent) at a final concentration of 285 ng ml™. The
wells were washed twice for 5 min at room temperature with buffer A
(10 mM Tris pH = 7.4,150 nM NaCl, 0.05% Tween). About 40 pl of PLA
probe mix, containing PLA probe PLUS (anti-rabbit, dilution =1:5,
DU092002, Merck) and PLA probe MINUS (anti-mouse, dilution =1:5,
DU092004, Merck) was added to the wells following the manufacturer’s

instructions. The plate was then incubated at 37 °C for 1 h. After incu-
bation, the wells were washed twice for 5 min with buffer A, then 40 pl
of ligase mix was added to the samples following the manufacturer’s
instructions; these were incubated 30 minat 37 °C. Wells were washed
twice for 5 min with buffer Aat room temperature; subsequently, 40 pl
of amplification mix (containing a polymerase) were added to each
well, following the manufacturer’s instructions. The plate was then
incubated for 100 min at 37 °C. Finally, PLA wells were washed once
with buffer B (200 mM Tris, pH = 7.5,100 mM NaCl) for 10 min atroom
temperature and a second time for 10 min at room temperature with
buffer B supplemented with 1 pg ml™ Hoechst 33342 nuclear staining
(Invitrogen). Subsequently, a final wash was performed with 0.01x
buffer Bfor1 minatroomtemperature, and cellswere then leftin fresh
PBS. The plates were imaged using an Opera Phenix Plus microscope
(Revvity) at x20. Forty-nine images per well, covering over 90% of the
well, were acquired.

Immunofluorescence staining of F13

Immunofluorescence staining of F13 with rabbit and mouse anti-FLAG
antibodies was performed in parallelwith PLA, in the same plate. Cells
were permeabilized at room temperature for 3 minin PBS with Triton
0.1% and washed with PBS. About 40 pl of Duolink blocking solution
was added to each well, and the plate was incubated at 37 °C for 1 h.
Cells were incubated at room temperature for 45 min with primary
monoclonal mouse M2 (dilution =1:350, F3165, Sigma-Aldrich) and
rabbit D6W5B (dilution =1:500, 14793, Cell Signaling Technology)
anti-FLAG antibodies (diluted in Duolink Antibody Diluent) at a final
concentration of 285 ng ml™. The wells were washed twice for 5 min at
roomtemperature with buffer A. Wells were washed twice with PBS for
5 min at room temperature, and Alexa FluorTM 488 goat anti-mouse
antibody (dilution =1:500, A-11001, Invitrogen) and Alexa FluorTM
488 goat anti-rabbit antibody (dilution =1:500, A-11008, Invitrogen)
(diluted in PBS, BSA 1%, Na Azide 0.1%) were added to the respective
wells atafinal concentration of 4 pug mI™. The plate was then incubated
at37°Cfor1h. Wellswere washed once for 5 min at room temperature
with PBS and once with PBS supplemented by 1 ug ml™ Hoechst 33342
nuclear staining (Invitrogen). Finally, cells were left in fresh PBS before
imaging. The plates were imaged using an Opera Phenix Plus micro-
scope (Revvity) at x10. Twenty-one images per well, covering over 90%
of the well, were acquired.

Viral plaque assay and analysis

Six-well plates were seeded with BSC40 (ATTC CRL-2761) cells 24 h
before infection. Confluent BSC40 cells were infected with wild-type
VACV-WR” (provided by J.M. (University of Birmingham)) or rVACV
mutants generated from a modified VACV-WR (vNotl/tk) strain (origi-
nally provided by B. Moss to K.C., who further modified it by incorpo-
rating an mCherry reporter into the tk locus) at a 10-fold dilution in
DMEM with 2.5% FBS for 1h at 37 °C. The infection medium was then
removed, and a 0.5% methylcellulose in DMEM media overlay contain-
ing 10 pM Tecovirimat was added for 3 days at 37 °C. Afterward, the
overlay medium was removed, and the wells were fixed and stained
with1% crystal violetin 20% methanol for 20 min. The crystal violet was
removed, wells were washed with PBS, and plates wereimaged using a
Cytation7.Plaque counts and diameters were measured to determine
titres (plaque-forming units (p.f.u. ml™)) and plaque sizes (um) using a
programdeveloped onthe Cytation7. The experiments with MPXV were
doneusing the cladeIlb strain MPXV/2022/FR/CMIP, which wasisolated
atthelInstitut Pasteur (France) in 2022. All experiments were conducted
under struct BSL3 conditions according to the French regulations on
dual use pathogens. The neutralization assays were done using Vero
cells (ATTC CCL-81) plated in apClear 96-well plate (Greiner Bio-One).
The following day, cells were incubated with serial dilutions of Teco-
virimat/IMCBH. MPXV was added 4 h later. The cells were fixed after
48 hwith4% paraformaldehyde and washed and immunostained with
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polyclonal anti-VACV antibodies (PA1-7258, Invitrogen) and an Alexa
Fluor 488-coupled goat anti-rabbit antibody (CA-11008, Invitrogen).
Images were acquired with an Opera Phenix high-content confocal
microscope (PerkinElmer). Infection was quantified by calculating
the total area of MPXV-positive cells (MPXV* area), and the nuclei were
counted using the Harmony software v4.9 (PerkinElmer).

Image analysis

PLA and immunofluorescence images were analysed using Signals
Image Artist v1.3 (Revvity). For PLA (Extended Data Fig. 6), the PLA
area (633 nm) was calculated using an intensity threshold. In paral-
lel the number of cells was quantified using nuclear count on the
Hoechst channel. The average PLA area per cell was calculated by
dividing the total PLA area by the total number of nuclei per well. For
quantification of the number of FLAG (F13) positive cells in each con-
dition, first the number of cells was quantified using nuclear count
on the Hoechst channel. Second, the number of nuclei positive for
FLAG staining was calculated using an intensity threshold method
on the nuclei region of interest. The percentage of FLAG+ cells was
calculated by dividing the total number of FLAG+ nuclei by the total
number of nuclei per well.

Sequence analysis

We retrieved all MPXV genomes available on the GISAID database®
and all OPXV available on the GenBank database as of 27 May 2024.
For each viral species, sequences corresponding to the F13 coding
sequence were extracted and aligned using MAFFT v7.505. Alignments
were manually curated for accuracy using Geneious Prime v2024.0.5,
and sequences covering less than 70% of the coding sequence were
discarded. After these steps, we obtained a dataset comprising F13
sequences from 108 MPXV clade I, 8,472 MPXV clade II, 81 VARV, 211
VACV, 13 ECTV, 98 CPXV, 11 CMLP, 1 BRPV, 6 Akhmeta_virus (AKMV), 2
Orthopoxvirus Abatino, 2 Skunkpox virus (SKPV), 2 Taterapox virus
(TATV) and 4 Raccoonpox virus (RCNV). Sequences were translated,
and all variations to the consensus of each species were extracted.
The mutations shown in Supplementary Table 3 were extracted from
refs. 9,13,82-84. They list all mutations identified so far conferring
resistance to tecovirimat. The potential escape mutants identified in
this manuscriptare described inref. 27 and are available.

Statistics and reproducibility

Datawere collected fromat least two independently repeated experi-
ments, asindicated in the figure legends. Data collection and analysis
were not performed blind to the conditions of the experiments. Data
distribution was assumed to be normal, but this was not formally tested.
No statistical method was used to predetermine sample size. No data
were excluded from the analyses. Values are shown as mean + s.d. Prism
(GraphPad Software) was used to determine statistical significance.
Two-way analysis of variance was used for analysis. n represents the
number of independent samples.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Atomic coordinates of the reported structures have been deposited
in the Protein Data Bank under accession codes 9FHK, 9FHS, 9HAH,
9FJ1, 9FIZ, 9FJA and 9F)O. All molecular dynamics parameters, input
topologies, coordinates, simulation controlfiles, analysis scripts and
files containing the sampled AH and AH/AA for ABFE are available via
Zenodo at https://doi.org/10.5281/zenod0.14096216 (ref. 85). All the
F13 sequences were extracted from the GISAID database at www.gisaid.
org,and asummary of the accession numbers can be foundin Supple-
mentary Table 8. Source data are provided with this paper.

Code availability

All molecular dynamics analysis scripts and files containing the sam-
pled AH and AH/AA for ABFE are available via Zenodo at https://doi.
org/10.5281/zenod0.14096216 (ref. 85).
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Extended Data Fig. 1| Multiple sequence alignment. Multiple sequence
alignment from six representative OPXVs. The secondary elements are indicated
at the top. Strictly conserved residues are highlighted in red. The palmitoylated
cysteines are shown in blue and the membrane interacting region (MIR) framed
and labeled. Tecovirimat contacts and positions of escape mutants are marked
with black circles and triangles under the alignment, as indicated. The accession

codes for the F13 proteins used in the alignment are: Borealpox virus

(BOPX, QED21148.1), Camelpox virus (CMLP, AOAOK1LD56), Variola virus
(VARV, AAA60785.1), Vaccinia virus (VACV, P04021), Monkeypox virus

(MPXV, YP_010377040.1), Cowpox virus (CPXV, CAD90601.1). the alignment was
performed using clustal omega ® and the figure prepared with ESPRIPT *°,
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Extended Data Fig. 3 | Cluster analysis of the 45 input structures for free
energy perturbation simulations. Analysis of putative binding poses after
equilibrating the 15 selected poses (x-label, first number) by three independent
MD replicas (x-label, second number, see Methods). To reveal reoccurring
protein-ligand interaction networks, a cluster analysis was performed. The x-axis
represents the pose identification, and the y-axis indicates the distance between
each pose in terms of their protein-ligand interaction network. The lowest energy

pose of each cluster is highlighted, with its protein-ligand interaction profile
and corresponding absolute binding free energy. The analysis demonstrates
(together with Supplementary Table 4) that different protein-ligand interaction
networks yield similar absolute binding free energies. The pose with the
strongest binding affinity of -25.6 kcal/mol was used for further refinement
against the crystallographic data, as reported in the PDB file. The Python library
ProLIF” was used to generate the protein-ligand interaction network.
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Extended Data Fig. 6 | Mass photometry (MP) assay. Each row shows the
pipeline used to determine EC50 values for sF13 wild-type and the different
mutants, as indicated. The left column displays the mass distribution for sF13 at
25 nM without tecovirimat. The middle column shows mass distribution curves
for sF13 with increasing drug concentrations, as indicated, highlighting in red

the region used to calculate the percentage of dimers for the dose-response
curveintheright column. The EC50 is derived from this dose- response curve.
For clarity, the middle column presents a single representative experiment per
drug concentration; however, the dose-response curve is based on the mean and
standard deviation from three repeated experiments.
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Extended Data Fig. 7| Image quantification methodology and percentage transfected cells was calculated by dividing the number of positive nuclei by
of F13- FLAG transfected cells. Top panels) Quantification of the PLA signal the total number of nuclei. Scale bar: 50 pm. Bottom panels) Quantification of
area per cell. To measure the extent F13 dimerization, first, the number of the number of F13-FLAG positive cells for the indicated treatments. Detection
Hoechst positive nuclei were automatically counted. Second, the PLA positive with anti-Mouse and anti- rabbit secondary antibodies is indicated. 7000 to
areawas delimited and measured. Finally, the total PLA area was divided by 12000 cells were analysed per data point. Data are meanztsd of two independent
the total number of nuclei. Scale bar: 50 pm. Middle panels) For percentage of experiments performed in triplicat (n=6). Statistical analysis: Two-Way ANOVA.
transfection, total number of nuclei were automatically counted and delimited, ns: non-significant. *p=0.0228, **p=0.0033, ***p<0.0001.

then the total number of F13-FLAG positive nuclei were counted. Percentage of
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Extended Data Fig. 8| Proteins and crystal analysis. a) SDS-PAGE of the proteins
used in this manuscript. Molecular weight markers are shown in the left lane.
Inthe other lanes, 1 pg of sF13 wild-type and mutants have been loaded, as
indicated. For the sake of clarity, we have prepared a gel with all proteins at the
same time, side by side. All of them have been analyzed at least 3 times on SDS-
PAGE with identical results. b) Crystal structure of the sF13/tecovirimat complex
processed in different space groups, as indicated. 2Fo-Fc maps contoured at 10
areshowninblue, Fo-Fc maps contoured at +3c0 and -30 are shown in green and

P1 P1
1 orientation 2 orientations

R=18.9% R=18.5%
Rfree =21.7 % Rfree =21.6 %

red, respectively. In the cubic space group (F432), a 2-fold symmetry axis passes
through the center of the tecovirimat molecule, so the density represents two
tecovirimat molecules with 50% occupancy each. Only one of the molecules
isshown. In the central panel, we display the electron density resulting
fromrefining the structure in P1, using a single orientation for tecovirimat
(100% occupancy). Similarly, in the right panel, we process the data in P1but
refine the structure using two orientations with 50% occupancy each.
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Extended Data Fig. 9| MD simulations of the F13 dimer on alipid membrane.
(a) Contact map showing interactions between the two monomers, calculated
from the X-ray structure. (b) Contact map showing interactions between the two
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within5 A.

monomers, calculated from MD simulations by concatenating the last 300 ns
from five repeats. The contact map highlights monomer-monomer interactions
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Extended Data Fig. 10 | Protein-ligand interaction network analysis of the
last10 nsofthe free simulation during the equilibration phase for pose 6-3.
a) Tanimoto similarity matrix representing ligand-protein interactions across
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Each horizontal line represents the presence of the corresponding interaction at
aspecific frame of the MD trajectory.
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A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly
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Software and code

Policy information about availability of computer code

Data collection  Harmony Software v4.9 (Perkin-Elmer), Acquire MP v2.3 (Refeyn), MXCuBE (version 2). All MD simulations were carried out using publicly
available open source code GROMACS, versions 2021 (for dimeric F13 simulation on membrane) and 2022.4 (for F13/tecovirimat simulations).
Ligand was fitted into the X-ray density using the open source tools ChimeraX 1.7.1 and Rosetta.

Data analysis X-ray crystallography: XDS (version January 10, 2022), CCP4 (version 9), PHENIX (version 1.19.2-4158), PYMOL (version 3.0.3) . Mass
photometry: DiscoverMP v2.3 (Refeyn). Plotting: Prism v9.0.2 (Graph Pad Software), Adobe Photoshop (v.24.5.0). Analitical
ultracentrifugation: SEDNTERP (version 1.9), SEDFIT (version 16.1). Small angle x-ray scattering: ATSAS (version 3.2), GNOM (version 4.6). PLA
and IF images: Signals Image Artist v1.3 (Revvity). Sequence analysis: MAFFT (version 7.505), Geneious Prime (version 2024.0.5). MD analysis:
were formed using GROMACS 2021 tools and open source python tools such as alchemlyb-2.0.0 and ProLIF. TOFF 0.1.0 (https://zenodo.org/
records/8189649). BindFlow has been used for absolute binding free energy calculations available at https://github.com/ale94mleon/
BindFlow. A publication describing Bindflow is under preparation, while the code will be released as open source in the next months. Data
were plotted using matplotlib.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Atomic coordinates of the reported structures have been deposited in the Protein Data Bank under accession codes 9FHK, 9FHS, 9HAH, 9FJ1, 9FIZ, 9FJA, SFJO. All
Molecular Dynamic Parameters (MDP), input topologies, coordinates, simulation control files and analysis scripts are provided. Files containing the sampled AH and
AH/AM for ABFE are also included. All necessary files to reproduce the molecular dynamic simulations are part of the supporting information and are available at at
https://zenodo.org/records/14096216. All the F13 sequences were extracted from the GISAID database at www.gisaid.org.
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other socially relevant
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Population characteristics N/A
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size MD simulation of membrane patches: Simulation time and replication were large enough to exclude any periodic boundary artifacts or
sampling issues or reproducibility issues. PLA: For each condition the experiment was performed twice in triplicates (n=6). Mass photometry:
for each condition the experiment was performed in triplicates, each measurements included around 1800 to 4000 particles. Viral inhibition
assay: the experiment was performed in quadruplicate. Viral plaque assay: the experiment was perfomed in duplicate and the statistics are
based on multiple area measurement within each duplicate.

Data exclusions No independent experiments were excluded

Replication All experiments were performed and verified in multiple replicates as indicated in figure legends

Randomization  Sample randomization is not relevant to this study as no populations were investigated. Randomization would not have changed the results.
The study is performed under controlled condition, and the reliability stems from the precision and reproducibility of the experiments rather
than the use of randomization.

Blinding Data collection and analysis was not performed blind because it was not needed. The study is performed under controlled condition, using
purified molecules, cell lines, and viral strains. The experimental conditions were standardized and reproducible, ensuring that the outcomes

were determined by the experimental variables rather than observer input. The data analysis methods, were predefined and computationally
driven, eliminating the potential for investigator bias during data interpretation.
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Antibodies

Antibodies used Duolink PLA anti-rabbit PLUS probe (cat #DU092002, Merck) (dil = 1:5)
Duolink PLA anti-mouse MINUS probe (cat #DU092004, Merck) (dil = 1:5)
Mouse anti-FLAG M2 (cat #F3165, Sigma-Aldrich) (dil = 1:350)
Rabbit anti-FLAG antibody D6W5B (cat #14793, Cell Signaling Technology) (dil = 1:500)
Alexa FluorTM 488 goat anti-mouse antibody (cat #A-11001, Invitrogen) (dil = 1:500)
Alexa FluorTM 488 goat anti-rabbit antibody (cat #A-11008, Invitrogen) (dil = 1:500)

Validation Validation of all the antibodies has been performed by their providers (Merck, Sigma-Aldrich, Invitrogen and Cell Signaling
Technology).
- Duolink PLA anti-rabbit PLUS probe and Duolink PLA anti-mouse MINUS probe: suitable for Immunofluorescence and proximity
ligation assay.
- Mouse anti-FLAG M2: suitable for immunoblotting, immunofluorescence, immunoprecipitation, FACS and ELISA
- Rabbit anti-FLAG antibody D6W5B : Suitable for western blotting, immunoprecipitation, immunoisothcemistry,
immunofluorescence, flow cytometry and chropatin immunoprecipitation.
- Alexa FluorTM 488 goat anti-mouse antibody and Alexa FluorTM 488 goat anti-rabbit antibody: suitable for immuno istochemistry,
immunocytochemistry, immunofluorescence and flow cytometry.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) Hela CCL2 (ATCC), BSC40 (ATCC #CRL-2761) and Vero E6 (ATCC) cells
Authentication Genotyping (Eurofins)
Mycoplasma contamination All cell lines were subjected to routine mycoplasma testing (Lonza™ Mycoalert™ Mycoplasma Detection Kit) and were found

to be negative

Commonly misidentified lines  None
(See ICLAC register)

Plants

Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor
wus applied:

Authentication Deseribe-any-atthentication-procedures foreachseed-stock-tised-or-novel-genotype-generated—Describe-any-experiments-tused-to
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.
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