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Objectives: ST-246 is one of the key antivirals being developed to fight orthopoxvirus (OPV) infections. Its exact
mode of action is not completely understood, but it has been reported to interfere with the wrapping of infectious
virions, for which F13L (peripheral membrane protein) and B5R (type I glycoprotein) are required. Here we
monitored the appearance of ST-246 resistance to identify its molecular target.

Methods: Vaccinia virus (VACV), cowpox virus (CPXV) and camelpox virus (CMLV) with reduced susceptibility to
ST-246 were selected in cell culture and further characterized by antiviral assays and immunofluorescence. A
panel of recombinant OPVs was engineered and a putative 3D model of F13L coupled with molecular docking
was used to visualize drug–target interaction. The F13L gene of 65 CPXVs was sequenced to investigate F13L
amino acid heterogeneity.

Results: Amino acid substitutions or insertions were found in the F13L gene of six drug-resistant OPVs and
production of four F13L-recombinant viruses confirmed their role(s) in the occurrence of ST-246 resistance.
F13L, but not B5R, knockout OPVs showed resistance to ST-246. ST-246 treatment of WT OPVs delocalized
F13L- and B5R-encoded proteins and blocked virus wrapping. Putative modelling of F13L and ST-246 revealed
a probable pocket into which ST-246 penetrates. None of the identified amino acid changes occurred naturally
among newly sequenced or NCBI-derived OPV F13L sequences.

Conclusions: Besides demonstrating that F13L is a direct target of ST-246, we also identified novel F13L residues
involved in the interaction with ST-246. These findings are important for ST-246 use in the clinic and crucial for
future drug-resistance surveillance programmes.
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Introduction
ST-246 (Tecovirimatw) is a small molecule that specifically inhibits
viruses belonging to the Orthopoxvirus (OPV) genus, which
includes in particular variola virus (VARV), the causative agent of
smallpox, monkeypox virus, cowpox virus (CPXV), vaccinia virus
(VACV) and camelpox virus (CMLV). Renewed interest in OPV-
related diseases has resulted mainly from the bioterrorist
threat posed by the potential release of VARV. Nowadays, other
OPVs are of concern in relation to both human and/or animal
health,1 and this has been highlighted by several reports of out-
breaks of cowpox in Eurasia,2 – 5 vaccinia in Brazil (i.e. Cantagalo
virus)6,7 and India (i.e. buffalopox virus),8 monkeypox in Africa9

and camelpox in the Middle East.10 Also, the potential risk

of laboratory-acquired infections should not be underesti-
mated,1,11 – 14 and neither should the unexpected discovery of
undocumented smallpox vials stored in an unsecure safety envir-
onment in a laboratory.15 Today, with regard to the emergence
of pathogenic viruses such as Ebola, dengue, chikungunya and
Middle East respiratory syndrome coronavirus, the significant public
health concern posed by OPVs should not be ignored.1,16–18

Described for the first time in 2005 by Yang et al.,19 ST-246 has
been shown to be highly active in vitro (nanomolar range) and
in vivo against OPVs.20 – 27 Various animal models of OPV diseases
have been used, such as mice, rabbits, ground squirrels, prairie
dogs and non-human primates.20,25,27 – 30 The compound is orally
available, safe and well tolerated in healthy human volunteers
and is currently in clinical development for the treatment of
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OPV-related infections, including smallpox, in case this disease
should reappear in the human population.28,31 – 34 ST-246 might
be beneficial as post-exposure therapy and as an adjunct to
smallpox vaccination.35 Under its investigational new drug status,
ST-246 has been used in humans in the treatment of life-
threatening VACV-related diseases, with the concomitant admin-
istration of other therapeutic agents.36,37

ST-246 has been shown to impede the envelopment of virions
and the egress of enveloped viruses from the infected cell.19,38

One mutant of CPXV strain Brighton (CPXV-BR) resistant to
ST-246 has been described,19 and a G277C amino acid change
in F13L was found to be responsible for the drug-resistant pheno-
type [800-fold increase in 50% effective concentration (EC50);
0.05 mM (WT) versus 40 mM (drug resistant)]. F13L is one of the
pivotal proteins required for the production of enveloped virions.
During OPV morphogenesis, intracellular mature viruses are
formed (for review, see Smith39). These virions can then exit the
cell after cell lysis and/or pursue their morphogenesis by becom-
ing wrapped in virus-modified trans-Golgi or endosome mem-
branes to produce enveloped viruses [EVs; these may remain
associated with the infected cell as cell-associated enveloped
virus (CEV) or be released into the extracellular medium as extra-
cellular enveloped virus (EEV)]. F13L is one of the viral proteins
anchored in these wrapping membranes. It is a peripheral
37 kDa palmitoylated phospholipase, and in its absence envelop-
ment is impaired, EEV yield is markedly reduced and the virus is
highly attenuated in mice40,41 (for review, see Smith39). The cor-
rect intracellular localization of F13L and consequently its proper
function depend on the palmitoylation of cysteine residues at
positions 185 and 186,42 and on an intact phospholipase D
motif, HKD [motif N-x-K-x(4)-D-x, amino acids 312–327].43 F13L
possesses also a YW motif (positions 253–254), shown to interact
with a cellular factor, TIP47, that is associated with late endo-
some transport vesicle biogenesis. Mutating this motif disrupted
F13L–TIP47 interaction.38 Not only F13L but also the B5R protein
is required for the efficient formation of enveloped virions.40,44 B5R
is a transmembrane 42 kDa type I glycoprotein that is palmitoy-
lated and composed of a large extracellular domain and a short
cytoplasmic tail.45 In its absence, wrapping is inhibited, few EEV
particles are produced and the virus is attenuated.46 B5R has
been shown to co-localize and interact with F13L47,48 and, in
the presence of ST-246, less immunoprecipitated B5R–F13L com-
plex was found; this might be attributed to (i) mislocalization of
F13L and/or B5R or (ii) disruption of the B5R–F13L complex by
ST-246.38

It remains unclear exactly how ST-246 interferes with F13L.
Also, we and others have reported discrepancies in ST-246
antiviral activity between different OPV species, although the
compound remains potently active.21,24,49 Our observations
demonstrated that ST-246 differentially inhibited the intra- and
extracellular virus production of VACV, CPXV and CMLV in cells
and that this may be attributed to dissimilarities in their methods
of propagation (which probably involve multiple viral and cellular
partners) rather than to differences in F13L sequences.21,49 In line
with this, Santos-Fernandes et al.24 have recently described atyp-
ical ST-246 antiviral activity against Cantagalo virus, as this strain
appears hypersensitive to the compound, and yet this phenotype
was not linked to the presence of the D217N substitution found in
the F13L of Cantagalo virus and not in other OPVs. From these
observations, one may wonder whether viral proteins other than

F13L can play a role in ST-246 efficacy. Here, in addition to identi-
fying the molecular target of ST-246 and investigating how resist-
ance to this drug develops in vitro against three OPV species, we
provide crucial knowledge with which clinicians may manage
patients under ST-246 therapy and identify the potential emer-
gence of drug resistance.

Materials and methods

Viruses, cells and antiviral compounds
The following virus strains were used: CMLV strain Iran (CML1) and strain
Dubai (CML14) (provided by the Bundeswehr Institute of Microbiology,
Munich, Germany); CPXV strain Brighton (CXPV-BR, ATCC VR-302); VACV
strain Copenhagen (VACV-Cop; provided by R. Drillien, CNRS UMR 7104,
INSERM U964, Strasbourg, France); VACV strain Western Reserve (VACV-
WR, provided by D. Evans, University of Alberta, Edmonton, Canada); and
the VACV-WR B5R-deleted version (VACV-WR-DB5R, provided by INIA,
Madrid, Spain), which has been described elsewhere.50

Human embryonic lung fibroblasts (HEL, ATCC CCL-137) and Vero cells
(ATCC CCL-81) were grown as previously described.51 Both cell lines were
used for (i) growth of stocks, (ii) selection of drug-resistant viruses and (iii)
cell-based assays (for details of media, see Duraffour et al.51). BSC-1 cells
(ATCC CCL-26) were grown in the same medium as that used for Vero cells
and used for plaque size assays. Both BSC-1 and HEL cells were used for
transfection experiments. BHK21 cells (ATCC CCL-10), used for immuno-
fluorescence experiments, were grown in G-MEM BHK-21 (Gibco, Life
Technologies, Belgium) containing 5% FBS, 3 mg/mL tryptose phosphate
broth, 0.01 M HEPES, antibiotics and glutamine.

ST-246 [4-trifluoromethyl-N-(3,3a,4,4a,5,5a,6,6a-octahydro-1,3-
dioxo-4,6-ethenocycloprop[f] isoindol-2(1H)-yl)-benzamide] was pro-
vided by SIGATechnologies Inc. (Corvallis, OR, USA); cidofovir was obtained
from Gilead Sciences (Foster City, CA, USA).

Selection of drug-resistant viruses and isolation of clones
CML1, CML14, VACV-Cop and CPXV-BR strains were passaged in HEL cells
and/or Vero cells for �14–30 passages in the presence of increasing
amounts of ST-246, starting at a concentration of 0.001 mg/mL.
Depending on the strains and on the cell type, various final doses of
ST-246 were used to enable the isolation of drug-resistant viruses
(Table 1). Each of these viruses was passaged two or three times in the
highest drug concentration and further cultured for two additional pas-
sages in drug-free medium. Plaque reduction assays were performed to
evaluate the resistant phenotype of the viruses grown under selective
pressure with ST-246. Once the resistant phenotype was established by
antiviral assays, three to five clones from each of these mutant viruses,
as well as from WT strains, were isolated by plaque purification and
selected for further genotypic and phenotypic analysis.

Sequencing
Genes were named based on VACV-Cop nomenclature. The following
genes were sequenced in each of the WT and ST-246-resistant (ST-246R)
clones: F13L (AAA48031), A27L (AAA48152), B5R (AAA48201), A33R
(AAA48160) and A34R (AAA48161). DNA was extracted from virus-
infected cells using the QIAampw DNA Blood Mini kit (Qiagen Benelux
BV, Venlo, The Netherlands) following the manufacturer’s instructions.
Each gene was amplified as one amplicon using FastStart high-fidelity
DNA polymerase (Roche Applied Science, Mannheim, Germany). PCR pro-
ducts were then purified, sequenced and analysed as reported.51 Data
were assembled and compared with DNA sequences obtained for WT
viruses using the software SeqScapew version 2.7 (Applied Biosystems
Europe BV). Following phenotyping and sequencing, the viruses were
named as shown in Table 1.
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Antiviral assays
ST-246 and cidofovir inhibitory effects against WT and in vitro-selected
ST-246R clones were evaluated in HEL cells for the viruses selected on
HEL cells, and in Vero cells for the resistant viruses selected on Vero
cells. Cells were grown in 96-well microtitre plates. The experimental pro-
cedure used has been described previously.51 Briefly, confluent mono-
layers were infected at an moi of 0.01 pfu/cell for 2 h, after which
residual virus was removed and replaced with medium containing serial
dilutions of the test compounds (in duplicate). The viral CPE was recorded
after 2–7 days of incubation, depending on the viral strain (i.e. time
needed to reach 100% CPE in the control wells). The EC50 was calculated
as the concentration of a compound required to reduce the viral CPE by
50%. The EC50s of the compounds for each viral strain were calculated
as the means of at least three independent determinations.

Virus yields
The antiviral activities of ST-246 and cidofovir were evaluated in HEL and
Vero cells infected with WT or ST-246R clones. Cells were grown in 24-well
microtitre plates, and confluent monolayers were infected at an moi of
0.01 pfu/cell. After 2 h of incubation (378C/5% CO2), residual virus was
removed, each well was washed once with 2 mL of PBS, and serial dilutions
of the test compounds were added. After 2–3 days of growth, microtitre
plates were frozen at –808C and thawed, and total virus or cell-associated
and extracellular virus was harvested. After centrifugation, virus titres of
each sample were determined in the respective cell type (HEL or Vero).
Viral titres were expressed in pfu/mL. The 90% and 95% effective concen-
trations (EC90 and EC95) were calculated and defined as the compound
concentration required to reduce viral titre by 90% and 95%, respectively.

Viral kinetics
To measure the growth rates of WT and ST-246R clones, HEL and Vero cells
were grown until confluence in 24-well plates and infected with the strain
of interest at an moi of 0.01 pfu/cell for 1 h. At the timepoints 3, 6, 8, 24
and 30 h post-infection (hpi), total virus was harvested (in triplicate), and
virus was released by freeze–thawing and titrated by plaque assays in HEL
or Vero cells. Virus titres, expressed in pfu/mL, are presented as the means
of two independent determinations.

Plaque size
BSC-1 cells grown until confluence in six-well microtitre plates were
infected with 25–100 pfu per well of the virus of interest, with or without

ST-246 (5 mg/mL). After 3 days of incubation, cells were fixed in ethanol
and stained with crystal violet, and wells were photographed.

DNA cloning and production of recombinant
F13L-mutated viruses
For the production of F13L-mutated recombinant viruses, DNA
was extracted from HEL cells infected with the virus of interest, i.e.
VACV-Cop-G277C, CML1-F25V+I372N or CML14-G277C+I372N, using
QIAampw DNA Blood Mini (Qiagen Benelux BV). Entire or partial portions
of the F13L genes were further PCR-amplified with a FastStart high-fidelity
DNA polymerase (Roche Applied Science), sequenced and cloned into a
pCRw2.1-TOPOw plasmid (Invitrogen, Life Technologies). The cloning reac-
tions were done according to the manufacturer’s instructions, and chem-
ically competent DH5aTM-T1R was used. The sequence integrity of each
plasmid construct was further confirmed by sequencing before proceeding
to transfection. The following plasmids were obtained: TOPO-VACV-Cop-
G277C, TOPO-CML1-F25V+I372N, TOPO-CML14-G277C and TOPO-CML14-
G277C+I372N. Recombinant viruses were produced in HEL cells as they
allowed good transfection efficiency. One day prior to infection and trans-
fection, cells were plated at a density of 5×105 cells per well in six-well
plates. Infection with WT VACV-Cop, CML1 or CML14 occurred at an moi
of 1 or 0.5 pfu/cell, for 1 h. Inoculum was removed and cells were replaced
in warm medium and returned to the incubator for 2 h. For each construct,
the following three transfection conditions were used: 2 mg of plasmid
DNA for the moi of 0.5 and 1, and 4 mg of plasmid DNA for the moi of 1
using 10 mL of LipofectamineTM 2000 (Life Technologies) per well. The plates
were incubated for 24 h and the transfection solution was replaced with
warm medium. Cells were further cultured for 24 h at 378C/5% CO2 and
frozen at –808C. The recombinant viruses were released by freeze–thawing
and further grown, at low moi, for two passages in HEL cells in the presence
of at least 0.5–1 mg/mL ST-246 in order to eliminate the majority of back-
ground WT virus, followed by one last passage without drug. At this stage,
one to three stocks of recombinant virus were further used (from one con-
dition or the three separate transfection conditions) and a similar procedure
as described51 was used to isolate and identify recombinant clones. Three
isolates originating from each F13L-mutated recombinant parent construct
(VACV-Cop-rcb-G277C, CML1-rcb-F25V+I372N, CML14-rcb-G222C and
CML14-rcb-G277C+I372N) were obtained after three rounds of plaque
purification (in the absence of drug) and retained for further phenotyping.

Production of knock-out F13L viruses
VACV-Cop, CPXV-BR and CML1 viruses deleted in the F13L gene (DF13L) and
expressing an Ecogpt–GFP fusion protein instead were produced by using

Table 1. Selection process of ST-246R viruses and their genotyping

Virus
Cell
type Passagesa

Final ST-246
concentration

(mg/mL) Geneb Nucleotide change Amino acid change Virus identification

VACV-Cop HEL 17 35 F13L G829T G277C VACV-Cop-G277C
Vero 18 35 F13L T1115A I372N VACV-Cop-I372N

CPXV-BR HEL 19 35 F13L G847T D283Y CPXV-BR-D283Y
Vero 23 100 F13L C580A+Ins908-916CTGTGAAGT H194N+SVK303–305 CPXV-BR-H194N+SVK303–305

CMLV HEL 14 20 F13L T73G+T1115A F25V+I372N CML1-F25V+I372N
Vero 14 20 F13L G829T+T1115A G277C+I372N CML14-G277C+I372N

aNumber of passages needed to achieve resistance to ST-246. The last two or three passages were done without drug.
bIdentification of the gene in which mutation(s) were mapped. Besides F13L, the B5R, A27L, A33R and A34R genes were sequenced in all drug-resistant
and WT clones.
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synthetic genes (GeneArtw, Life Technologies). They consisted of the
sequence of the fusion protein Ecogpt–GFP surrounded by 300 bp of
the left and right flanking regions of VACV-Cop, CPXV-BR or CML1 F13L.
These synthetic genes were present in a pMA-RQ vector (GeneArtw, Life
Technologies) and used for further transfection experiments. BSC-1 cells
were grown until 80% confluence in six-well plates and infected for 2 h
with WT VACV-Cop, CPXV-BR or CML1 at an moi of 1. The inoculum was
removed and cells were washed and then transfected with 1 mg of
linearized Ecogpt–GFP plasmid per well in medium containing 10 mL of
LipofectamineTM 2000 (Life Technologies). Two days later, samples were
frozen at –808C. Recombinant VACV-Cop-, CPXV-BR- and CML1-DF13L
clones were further isolated after three to five rounds of plaque purification
on Vero cells based on their growth in the presence of an Ecogpt selective
medium (containing mycophenolic acid at 0.025 mg/mL, xanthine at
0.25 mg/mL and hypoxanthine at 0.015 mg/mL; see Lorenzo et al.52)
and on GFP expression. Sequence integrity of the recombinant clones
was checked by PCR and sequencing. The absence of F13L in the viral gen-
ome was further checked by an F13L-specific OPV qPCR.53

Production of knock-out B5R viruses
For the production of recombinant VACV-Cop and CML1 deleted in the B5R
gene (DB5R), synthetic VACV-Cop- and CML1-specific DNA fragments were
obtained (GeneArtw, Life Technologies). They consisted of the sequence of
the fusion protein Ecogpt–GFP (to replace the B5R gene) surrounded by
300 bp of the left and right flanking regions of VACV-Cop or CML1 B5R.
These synthetic genes were present in a vector (pMA-RQ, GeneArtw, Life
Technologies) and used for further transfection experiments. The produc-
tion, isolation and characterization of DB5R clones were similar to those of
DF13L viruses.

Immunofluorescence
BHK-21 cells grown to 70% confluence on round 13 mm coverslips were
infected with the different viruses at 5 pfu per cell. One hour after infection,
medium was replaced with fresh medium or medium containing 5 mg/mL
ST-246. After 18 h, cells were incubated with 2 mg/mL bisbenzimide
(Hoechst dye) for 30 min, washed with PBS, fixed for 15 min at room tem-
perature with cold 4% paraformaldehyde in PBS and washed with PBS.
Cells were permeabilized by incubation with PBS containing 0.1% Triton
X-100 for 15 min. After washing with PBS, cells were incubated for 5 min
with PBS containing 0.1 M glycine. Staining was carried out by sequential
incubation with primary antibody and secondary antibody, diluted in
PBS/20% FBS. Working dilutions were 1:50 for rat anti-F13 MAb, 1:100
for rat anti-B5 and 1 :500 for donkey anti-rat IgG–Alexa Fluor 594
(Invitrogen, Life Technologies).

Molecular docking of ST-246 and IMCBH in the binding
site of F13L protein
A model of the F13L protein was built using the SWISS-MODEL
Workspace54,55 based on the published structure of Streptomyces sp.
(strain PMF) phospholipase D (code pdb 1V0W),56 which shares 77 identi-
cal and 115 similar residues with VACV F13L (out of 373 residues). Several
modelling portals were investigated to find the most reliable model,57,58

and the structure of Streptomyces phospholipase D was the best hit
(code pdb 1V0W; code pdb 2ZE9, unpublished structure; code pdb
1V0S).56 One other hit, corresponding to the structure of the phosphatidyl-
serine synthase of Haemophilus influenzae (code pdb 3HSI) was found, but
this structure was unpublished at the time of writing, so we did not pro-
ceed with it.58,59 We still evaluated all four models; their 3D structures
appeared similar when superimposed. We ultimately chose a model
based on the pdb number 1V0W. ST-246 and IMCBH [N(1)-isonicotinoyl-
N(2)-3-methyl-4-chlorobenzoylhydrazine] were drawn with Molsoft

(www.molsoft.com, 2D to 3D converter) and Smiles Translator
(http://cactus.nci.nih.gov/services/translate/) to produce the pdb file.
Conformation of the structures was checked using the PyMOL graphic
system (DeLano Scientific). To perform the docking assays, ArgusLab
software (www.arguslab.com) was used. The binding site of ST-246
and IMCBH was delimited using the mutations found in both ST-246-
and IMCBH-resistant OPVs and defined using the coordinates of the
F13L model. Docking precision was set to ‘high’ and the ‘flexible ligand
docking’ mode was used for each docking run. Resulting complexes
were visualized and pictures were generated with the PyMOL graphic
system.

CPXV F13L sequencing and alignments
The F13L gene of a total of 65 CPXVs was PCR-amplified and sequenced
(GATC, Konstanz. Germany). A total of 99 F13L nucleotide sequences avail-
able from NCBI (Table 2), 65 CPXV and 2 CMLV in-house sequences were
aligned using MEGA 5w, DAMBEw and CLCw workbench software.

Statistical analyses
All statistical analyses were done with GraphPad Prism version 6.00 for
Windows (GraphPad Software, La Jolla, CA, USA; www.graphpad.com).
The growth rates between WT viruses and recombinant constructs were
compared using linear regression analysis as previously described.51

Briefly, best-fit curves were obtained by transforming the virus titres to
their natural logarithm [ln(pfu/mL)], and the derived fit lines were then
analysed by linear regression. Statistical significance was only considered
for P≤0.05.

Results

Selection of ST-246R OPVs and genotyping

ST-246R viruses were selected in HEL and Vero cells infected with
three OPV species: VACV-Cop, CPXV-BR and CMLV (CML1 and
CML14). In total, 14– 23 passages were needed to select for
drug resistance. A detailed overview of the selection process is
given in Table 1. Once the drug-resistant phenotype of the viral
stocks was confirmed by antiviral assays, two or three clones
were used in further experiments. In order to investigate the
cause of the drug-resistant phenotype, five viral genes were
sequenced based on their roles in intracellular mature virus
wrapping (A27L, B5R and F13L) or in the release of enveloped vir-
ions from the infected cell (A33R and A34R) (for review, see Smith
et al.60). As shown in Table 1 and Figure 1, genotyping of each
ST-246R clone revealed that the six mutants harboured mutations
in the F13L gene, while the A27L, B5R, A33R and A34R genes were
unaffected. The two VACV-Cop F13L mutants exhibited single
amino acid changes, G277C or I372N, the latter corresponding
to the last amino acid of the protein. In the two CPXV-BR F13L
mutants, the following changes were found: D283Y alone and
H194N in combination with an in-frame insertion of nine nucleo-
tides encoding an SVK triplet at positions 303 –305. The two
F13L-mutant CMLVs bore double amino acid substitutions,
F25V+I372N or G277C+I372N; two of these residues had also
been identified in the VACV-Cop F13L mutants.

In vitro phenotyping of ST-246R viruses with mutations
in the F13L gene

The impact of the identified mutation(s) on ST-246 and cidofovir
antiviral efficacies was evaluated. Cidofovir, one of the reference
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molecules against poxviruses, acts by blocking the replication of
the viral genome and was included as a control. Also, each of the
drug-resistant clones was tested in the cell type used for its selec-
tion. As shown in Figure 2, levels of resistance to ST-246 varied as
a function of the viral strain and of the nature of the mutation(s).
ST-246R VACV-Cop clones showed a 95-fold (G277C, HEL cells) and
9.2-fold (I372N, Vero cells) increase in ST-246 EC50 values com-
pared with WT clones. CPXV-BR clones bearing the D283Y change
had an ST-246 EC50 value increased 44.3-fold [HEL cells, mean
EC50 6.2 mM (D283Y) versus 0.14 mM (WT)], whereas in the pres-
ence of the double mutation H194N+SVK303–305, the level of
resistance in Vero cells was .332.5-fold, with a mean EC50

.53.2 versus 0.16 mM (WT). In CMLV, the double mutants
F25V+I372N (HEL cells) and G277C+I372N (Vero cells) appeared
highly resistant to ST-246, with mean EC50 values ≥43 and
≥42 mM, respectively, compared with 0.025 and 0.005 mM for
the WT clones. In contrast, all the ST-246R viruses remained
potently inhibited by cidofovir at EC50 values in the same range
as those of the WT viruses. Of note, the phenotyping of a majority
of F13L-mutated viruses selected on HEL cells was also done on
Vero cells and vice versa, and the levels of ST-246 resistance cor-
roborated the results shown in Figure 2, i.e. mutant viruses
showed comparable degrees of ST-246 resistance whether tested
on HEL or Vero cells, so that the relative resistance imparted by the
mutations can be compared directly (data not shown).

To further confirm the drug-resistant phenotype of the differ-
ent F13L-mutated clones, virus yield experiments were done.
All F13L-mutated strains showed EC90 values higher than
those of their respective WT virus (Figure S1a, available as
Supplementary data at JAC Online). While the difference in EC90

values between VACV-Cop-VERO-F13L-I372N and its WT counter-
part was only 2.7-fold, the calculation of EC95 clearly confirmed
the drug-resistant phenotype of the I372N strain, with EC95s
.53.2 versus 3.56 mM (WT). Importantly, the antiviral efficacy
of cidofovir was not altered by the presence of mutation(s) in
F13L. These findings corroborated the CPE reduction assays
shown in Figure 2. They also confirmed our previously published
observations that VACV-Cop, CPXV-BR and CMLV WT viruses exhibit
differences in their susceptibility to ST-246, with CPXV-BR being
the least susceptible, yet being still potently inhibited at low
micromolar concentrations (Figure 2 and Figure S1a).21,49 Of
note, previous work reported that ST-246 was not toxic to

proliferating cells, with 50% cytostatic concentrations (CC50s)
.532 mM in HEL cells and .40 mM in Vero cells.19,21 The selectivity
indices (ratio of previously reported CC50 to EC50 obtained in this
study) were .3800 (CPXV-BR), .21 280 (CMLV) and .38000
(VACV-Cop) in HEL cells and .250 (CPXV-BR), .4444 (VACV-Cop)
and .8000 (CMLV) in Vero cells.

Growth and plaque size of F13L-mutated viruses

As depicted in Figure S1(b), the growth of F13L-mutant viruses
was similar to that of their respective WT counterparts, demon-
strating that the presence of the amino acid substitution(s) or
insertion did not impact the total virus yield of F13L-mutated
viruses in HEL or Vero cells. However, some discrepancies were
observed between WT and F13L-mutated strains in terms of aver-
age plaque size on BSC-1 cells (Figure 3). The presence of the
G277C or the I372N change in VACV-Cop F13L slightly reduced
the average size of plaques compared with WT and enveloped
viruses appeared to be still released, as evidenced by the comet
tail formation. In CPXV-BR, smaller plaques were observed with
the D283Y mutant than with the WT virus and the absence of
comet tails was indicative of a lack of enveloped virus release.
The strain bearing the H194N+SVK303–305 mutations formed
slightly smaller comet-shaped plaques than those of the WT
virus, but the presence of comet tails suggested that enveloped
virus production and release were still occurring. In CML1, the dou-
ble amino acid change F25V+I372N affected the average size of
plaques, which appeared larger than those produced by the WT
virus, whereas the G277C+I372N mutations in CML14 did not
affect plaque size compared with WT CML14 (Figure 3).

F13L-recombinant viruses confirmed the roles of G277C,
G277C1I372N and F25V1I372N in ST-246 resistance

To examine whether the identified mutations were responsible for
the drug-resistant phenotype, four recombinant viruses were
engineered by introducing the desired F13L-mutated gene into
a WT virus backbone. This allowed us to study the impact of
the G277C change in both VACV-Cop and CML14 backbones,
F25V+I372N in CML1 and G277C+I372N in CML14.

The ST-246 EC50 value for VACV-Cop-rcb-G277C was
0.29+0.05 mM, whereas it was 0.003+0.0004 mM for VACV-Cop,
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Figure 1. Schematic overview of the amino acid changes identified in F13L of VACV-Cop, CPXV-BR and CMLV strains grown under ST-246 selective
pressure. The amino acid changes in each virus are specified with respect to the reference virus for each species. The cell line in which the selection
procedure was done is given in brackets.
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giving 97-fold resistance. This same amino acid change in CML14
led to a 459-fold increase in the ST-246 EC50 value (2.29+1.91
versus 0.005+0.03 mM), suggesting that drug resistance levels

could be exacerbated in this species compared with VACV-Cop.
Adding the I372N change to G277C in CML14 drastically
enhanced drug-resistance levels, which were .10639-fold (EC50

.53 mM). Recombinant CML1 bearing the F25V+I372N change
had reduced susceptibility to ST-246, with an EC50 value ≥40 ver-
sus 0.007+0.003 mM (WT) (i.e. a ≥5714-fold change in EC50). The
drug-resistance levels obtained for the in vitro-selected ST-246R

viruses and the recombinant strains were comparable, as shown
in Figure S1(c), demonstrating that the amino acid substitutions
G277C, G277C+I372N and F25V+I372N are responsible for the
ST-246R phenotype.

Deletion of F13L, but not of B5R, confers ST-246
resistance

To further survey the role of F13L in ST-246 efficacy, knockout F13L
and B5R OPVs were engineered. The DB5R constructs were
included to clarify a possible role of B5R in drug activity as B5R
was shown to co-localize and associate with F13L in Golgi cister-
nae and post-Golgi vesicles.47,48 Also, mutations in F13L affect the
proper localization of B5R in post-Golgi vesicles (e.g. in the
absence of F13L, B5R is mainly found in Golgi cisternae).47 In
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Figure 2. Phenotyping of F13L-mutated VACV-Cop, CPXV-BR and CMLV in
HEL and Vero cells. Two or three clones of each WTand ST-246R clone were
used in plaque reduction assays and at least three to five independent
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turn, B5R mutations have been shown not to influence F13L dis-
tribution significantly.50,61,62

The two viruses VACV-Cop- and CPXV-BR-DF13L were resistant
to the drug, with ST-246 EC50 values .26.5 mM (Figure 4a). Intra-
and extracellular VACV-Cop-DF13L production was not altered by
the presence of the drug, confirming the drug-resistant pheno-
type in virus yield assays (Figure 4b). The defect in extra- and intra-
cellular WT virus formation is consistent with our previous
observations.21 Both VACV-Cop- and CPXV-BR-DF13L viruses
had a small plaque phenotype compared with WT viruses.
Interestingly, we have not been able to amplify the CML1-DF13L
recombinant virus, and this did not allow us to evaluate the effect
of ST-246 on this strain. In contrast, the B5R deletion mutants
VACV-Cop, VACV-WR and CML1 were potently inhibited by ST-
246 at EC50s equivalent to, or even slightly lower than, those of
their WTcounterparts (Figure 4a). These results present strong evi-
dence that F13L is the target of ST-246.

ST-246 delocalizes both F13L and B5R in infected cells

To get more insight into the antiviral effect of ST-246, we looked at
the intracellular localization of F13L and B5R in VACV- and
CML1-infected cells, in the absence or presence of ST-246
(Figure 5). The distributions of F13L and B5R have been well char-
acterized in VACV-infected cells.47,50,62,63 In line with this, following
infection with VACV-Cop, VACV-WR or CML1, F13L and B5R accumu-
lated in the Golgi complex area, close to the nucleus, and showed
punctate staining in the cytoplasm and in cell projections corre-
sponding to enveloped virus particles. The Golgi complex, as
revealed by B5R staining, was more dispersed in CML1-infected
cells, compared with VACV-Cop- or VACV-WR-infected cells. Upon
ST-246 treatment, F13L and B5R distribution was altered. F13L
was delocalized, the Golgi complex was dispersed and diffuse

cytosolic staining, with some labelling of the plasma membrane,
was noted, as well as the absence of virus particles in projections,
suggesting an absence of wrapping. Of note, regions close to the
nucleus area of VACV-Cop and -WR remained partially labelled with
F13L. Marked cytosolic staining of F13L was seen in CML1-infected
treated cells and there was an absence of F13L labelling around
the nucleus area. B5R staining also showed disaggregation of
the Golgi complex, with B5R localized to fragmented vesicles,
although this observation was subtle in CML1. No virus particles in
projections were seen. In conclusion, we demonstrated that
ST-246 alters the overall distribution of not only F13L, but also
B5R. In particular, F13L appears distributed throughout the cyto-
plasm of the cell when ST-246 is present, which mimics the pheno-
type seen upon mutation of the HKD phospholipase motif of F13L.43

These observations also point to a block of virus wrapping by ST-246.

ST-246 does not alter, or only slightly alters, the
distribution of F13L in F13L-mutated CPXV-BR

We then explored the effect of F13L mutations on F13L distribu-
tion in ST-246R CPXV-BR and whether ST-246 treatment further
impacted F13L localization. Figure 6 shows that F13L localization
in CPXV-BR is similar to that in VACV, being mainly localized in the
perinuclear area and in enveloped virions. Upon ST-246 treatment
F13L was delocalized, giving diffuse cytoplasmic staining in add-
ition to the Golgi labelling. The antiviral effect of ST-246 is also
visualized by a decrease in plaque size. The D283Y mutant
shows partial delocalization of F13L compared with WT, as
demonstrated by increased diffused F13L staining in the cyto-
plasm. This observation may explain the small plaque size pheno-
type of the D283Y strain. ST-246 produced only a slight effect,
consistent with the intermediate ST-246R phenotype (44.3-fold
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shift in EC50; Figure 2) and the reduced average plaque size
(Figure 6). Similar observations were made with the mutant
bearing the H194N+SVK303–305 changes in terms of F13L stain-
ing. Yet this mutant had less delocalized F13L than the D283Y
mutant and F13L distribution was not significantly changed by
ST-246 treatment, which is in line with the level of resistance
(.332.5-fold; Figure 2), the average plaque size and the produc-
tion of comet tails. Together, these data proved that, despite the
slight F13L cytoplasmic staining due to the presence of the D283Y
or H194N+SVK303–305 change(s), adding ST-246 did not further
significantly delocalize or only slightly (D283Y) delocalized F13L, in
agreement with their resistant phenotypes.

Putative model and molecular docking of F13L/ST-246

The molecular characterization of ST-246R viruses enabled the
mapping of F13L residues that are implicated in ST-246 antiviral
efficacy, including F25, H194, G277, D283, SVK303 –305 and
I372. Also, IMCBH inhibits OPVs by targeting the F13L protein,44

and selection of IMCBH-resistant (IMCBHR) VACV led to the identi-
fication of single amino acid substitutions in F13L responsible for
drug resistance, including H238Q, N267D, D283G, A288P and
D294V. Interestingly, some of these IMCBHR mutants were also
resistant, or partially resistant, to ST-246. In particular, the
mutant bearing the A288P change rendered the virus effectively
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resistant to both drugs, reflecting the importance of the A288 resi-
due for ST-246 inhibitory effect (R. Blasco, unpublished results). All
these findings were compiled and integrated into a putative
model of VACV F13L.

Since a 3D structure of VACV F13L does not exist, we built a puta-
tive model based on the published structure of Streptomyces sp.
phospholipase D,56 which was found to be the most reliable struc-
ture to model the F13L phospholipase (Figure 7a). It was then used
for further molecular docking of F13L and ST-246 or IMCBH
(Figure 7b–d).

The majority of the residues involved in ST-246 resistance
development were localized close to each other, with the excep-
tion of F25 and H194. They delimited an area within a pocket in
which not only ST-246 but also IMCBH were predicted to interact,
and both inhibitors were superimposed in this pocket (Figure 7b).
The interaction site of ST-246/F13L was formed in particular by
the residues G277, W279, D280, A288, A289, A290, L302, S303,
V304, K305, V306 and F307 (Figure 7c). The three fluorine atoms
of ST-246 (spaced by 2.4 Å) penetrated this relatively small pocket,
as evidenced by the distances between the lateral chains of A288–
A290 (4.71 Å), A290–V304 (5.28 Å) and V304–W279 (5.83 Å),
whereas the benzamide moiety fitted at the interface formed by
W279 and V304. At the opposite side of the interaction site was
found the H(N)KD phospholipase motif (Figure 7d).

ST-246R mutations were not found in F13L OPV sequences

F13L amino acid alignments were performed to check whether
the amino acid substitution(s) or insertions identified in this
study were found as natural polymorphisms. This was done
with sequences available in NCBI, but recent phylogenetic data

led us to include additional CPXV strains in this analysis since
CPXVs have been shown to have relatively high genomic hetero-
geneity.64 As shown in Table 2, a total of 166 F13L OPV nucleotide
sequences were collected (99 from NCBI, 2 in-house CMLVs and 65
newly sequenced CPXVs), and from these 70 unique F13L gene
sequences were identified. Of note, no nucleotide duplicates
were found across virus species. CPXV and VACV showed marked
heterogeneity, as evidenced by a count of, respectively, 36 and
16 unique gene sequences that originated from 77 and 22 F13L,
which contrasted with that of other OPVs (e.g. 8 unique sequences
derived from 49 nucleotide sequences in VARVs). These 70 unique
genes were translated into 41 unique F13L amino acid sequences.
While most of them were OPV specific, identical F13L sequences
were found between CPXV/VARV and CPXV/VACV (Table 3). Protein
alignments further revealed that no naturally occurring ST-246R

viruses were found. In fact, the entire regions where amino acid
substitution(s) or insertions linked with the drug-resistant pheno-
type were identified, appeared highly conserved between the
strains (Figure S2).

Discussion
Here we present for the first time an extensive report about the
identification of the molecular target of ST-246 in three OPV spe-
cies, VACV, CPXV and CMLV. Previous work published by our group
and others had shown (i) that one point mutation (G277C) in F13L
was responsible for ST-246 resistance and (ii) that the drug inhib-
ited the production and/or release of enveloped virions from the
cell (e.g. using electron microscopic examination and small inter-
fering RNAs).19,21,49 Yet it remained crucial to investigate the
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following questions. How does ST-246 interfere with its probable
target? Are there other viral proteins involved in its activity? What
about the barrier to resistance? Can we provide a list of well-
characterized mutations to facilitate drug-resistance surveil-
lance? To answer these questions, we chose complementary
approaches consisting of: (i) selecting drug-resistant variants to
identify the viral genetic modifications causing drug resistance;
(ii) using knock-out mutants to confirm the target’s identity; (iii)
building a 3D model coupled with molecular docking to visualize
drug–target interaction; and (iv) performing F13L sequence com-
parisons among OPVs to ensure the absence of drug-resistance
loci. Together, our results demonstrate that F13L is a direct target
of ST-246 and strongly suggest that the drug delocalizes F13L and
either directly or indirectly disrupts the biological function of the
protein.

During the isolation of ST-246R mutants, two independent
selection processes in each virus species (i.e. on HEL and Vero
cells) led to the mapping of amino acid changes in F13L, and

not in other proteins needed for the envelopment of virions or
the release of EEV from the cell (i.e. B5R, A27L, A33R and A34R).
While we did not perform whole-genome sequencing, the various
F13L- and B5R-recombinant strains produced for this study
strongly point to the absence of mutations in genes other
than F13L. We clearly demonstrated that the mutations (e.g.
G277C, G277C+I372N, F25V+I372N) are responsible for the
drug-resistant phenotype and that ST-246 lacked activity in the
absence of F13L. This was not seen with the DB5R viruses, against
which ST-246 conserved its antiviral efficacy. We further noted
that the deletion of F13L, as compared with the WT virus,
decreased extracellular VACV-Cop titres at 48 hpi by �1.25 log10

in the absence of ST-246 (Figure 4b), which is in line with the
role of F13L in EEV production impairment.40,41 Similarly, 0.5 mM
ST-246 (compared with no drug) reduced extracellular VACV-Cop
WT production by �1.6 log10 (Figure 4b), suggesting comparable
effects between deleting F13L and inhibiting the function of F13L
with ST-246.

(a) (b) (c)

(d)

Figure 7. F13L modelling and molecular docking of F13L/ST-246. The structure of Streptomyces sp. (strain PMF) phospholipase D (code pdb 1V0W) was
used to build a putative model of the F13L protein.56 (a) Overview of the F13L putative 3D structure highlighting the residues important for ST-246 and/or
IMCBH antiviral efficacy. The insert corresponds to the region defined for molecular docking. The putative hydrophobic region (172–198) that anchors
F13L in cellular membranes is shown in yellow. (b) Docking of F13L with ST-246 or IMCBH revealing the presence of a pocket in which both of the
molecules fit. (c) Close-up view of interaction site between F13L and ST-246 formed by G277, W279, D280, A288, A289, A290, L302, S303, V304,
K305, V306 and F307. Note that the three fluorine atoms penetrate the pocket, while the benzamide moiety locates at the interface formed by
W279 and V304. (d) Surface view (left-hand panel) and close-up view (right-hand panel) of the H(N)KD motif located opposite to the ST-246
interaction site. Binding of ST-246 may directly interfere with the flexibility of the chain bearing N312 and K314, which form the phospholipase
motif. Red, residues found to be linked with ST-246 resistance and IMCBH resistance; cyan (A290), the change A290V was identified in a patient that
received ST-246 therapy;37 orange and grey in (c), additional residues forming the interaction site of the inhibitor; yellow (N312), blue (K314) and green
(D319), residues corresponding to the H(N)KD phospholipase motif; magenta (S365), residue corresponding to the last amino acid (S365) that could be
integrated in the modelling. The last 7 amino acids of F13L (372 amino acids) could not be included in the modelling.
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The number of passages required to isolate drug-resistant
variants varied from 14 to 23 (requiring 6 months to 1.5 years)
and the final concentrations of ST-246 used were at least
10000-fold higher than the EC50s. This demonstrates that there
was a relatively high barrier to resistance. In line with this, we
were unable to isolate one drug-resistant variant of CML14 that
was grown in HEL cells for .40 passages (�2 years) under
ST-246 pressure. Of note, Yang et al.19 isolated a CPXV mutant
with the G277C change after one round of selection using a
high infectious dose (107 pfu per well) and an ST-246 dose of
10 mM. The progressive exposure to ST-246 and the low moi
used in our selection processes may explain these differences.

Nevertheless, these results demonstrate that the G277C change
is critical for ST-246 efficacy in three different OPV species.

One may wonder whether the concentrations of ST-246 used
for drug-resistance selection may relate to blood exposures in
humans. While the appearance of drug resistance in patients is
of high concern and priority, it appears difficult to answer this
question as our work was done in cell monolayers, after multiple
passages in increasing concentrations of ST-246 and over a quite
long period of time, which may not reflect patient’s exposure to
ST-246 therapy. Also, several animal studies have been done
with ST-246 and resistance has never been reported. However,
one case report describes an ST-246R VACV (A290V and L315M
in F13L identified by pyrosequencing) in an immunosuppressed
patient with progressive vaccinia and receiving multiple treat-
ments including ST-246 (given for 73 days orally and 68 days top-
ically), VIGIV (vaccinia immune globulin intravenous) and CMX001
(oral derivative of cidofovir).37 The ST-246 EC50 values for the virus
collected from the vaccination site lesion were increased by 13.5-
to 50-fold, and the infection eventually resolved. In immunocom-
petent individuals, the mode of action of ST-246 is to hold the
virus in check until the immune system is activated and clears
the virus. Thus, in immunocompromised patients a longer treat-
ment period may be needed and may eventually lead to the
appearance of resistance. To diminish the potential risk of emer-
gence of viruses with altered drug susceptibility, combination
therapy consisting of ST-246 and molecules aimed at viral DNA
replication inhibition (cidofovir, CMX001) should definitely be con-
sidered23,65 and may best be initiated at disease onset.37 ST-246
and CMX001 combination treatment has been shown to be syner-
gistic in vitro and in vivo.23 We also showed here that cidofovir has
antiviral potency against all ST-246R viruses in vitro.

In our hands, the levels of ST-246 resistance were directly cor-
related to the virus species and the nature of the mutation. For
instance, the G277C change led to changes in EC50 values of
95-fold in VACV, 459-fold in CMLV and 800-fold in CPXV.19 Such dis-
crepancies could be related to differences in F13L requirement for
virus wrapping, which is in line with our previous hypothesis.21,49

In VACV, virus wrapping is very dependent on F13L, but cell-to-cell
transmission of viruses completely relies on virus envelopment.40,66

Table 3. F13L amino acid heterogeneity between OPV species

Virus species VARV MPXV VACV CPXV CMLV ECTV TATV Total per virus Total all species

VARV 6 — — 1 — — — 7

41

MPXV 3 — — — — — 3
VACV 9 1 — — — 10
CPXV 17 — — — 17
CMLV 2 — — 2
ECTV 1 — 1
TATV 1 1

Total per virus 6 3 9 19 2 1 1

Total all species 41

MPXV, monkeypox virus; ECTV, ectromelia virus; TATV, taterapox virus.
Cross-tabulation of F13L amino acid sequences obtained from the 70 unique F13L nucleotide sequences, numbered per virus species (Total per virus) or
among all OPVs (Total all species).

Table 2. F13L nucleotide heterogeneity among different OPV species

OPV species
Total number of F13L
nucleotide sequences

Number of unique F13L
nucleotide sequences

VARV 49 8
MPXV 10 5
VACV 22 16
CPXV 77a 36
CMLV 4b 2
ECTV 3 2
TATV 1 1

Total 166 70

MPXV, monkeypox virus; ECTV, ectromelia virus; TATV, taterapox virus.
A total of 166 F13LOPV sequences were obtained from NCBI or by in-house
sequencing. Using MEGA 5w and DAMBEw, 70 unique nucleotide sequences
were identified.
See Table 3 and Figure S2 for the count of unique amino acid sequences
and protein alignments performed using the 41 unique amino acid
sequences derived from the 70 unique nucleotide sequences.
aIncluding 12 NCBI CPXV sequences and 65 in-house CPXVs.
bIncluding two NCBI CMLV sequences and two in-house CMLVs (CML1
and CML14).
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While in VACV and CPXV there may be a small contribution of pro-
teins other than F13L to give basal virus envelopment activity, our
results led us to speculate that this might not be the case for CMLV.
Indeed: (i) we were unable to obtain a stock of CML1-DF13L; (ii) the
few infected cells did not form the typical syncytia of CMLV (as seen
in Vero and BSC-1 cells); (iii) CMLV was very susceptible to ST-246;
and (iv) the levels of resistance were exacerbated in this virus back-
bone. It could be that these features relate to sequence diversity of
CMLV F13L or that CMLV depends exclusively on F13L for virus wrap-
ping. Considering the latter suggestion, it may be that CMLV F13L
evolved to act more independently of other viral proteins, so that,
because all virus envelopment relies on F13L, susceptibility to
ST-246 may be higher. Thus, delocalization of F13L in CMLV may
also be higher under drug treatment, and this matches our obser-
vations. We also observed an atypical B5R localization pattern with
CMLV compared with VACV, which reinforces the idea that CMLV
might have a peculiar wrapping process. It remains to be explored
whether this phenotype relies on F13L alone or whether F13L dele-
tion/mislocalization disrupted interaction with other viral/cellular
proteins necessary for CMLV wrapping and transmission.

F13L-mutated viruses replicated similarly to and had fitness
(i.e. total virus yields) comparable to that of WT viruses.
Nevertheless, the small plaques produced by the CPXV-BR-
D283Y strain may be correlated to the partial delocalization of
the F13L protein due to the presence of the D283Y change, as
observed in immunofluorescence analysis. The same may be
true for H194N+SVK303–305 and can be hypothesized for the
G277C substitution found in VACV-Cop. One may ask whether
mutations elsewhere in the genome could be responsible for
the small plaque phenotype of the D283Y strain, as its recombin-
ant counterpart was not engineered, but the fact that VACV-
Cop-rcb-G277C shared the same features (e.g. resistance level
and plaque size) as the in vitro-selected VACV-Cop-G277C let us
speculate that this is not the case. Future work should still aim
to investigate whether such viruses are equally virulent as WT
strains in animal hosts. Indeed, fitness in vitro does not necessar-
ily translate to fitness or virulence in vivo.

Together, our data enable us to hypothesize about the mode of
action of ST-246. We observed that F13L was still present in the
cell upon ST-246 treatment but the protein was delocalized, as
evidenced by diffuse cytoplasmic staining, the Golgi complex
being dispersed and the fact that no virus was seen in projections.
ST-246 does not seem to interfere with F13L production49 but
instead prevents its normal localization in the cell. Nevertheless,
F13L may still be found in regions close to the nucleus in large
vesicles (Figure 5; VACV-Cop and -WR). This may explain why
Chen et al.38 observed co-localization of F13L with trans-Golgi net-
work markers in the presence of ST-246. ST-246, and also IMCBH,
were predicted to fit in a pocket formed from amino acids that are
highly conserved among all OPV F13L proteins, which is oriented in
opposition to the phospholipase H(N)KD motif (Figure 7). Roper
and Moss43 demonstrated that mutating the HKD motif led to
wrapping impairment, a failure of F13L to concentrate in the
Golgi area and F13L was distributed throughout the cell, partly
mimicking our findings, i.e. F13L may still be found in the Golgi
area, as seen with VACV and CPXV. Indeed, F13L exhibits broad-
specificity lipase activities in vitro, possessing triacylglycerol lipase
and phospholipase A and C activities,67 which directly or indirectly
contributes to the formation of the virus-modified wrapping cis-
ternae or post-Golgi vesicles that will further envelope virions.63

One interpretation could be that, when interacting, ST-246 may
directly disturb the loop bearing the residues N312 and K314 of
the H(N)KD motif and thus interfere with the conformation of
the phospholipase motif. This would then partially prevent the
proper localization and/or trafficking of the F13L protein and, as
a consequence, impair the envelopment and release of extracel-
lular viruses. Other possibilities could be that the pocket in which
ST-246 fits, or its close surroundings, has a yet-unknown function
needed for F13L intracellular trafficking, targeting into the Golgi
and/or production of enveloped viruses. The report of A290V
and/or L315M changes isolated from a patient under ST-246 ther-
apy may favour the first hypothesis.37 The A290 amino acid forms
the pocket in which the three fluorine atoms of ST-246 (spaced by
2.4 Å) enter, and the L315 residue is immediately next to K314,
which forms the H(N)KD motif (Figure 7). The cross-resistance
between ST-246 and IMCBH when the change A288P is present
reinforces our working model.

However, the last amino acids of VACV F13L could not be mod-
elled, so that it was not possible to evaluate the impact of the
I372N change, but the last amino acid modelled (S365) was loca-
lized close to the binding pocket. Also, the H194N substitution
mapped to the hydrophobic region and this may explain the slight
delocalization of the F13L seen in this mutant. The SVK303–305
insertion duplicates the pre-existing SVK triplet, along which the
benzamide moiety of ST-246 is found. This may explain why
ST-246 no longer binds within the pocket when the insertion is
present (according to in silico modelling). The N-terminal amino
acid change F25V appears quite distant from the binding site
and the HKD motif, making it difficult to assess its potential role
in drug resistance. This change could stabilize the I372N sub-
stitution, but further studies should assess its impact on ST-246
resistance. Our 3D model coupled to molecular docking remains
hypothetical, but is currently the only existing model available
to estimate the probable folding of VACV F13L. Only the in vitro
expression of F13L and the resolution of its 3D structure will
help in reaching more certain conclusions.

Finally, we showed that none of the amino acid changes iden-
tified in this study and described in the literature19,37 was related
to polymorphisms among 166 OPV F13L sequences. The 65 newly
sequenced CPXV F13L genes confirmed the genomic heterogen-
eity found among this virus species with 36 unique nucleotide
sequences. However, their translation into amino acid sequences
highlighted that one sequence was identical between CPXV and
VACV and another was identical between CPXV and VARV. These
alignments demonstrated also that the regions targeted by
ST-246 (based on resistance analysis) were highly conserved
between the species, as were the residues forming the ST-246-
binding pocket and the phospholipase motif. The residue at pos-
ition 291 showed some variability among OPVs (R, K or E) and is
located deep in the pocket accommodating the three fluorine
atoms, and it may be that it slightly alters the efficacy of ST-246
(R291 in VACV-Cop versus K291 in CPXV-BR).

In conclusion, we confirmed that ST-246 is a broad-spectrum
antiviral among OPVs and showed that acquisition of ST-246
resistance was a long process in vitro when using our method of
selection. F13L was identified as a direct target of the drug and a
detailed characterization of the various mutants provides for the
first time a tool to efficiently monitor the appearance of drug
resistance. We showed that ST-246 prevents the normal localiza-
tion of F13L in three different OPV species. We also provide the first
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putative modelling of the F13L/ST-246 interaction site, which is
delimited by the majority of the amino acids demonstrated to
alter ST-246 antiviral activity when mutated. Together, our data
show that ST-246 acts as a key to lock F13L. This research also
paves the way to further study of the wrapping process between
OPVs, in particular that of CMLV. Beyond OPVs, our work empha-
sizes the benefit of a molecule targeting virus wrapping. Such
an approach should be considered for other enveloped viruses
as these molecules may exhibit properties similar to ST-246,
including marked specificity, potent activity and a high barrier to
resistance.
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