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Abstract 
Because of the emergence of F13L mutations in MonkeyPox Virus (MPXV)-infected 
patients with resistances to Tecovirimat-treatment, alternative drugs are actively 
searched. Aiming to help on these searches, computational strategies to generate rather 
than screen for new drug-like ligand candidates were explored here. Ligands were 
predicted by i) thousands of Tecovirimat-derived children generated by co-evolution 
fitting predicted docking cavities at either F13L1 or F13L2, and ii) docking Tecovirimat-
derived top-children to F13L-mutant resistant models isolated from Tecovirimat-treated 
patients. Top-children-fitting  F13L-mutant docking-cavities predicted novel scaffolds, 
nanoMolar affinities, high specificities, absence of known toxicities and similar 
conservation of their targeted Tecovirimat-docking cavities. Despite their limitations, 
similar proved-on-concept strategies might be fine-tuned to computational explore for 
new drugs docking to most prevalent Tecovirimat-resistance mutations. 
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Introduction 
 This computational co-evolutionary work explored new ligand 
alternatives to  Tecovirimat (ST-246 or TPOXX) maintaining docking to the 
Tecovirimat-resistant mutants that arised during the 2022 MPOX global outbreak 
of MonkeyPox Virus (MPXV) clade II and still to be identified in the 2024 clade I 
global outbreak. The Tecovirimat reference FDA-approved inhibitor for vaccinia 
poxvirus2 , was used here as the parent molecule to derive co-evolution children. 
Randomly generated children were selected by best fitting F13L alphafold 
modeled blind-docking identified cavities, including those from pooled mutations 
associated with Tecovirimat-resistance. Co-evolutions employed the DataWarrior 
Build Evolutionary Library (DWBEL) algorithms2-5. Briefly, DWBEL mimicked 
natural co-evolution by randomly generating tens of thousands of Tecovirimat-
derived children, discarding those low fitting and saving the best F13L-fitted 
children1 , rather than screening preexisting large compound libraries. By 
incorporating Toxicity Risk assessment1 and increasing computer memories 
during co-evolution, thousands of non-toxic children were generated that 
predicted drug-like properties, nanoMolar affinities, and higher specificities while 
conserving their initially targeted F13L mutant docking cavities.   
 The F13L (p37) are the most abundant of the poxviral membrane 
proteins2 . Coding for 37 KDalton (372 amino acids)3, 4 , the F13L contains two 
residues that can be palmitoylated (185CC),  two phospholipase-like motifs (~ 
121xxxxDD and near-canonical 312NxKxxxxD)5-8 , and one motif to interact with 
cellular TIP47 (253YW) 9 . In vaccinia, F13L co-localizes 12, 27 with B5R (B6R 
orthologous in MPXV) 10-12 , which could be also palmitoylated (301C303C)13 . 
B5R(B6R) belong to transmembrane anchored glycoproteins of 42 KDalton (317 
amino acids)14 containing an extracellular domain, a transmembrane α-helix and a 
short cytoplasmic tail 15, 16 . F13L and B5R proteins are both required for vaccinia 
poxviruses to be released from their infected host-cells17. F13L and/or B5R 
deletions cause inhibition of membrane wrapping, fewer extracellular viral particles 
and attenuation of the resulting poxviruses16,16-19.  
  As mentioned above, Tecovirimat was chosen here to target MPXV 
because it is a FDA-aproved inhibitor for vaccinia targeting F13L, active in vaccinia 
at low nanoMolar concentrations and which also inhibits MPXV infections20-23, 29,18 . 
Thus, Tecovirimat and several analogues have been recommended  to inhibit 
MPXV  with an estimated EC50 of ~150 nM19-22 . Tecovirimat  is an small molecule 
containing a complex-ring structure, inhibiting poxviral membrane wrapping and 
replication of most poxviruses including vaccinia, MPXV, variola, smallpox, 
cowpox, camel, and others23 .. With respect to its mechanism of inhibition, it was 
demonstrated that Tecovirimat  changes the intracellular membrane co-
localizations of vaccinia F13L  (from membrane to cytoplasm) and B5R 
(disaggregation from Golgi to vesicles)24  and reduces the immunoprecipitation of 
F13L-B5R complexes9 . However,  despite its reported inhibitory activities, F13L-
Tecovirimat   complexes, nor F13L-B5R(B6R) structures have been 
crystallographically solved yet.   
 Surface shallow grooves were proposed as F13L-Tecovirimat  docking 
cavities using different computational docking efforts19, 25-27 . However, recent 

docking studies predicted internal MPXV amino acid residues for Tecovirimat  
contacts as its most probable binding site, validating their hypothetical interactions 
by molecular dynamic-docking studies 26 (Table S3, yellow left). Although the 
detailed mechanisms of inhibition are unknown, Tecovirimat  has been proposed to 
conformationally disturb the F13L near-canonical phospholipase motif to interfere 
with its activity26 . Alternatively, Tecovirimat  may still fit other F13L binding cavities 
to block yet-unknown functions, include other allosteric influences on 
phospholipase activity or bind to possible F13L complexes with other proteins  (i.e, 
poxviral B5R/B6R) to affect their subcellular location.  
 Tecovirimat-resistant mutations generated by in vitro cell culture 
identified  targets at F13L amino acid residues conserved among several 
poxviruses3, 4. Some of those resistant mutations were located toward its carboxy-
terminal domain28, 29, 32. Most recently, some of those earlier reported poxvirus 
mutations were confirmed while other were reported for the first time in MPXV 
patients resistant to Tecovirimat-treatment (Table S2 and Figure 128-30 ). These 
and other recent results suggested that in  ~ 5 % of the MPXV patients, 
Tecovirimat resistant mutations arised during treatment, specially in 
immunocompromised patients where those percentages could be higher31-33 . 
Preliminary use of Tecovirimat is beginning to be recommended for the most 
recent MPXV clade I global infections appearing during 2024 34 , despite some 
Tecovirimat-resistance most recently associated to advanced HIV patients 
suffering MPXV 2022 infections 35, 36 . Therefore, alternative drugs are needed, 
since despite many efforts20 , no other potent inhibitors targeting Tecovirimat-
resistant poxviruses have been yet reported 28-30. 

We report here some limited first attempts to generate large amounts 
of alternative ligands to Tecovirimat  by DWBEL co-evolution in Alphafold modeled 
F13L pooled resistant mutants. The successful targeting of DWBEL to hypothetical 
Tecovirimat-resistant mutant cavities by co-evolution and blind-docking, required 
both high computer memories to apply toxicity risk assessments and specificity 
(molecular weight and hydrophobicity) to control their tendencies to increase 
during docking6, 7, 8-11. The accuracy of the predictions was improved by preserving 
2D geometries to select for DWBEL consensus with AutoDockVina (ADV), recently 
identified as one of the most successful docking predictors31.  
 The conservation of similar F13L-Tecovirimat predicted docking 
cavities in the top-children ligands to the F13L resistant mutants, could be 
interpreted as a favorable prediction sign of their possible MPXV inhibitory 
activities. However, predictions remain highly hypothetical because the absence of 
crystallographic structures, limitation to pooling the most abundant resistant 
mutations and/or lack of experimental confirmations. Nevertheless, perhaps similar 
strategies could be applied once the prevalence of 2024 outbreak Tecovirimat-
resistant MPXV mutants would be more studied. 
 Further explorations using the most recent DWBEL version 6 using  
Liberica Java which improves the handling of memories during co-evolution may 
allow new penetration into the vast drug-space of Tecovirimat alternatives. 
 
 

F13L1      F13L2 
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Computational Methods 
 

Modeling of F13L from the MPXV 2022 strain with Tecovirimat-resistant mutations 
 The  amino acid sequences corresponding to the F13L from the 2022 multinational outbreak 
of MPXV infection corresponding to isolate clade IIb lineage B.1 (containing the E353K mutation)23, was 
downloaded from GenBank URK20480. The F13L amino acid sequence was alphafold modeled (F13L0) 
(https://colab.research.google.com/github/sokrypton/ColabFold/blob/main/AlphaFold2.ipynb), obtaining a Root 
Mean Square Deviation (RMSD) of 9.6 Å with the  crystallographic model of phospholipase D of Streptomyces 
sp (ID 1v0y) at https://www.rcsb.org/structure/)

5 
.  

 The F13L coding for pools of the most abundant Tecovirimat-resistant mutations23 (Table S2 
and Figure 1 red solid circles) were introduced into their amino acid sequences before being uploaded to 
Alphafold. The five alphafold models obtained in each case predicted minimal RMSD of ~ 0.2 Å differences 
among them. Therefore, the corresponding number 1 models were selected for the computational studies. The 
new mutants contained a pool of the common E353K and the most abundant Tecovirimat-resistant mutations 
as follows, mutant F13L1 (mutations E353K+N267D+ A288P+ A290V+ D294V+ A295E+ I372N) and mutant 
F13L2 (mutations E353K+ N267deleted+ A288P+ A290V+ D294V+ A295E+ I372N). The F13L2 alphafold 
model required one additional "clean geometry" step by Discovery Studio, to relax their predicted 3D structure 
as required for DWBEL, most probably due to the inclusion of the N267 deletion. 
 The PubChem (https://pubmed.ncbi.nlm.nih.gov/) 2D and 3D sdf files of Tecovirimat (ST-246 
or TPOXX) 4-trifluoromethyl-N-(3,3a,4,4a,5,5a,6,6a-octahydro-1,3-dioxo-4,6-ethenocycloprop[f] isoindol-2(1H)-
yl)-benzamide 

23 
 and Ciclofovir, IMCBH (Nisonicotinoyl-N,-3-methyl-4-chlorobenzoylhydrazinc)

37 
, were 

employed  as  F13L poxviral high- and low-binding reference ligands, respectively.  
 

The DataWarrior "Build Evolutionary Library"   
 The DataWarrior (DW) program written in java and updated was downloaded 
(https://openmolecules.org/datawarrior/download.html) following the details for the Windows version 
(dw550win.zip for Windows), as described before 

1, 38 
.  

  The DW/Chemistry/Build Evolutionary Library (DWBEL) was loaded with the corresponding 
*.pdb ADV blind-docking docked files to provide the target docking cavities and with *.sdf files to provide the 
2D structure of Tecovirimat. Preference criteria values and their weights for DWBEL co-evolution were as 
follows: minimal DW docking-scores (weight 4), molecular weight <= 600 g/mol, LogP <= 4 (weight 1) and 
Toxicity Risks <=1 (weight 4).  
 To best preserve 2D geometries of the generated children, the  DW mmff94s+  force-field 
minimization algorithm

39 
was critical

38 
. DW docking ranked the children by unit-less relative negative values 

(the more negative, the higher affinities). From each parent, 3 consecutive runs generated thousands of 
unique best-fitting children molecules1 . The raw children *.dwar files permanently saved docking-scores, 
molecular weights, cLogP hydrophobicities, and cavity-children docked images. The *.dwar files labeled with 
their number of ligands and experiment name were filtered using a DW macro to exclude hundreds of children 
with remaining toxicities (Mutagenesis, Tumorigenicity, Reproductive interference, Irritant, and Nasty 
functions)

40 
.  

 To accurately prepare the children for external programs (i.e., PyMol, ADV docking), the 
following DW /File/Save Special/SD-File…. optimized options were selected to preserve 2D geometries of 
conformers when saving *.sdf files: Structure column: Docked Protonation State, SD-file version: Version 3, 

Atom coordinates: Docking pose, םoption checked: checked Cavity & Natural Ligand, Compound name 

column: ID. These *.sdf files optimally uploaded to PyMol for visualization (using its split_states command
38 

) 
and/or to PyRx/Obabel-ADV for minimization and *.pdbqt file generation for docking.  

 
The AutoDockVina docking program 

The AutoDockVina (ADV) program written in Python vs3.8 included into the PyRx-098/PyRx-
1.0  package46 (https://pyrx.sourceforge.io/), and home-modified to handle large number of ligands, was used 
as described before. As recently reported, ADV was the best binding predictor for 428 protein-ligand 
complexes (± 2 Å), among 9 other docking programs, including 2 new amino acid sequence-smile-only 
algorithms, with the highest 52.3 % of success prediction rate

41 
. ADV was employed here to explore 

alternative docking cavities than those identified by DW, to compare ADV affinities with DW docking-scores, to 
estimate relative docking in ~nanoMolar (nM) affinities and to generate detailed PyMol protein / children 3D 
images

38, 42-44 
. Briefly, Obabel minimization and *.pdbqt file conversion of F13L proteins and children 

ligands
45 

 were generated by employing the mmff94s (Merck) force-field (most similar to the DWBEL 
mmff94s+). Children ligands were supplied to Obabel-ADV as DWBEL generated *sdf files, saved as 
mentioned above to preserve their 2D geometries. Only one highest affinity conformer per child were analyzed 
in this work. Estimates of ADV ~ docking-scores in Kcal/mol

46 ,43, 47, 48 
,  were converted to ~ nM affinities by 

the formula, 109
*(exp(Kcal/mol/0.592)). A blind-docking grid of 45x45x45 Å  centered by PyMol / centerofmass, 

surrounding the whole F13L molecule models was employed. 
 

Computational software and hardware  
 In this work, 128 Gb of computer RAM memory, and options for saving *.sdf file for optimal 2D 

conservation, were introduced compared to previous work. Details on Table 1 were as described before1 and 

included here for convenience, including the most recent Modular large chemical synthesis information. 

 

Table 1 

Software and hardware for computational manipulations 
 

name vs  Main use url 

DataWarrior 

(DW) 

Updated 5.5.0 

Windows/Linus 

Evolutionary docking34 

Docking to protein cavity 

Mmff94s+ force-field 

2D conservation *.sdf files 

NTN ToxicityNastic macro 

https://openmolecules.org/ datawarrior/download.html) 

https://cheminfo.github.io/openchemlib-s/classes/ForceFieldMMFF94.html 

https://github.com/cheminfo/openchemlib-js/lob/e88e8a0/types.d.ts#L3334 

https://openmolecules.org/forum/index.php?t=msg&th=662&start=0& 

https://openmolecules.org/forum/index.php?t=msg&th=632&start=0& 

 

OBabel & 

AutoDockVina 

Home-adapted 

PyRx 0.98/1.0 

Force-field minimization & 

2D-reliable docking 

https://pyrx.sourceforge.io/ 

 

MolSoft 3.9 Win64bit Manipulation of *.sdf files https://www.molsoft.com/download.html 

PyMol 2023 2.5.7. Visualization of molecules 

3D alignment 

https://www.pymol.org/ 

Discovery 

Studio 

21.1.1.0.20298 Visualization of molecules 

Structure/clean geometry 

https://discover.3ds.com/discovery-studio-visualizer-download 

OriginPro 2022 Mathematical, statistical 

calculations and Figures  

https://www.originlab.com/ 

LigPlus+ 2.2.8. Amino acid targeted by 

docked ligands around 4 Å 

https://www.ebi.ac.uk/thornton--rv/software/LigPlus/applicence.html 

Modular large 

chemical 

synthesis  

2024 Commercially available 

modular chemical 

synthesis and analogues 

Enamine https://enamine.net 

Enamine Real Space https://enamine.net/compound-collections/real-compounds  

Freedom Space 3.0 https://chem-space.com/compounds/freedom-space 

ChemSpace http://chem-space.com/search 

AlipheronHyperspace https://www.alipheron.com/products/hyperspace_dw_plugin/ 

AMD Ryzen i9 

computer 

4 DDR4 x 32 

Gb memory 

47 CPU Computational 

hardware 

https://www.pcspecialist.es/ 

 
 

Results 
F13L mutant models  

 Early for a complete scenario of MPXV Tecovirimat-resistance 
individual mutations and multi-mutations (mutants), representative studies of the 
2022 outbreak mapped the most important F13L amino acid mutations emerging 
on  Tecovirimat-treated 26 patients23,29,30 (Figure 1, Table S2). This previous work 
may constitute the largest number and best characterized Tecovirimat-resistant 
MPXV isolates from humans reported to date 23,29 ,30 . All those 2022 MPXV isolates 
belonged to the clade IIb lineage B.1, which codes  for the F13L E353K mutation 
(unrelated to Tecovirimat  resistance), compared to the reference MPXV strain 
isolated in 200323 or with the still partially characterized clade I of the most recent 
2024 outbreak34. Together with other sources of possible Tecovirimat-resistant 
mutations and because it is not yet clear which of the individual- or multi-mutation 
mutant isolates could be the main responsible of the Tecovirimat-resistance or 
alternatively be required for poxviral survival, the models studied here included the 
most abundant mutations reported from several sources (Figure 1, green and red 
circles), including: i) earliest reported poxvirus F13L mutations generated by in 
vitro selection26 

, ii) mutations found at F13L by screening healthy patients23,29,30  
and  iii) mutations isolated from Tecovirimat- treated patients23,29,30   (Table S2). 
Most of the Tecovirimat-resistant mutations mapped between F13L ~ 200 to 300 
amino acid residues, before the near-canonical phospholipase-like motif (Figure 1, 
green and red circles). In contrast, both E353K (unrelated to Tecovirimat-
resistance) and I372N, mapped after the phospholipase motif. The phospholipase 
gap of mutations (Figure 1 yellow vertical line), could be explained for the need 
to preserve phospholipase activity for poxviral survival and/or replication.  
 Among all single F13L mutations, those showing Tecovirimat-
resistance phenotypes with the highest EC50 > 500 µM were included into several  
mutants designed here (Figure 1, red solid spheres ). These high EC50 mutants 
suggest  that several single mutations might be necessary to confer the highest 
Tecovirimat-resistances. Compared to the MPXV reference strain clade IIa (2003) 
with a susceptibility of EC50 = 17.5 nM Tecovirimat (published data from Table 2 of 
Smith et al23,29,30 ), the resistant mutations showing higher EC50, suggested to the 
authors of those studies that they were Tecovirimat-treatment-dependent, specially 
those emerging from immuno-compromised patients. 

  
 To explore for possible new ligands to F13L-mutants by DWBEL co-
evolution, the most abundant representative F13L mutants were included into the 
amino acid F13L sequence before being Alphafold modelled. The 2003 MPXV 
reference strain (F13L-1), the E353K clade IIb mutation of the 2022 outbreak 
(F13L0) and the representative pooled mutants coding for the most abundant and 
highest EC50 Tecovirimat-resistant mutations (F13L1 and F13L2) were all 
Alphafold modelled (Figure 1, labelled red solid circles).  
 Because the main objective of this work was to test prove-of-concept  
computational strategies rather than to develop a practical application, a minimal 

 
Figure 1 

Single amino acid mutations in F13L implicated in Tecovirimat-resistance 
Single mutations from single- or multi-mutant isolates  were counted in 26 patient isolates (Table S2)23. Their 
percentages were calculated by the formula, 100 * number of single mutations / 26 (data from Table 230 

). All 
the MPXV 26 isolates from the 2022 outbreak at Los Angeles USA coded for E353 23,29 ,30 . The A290V and 
A288P  mutations were isolated in persistent MPXV infections despite Tecovirimat treatments 49, 50 . Single 
amino acid mutations were labeled to their left (wild-type amino acid+position number+mutation). 
Yellow vertical rectangle, mapped nearby-canonical phospholipase-like motif (312NxKxxxxD)5, 6  
Green solid circles, mutations isolated in vitro by cell co-culture of several poxviruses with Tecovirimat26 

.  
Red circles, single mutations identified from 26 patient isolates assayed for Tecovirimat-resistance.  
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 3 
number of two representative F13L mutant models containing the most abundant 
and higher Tecovirimat-resistant mutations were selected for these preliminary 
studies (Figure 1, mutation labelled red solid circles). Two models were 
minimally required because the N267D / N267deleted mutations exclude each 
other. None of them should be discarded due to their high frequencies and the high 
F13L structural impact the N267 deletion may have. In addition to the single 
mutations, the common 2022 background mutation E353K was also included. 
Therefore, the artificially designed pooled-mutant models were, F13L1 (coding for 
E353K +  N267D + A288P + A290V + D294V +  A295E +  I372N) and  F13L2 
(coding for E353K + N267deleted + A288P +  A290V +  D294V +  A295E +  
I372N).  
 

ADV blind-docking of Tecovirimat to F13L-1, F13L0, F13L1 and F13L2 
  For ADV blind-docking, a PyMol centered 45x45x45 Å grid (similar to 
the one proposed for the F13L MPXV strain isolated in 200727), was selected after 
evaluating different grids (Table S1). 
 Results from the ADV blind-dockings predicted similar Tecovirimat 
docked cavities for F13L-1, F13L0  and F13L1 (Figure 2, yellow and green 
sticks), while a nearby, but different, cavity was Tecovirimat-docked to F13L2 
(Figure 2, red sticks).  Tecovirimat-docking to F13L2 appears to be more affected 
than any of the other F13L models most probably because of its N267 deletion. 
 Tecovirimat-docking to F13L0, predicted similar amino acids at 4 Å 
distance than those reported before27 

 (Table S3, yellow left columns). The wide 
blind-docking grid, allowed the exploration of any alternative docking cavities, while 
predicted the highest affinities for Tecovirimat  and IMCBH51 

(Table S1). The near 
canonical phospholipase-like motif (312NxKxxxxD)5, 6 

, their probable 334H 338H 
requirements for phospholipase activity, and the E353K mutation present in all 
isolates of the MPXV 2022 outbreak, mapped behind the docked Tecovirimat  
(Figure 1, Blue background ellipse, and Table S3, yellow columns). 
 

 

Figure 2 
Tecovirimat-docked to F13L models  

Tecovirimat was ADV blind-docked to F13L-1 (reference 2003 strain), 
F13L0 (common E353K mutation of the 2022 clade IIb), and 
Tecovirimat-resistant F13L1 and F13L2 2022 mutants. The individual 
F13L images were merged in PyMol. 
Gray cartoons, merged F13L-1, F13L0, F13L1 and F13L2 amino 
acid carbon alpha backbones. 
Yellow sticks, Tecovirimat-docked to F13L-1 and to F13L0. 
Green sticks,  Tecovirimat-docked to F13L1. 
Red sticks, Tecovirimat-docked to F13L2. 
Green sticks down, palmytoil sites at 185CC 
Black mesh down, amino terminal 1Met 
Blue background ellipse, ~ nearby-canonical phospholipase-like 
312NxKxxxxD motif and required 334H338H, mapping behind the 
Tecovirimat-docked cavities. 

 
DWBEL-derived top-children fitting F13L1 and F13L2 mutants 

 Because DWBEL co-evolutions from the whole Tecovirimat molecule 
predicted co-evolved children with higher affinities and lower toxicities than 
Tecovirimat molecular fragments (data not shown), whole Tecovirimat was chosen 
as the DWBEL-parent for further work. Because targeting several molecular weight 
children preferences, such as <280, <300, <400, <500 or <550 g/mol, did not 
greatly increased their affinities (Figure S1, up), molecular weights < 600 g/mol 
were used as co-evolution criteria. Molecular weights > 600 g/mol were discarded 
because of the risk to increase both unespecificity and computer memory 
demands. The computer  memories were increased from 60 to 120 Gb to best 
target children < 600 g/mol, to avoid program crashes, to improve  co-evolution 
speed and to increase the number of non-toxic fitted-children (Figure S1, up). 
Such high computer memories may be required for the DWBEL program to keep 
track of the randomly generated tens of thousands of raw children and to select 
thousands of unique fitted-children1. The progressive reduction of docking-scores, 
visualized the increased children affinities selected during each of three 
consecutive co-evolution runs at different targeted molecular weights (Figure S1, 
down). 
 Most of the F13L1 (green) and F13L2 (red) children from  DWBEL 
and ADV predicted higher affinities than the initial Tecovirimat-parent (Figure 3 
green and red solid circles, respectively). However, because of their very 
different algorithms for calculations and targeted cavity/grid identifications, the 
DWBEL docking-scores did not exactly correlated with ADV affinities (Figure 3, 
green and red).  
 To select those top-children predicting the highest affinities in both 
DWBEL and ADV, consensus affinities were selected using a home-made Python 
script (Supplementary Materials / DWBELvsADVconsensus.py).  
 For the F13L1 consensus, top-children were selected predicting both 
DWBEL docking-scores < - 85 and  ADV affinities < -11 kcal/mol to yield 32 top-
children consensus.  Representative 32 top-children targeted similar F13L1 
docking-cavities (Figure 4, F13L1) than Tecovirimat in F13L1 (Figure 2, green). 
These representative top-children consisted in two different scaffolds of 6 rings 
with different atom extensions, 2-3 Nitrogen atoms and 6 Oxygen atoms (examples 
at  Figure 5, F13L1: 12326 and 8181, and Table 2). 

  
 

F13L1

F13L2 
Figure 4 

Mapping of top-children derived from Tecovirimat targeting F13L1 and F13L2 docking-cavities 
Gray cartoons, carbon backbone of F13L1 and F13L2 as in Figure 2.  
Green sticks in F13L α-helix Dipalmitoylated 185 and 186 Cysteines of F13L  
Multicolor sticks, 32  or 36 top-children docked to F13L1 or F13L2, respectively. 

 
 For the F13L2 consensus, top-children were selected predicting both 
DWBEL docking-scores < - 90 and  ADV affinities < -10 kcal/mol (as described 
above) to yield 36 top-children consensus. Some of the representative 36 top-
children targeted similar F13L2 docking-cavities (Figure 4, F13L2) than 
Tecovirimat in F13L2 (Figure 2, red), while other targeted similar docking-cavities 
than those targeted by Tecovirimat in F13L1 (Figure 2, green). Representative 
top-children consisted in 3 branches extended from a central carbon with two 
different scaffolds of different atom extensions, 3 Nitrogen atoms and 6-7 Oxygens 
(examples at Figure 5, F13L2: 35702 and 34853, and Table 2).  
 Molecular weights, LogP hydrophobicities, DWBEL docking scores, 
ADV nM affinities and docked conformers of F13L1 or F13L2 consensus top-
children were supplied (Supplementary Materials / 32F13L1.sdf, 36F13L2.sdf, 
32F13L1.pse and 36F13L2.pse). 
 
 

 
Figure 3 

ADV versus DWBEL of Tecovirimat-derived children targeting F13L1 or F13L2 
The corresponding F13L1- or F13L2-Tecovirimat docked cavities were targeted by DWBEL to generate children  from 
the Tecovirimat-parent. Then, the DWBEL children were blind-docked by ADV using a 45x45x45 Å grid to identify 
possible alternative cavities and quantify their affinities in ~ nM. Complete data corresponding to these Figures were 
included at Supplementary Materials / 1769F13L1.sdf and 3537F13L2.sdf.  
Green open circles,  F13L1. Solid green circle, Tecovirimat (ST246). Green oval background, F13L1 top-children. 
Red open circles,  F13L2. Solid red circle, Tecovirimat (ST246). Red oval background, F13L2 top-children.  

https://doi.org/10.26434/chemrxiv-2024-bc9cx-v2 ORCID: https://orcid.org/0000-0001-8496-3493 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2024-bc9cx-v2
https://orcid.org/0000-0001-8496-3493
https://creativecommons.org/licenses/by/4.0/


 4 

 

 
 

Figure 5 
2D structures of representative scaffolds of DWBEL+ADV consensus F13L1 or F13L2 top-children  

2D structures were drawn with MolSoft. Red  spheres, Oxygens.  Blue spheres, Nitrogens.  Light green 
spheres/sticks, Carbons and their bonds.  Complete consensus F13L1 and  F13L2 top-children data were provided 
at Supplementary Materials / 32F13L1.sdf, 36F13L2.sdf, 32F13L1.pse and 36F13L2.pse 

  
 
  

Table 2 
Properties of representative scaffolds of DWBEL+ADV top-children 

 
 
Target: 
Children 

DWBEL 
score, 
unitless 

 
ADV, 
nM 

 
Target 
sites 

 
MW, 
g/mol 

 
 
logP 

 
Chemical 
formula 

F13L1:       
12326 -84.8 1.8 X 546 3.5 C32H38N2O6 

8181 -81.5 4.3 X 527 4.0 C24H16F3N3O6S 

F13L2:       
35702 -94.6 6.0  591 3.5 C35H35N3O6 
34853 -95.6 16.7 X 571 2.8 C32H33N3O7 

X targeted sites, F13L1-Tecovirimat docking cavity (Figure 2, yellow  green sticks). Unlabelled 
targeted sites, F13L2-Tecovirimat docking cavity (Figure 2, red sticks) 

 
 The  identification of the F13L1 and F13L2 amino acids surrounding 
their docked complexes with the DWBEL+ADV consensus top-children, confirmed 
the visualized differences among the representative top-children scaffolds (Table 
S3). Previously unreported, the docking to the F13L1 and F13L2 mutants 
containing the pooled mutations isolated from Tecovirimat-resistant patients,  
identified some new possible targeted amino acids,  compared to previous studies. 
Nevertheless, there were many coincidences with  some of the amino acids 
previously reported to be targeted by Tecovirimat docked to the MPXV F13L 
isolated in 2007 27 . For instance, the new top-children targeted amino acids 312N, 
and 334H 338H located at the near canonical phospholipase-like motif and their 
Histidine putative requirements, some of them predicting Hydrogen bonds (Table 
S3, red H). Additionally, one of the top-children (35702), predicted Hydrogen 
bonds to 283D, one of the amino acids mutated in resistant MPXV and previously 
isolated by in vitro resistance to both Tecovirimat and IMCBH 26 .  
 

 
 

Discussion 
 

 In this preliminary work, Alphafold-predicted F13L coding for 
artificially-constructed mutants by pooling some of the most abundant mutations 
were targeted to offer a simplified prove-of-concept application of DWBEL co-
evolutions. The initial attempts to co-evolve Tecovirimat-derived ligands were 
unsuccessful due to the shallow grooves targeted at previously proposed F13L 
docking surface targets. Apparently, such targets were not capable to generate 
appropriated cavities for high affinity docking even when increasing computer 
memories and the number of co-evolution runs.  After numerous trial-and-error 
efforts, an alternative strategy was successfully developed, consisting in:  i) 
Including both highly specific non-toxic filtering during co-evolution together with 
higher computer memories, ii) Improving 2D structure conservation during the data 
exchanges between DWBEL / ADV programs by using mmff94s+ force-field 
conformers (six alternative force-fields altered 2D structures and affinities), and iii) 
Exploring alternative F13L inner cavities as detected by blind-docking. 
 Pending on solved crystallographic F13L structures, several docking 
cavities were identified as possible F13L new docking targeting candidates by 
blind-docking. Furthermore, to complicate F13L docking interpretations, different 
binding cavities may co-exist or be exchanged by mutations during one MPXV 
human outbreak, even within the same patient. Because of these docking-cavity 
uncertainties, we also explored some of most recent  machine-learning  new 
algorithms using transformers78, 91,52-54  relying only on protein amino acid sequence 
rather than docking cavities55, 56 . Among all those that were tested, the  Highlights 
on Target Sequences (HoTS), was the  most reproducible and successful method 
to predict docking cavities91 when applied to F13L (data not shown). Trained with 
only 232 protein-ligand known complexes, HoTS claimed a successful prediction of 
~ 66 % binding cavities from not-seen-before protein sequences91,57, despite the 
protein-ligand pair limitations for model training58 . In our hands, HoTS predicted 
some of the F13L docking-cavities described before and here (data not shown). 
However, HoTS was slow when compared to the speed at which thousands / 
hundreds of ligand children were generated by DWBEL. It appears that sequence-
only docking methods would still require more  development efforts 58, 59 . 

Many of the amino acids predicting Tecovirimat27  docking contacts 
were confirmed in the consensus top-children, including  those amino acids 
surrounding the canonical phospholipase-like motif and their nearby 334H,338H5,  
suggesting new unexplored cavities as possible future targets.   
 The consensus top-children predictions proposed here are limited in 
their possible drug-like applications because: i) the small number of available 
mutations characterized from Tecovirimat-resistant patients, ii) the mutant strategy 
of pooling the most abundant mutations, rather than targeting one-by-one each 
individual mutations, and iii) the absence of F13L crystallographically solved 
models. Apart from all those mentioned above, other limitations arised, for 
instance, because the fixed rather than dynamic docking-cavities employed, the 
absence of water interactions, or the always incomplete exploration of the vast 
chemotype/chemical space alternatives38, 39.  Additionally, most probably other 
docking cavities still remain to be further explored, such as those that may be 
appearing at the interfaces of F13L with other interacting proteins like B6R-
poxvirus, and/or TIP47-host proteins. Nevertheless, the proposed strategy might 
be valid to raise more ligands for future work when more F13L mutations would be 
available. The MPXV 2022 global outbreak identifying F13L mutations appearing 
on Tecovirimat-resistant immuno compromised human patients, suggests  that  
alternative Tecovirimat drugs are required to include those from the most recent 
2024 outbreak33. Some of these ideas may help to explore alternative ligands by 
using the most recent DWBELvs6 written in more recent Java (BellSoft Liberica 
openJDK, https://bell-sw.com/liberica) which allowed for optimal use of computer 
memories during DWBEL co-evolutions 
(https://openmolecules.org/forum/index.php?t=msg&th=748&start=0&). 
 Some of the most remarkable results on MPXV F13L mutants were 
the high speed to generate high numbers of unique nanoMolar affinities fitting the 
F13L1 and F13L2  mutant model cavities. Many different co-evolution trajectories 
were identified when providing higher computer memories and more consecutive 
runs. However, chemical synthesis will be  required for confirmatory experimental 
tests. At this time some recent breakthrough ultrasearch technologies targeting 
extralarge combinatorial chemical spaces are becoming available from several 
companies. Among them, Enamine (https://enamine.net), Enamine Real Space 
(https://enamine.net/compound-collections/real-compounds), Freedom Space 3.0 
(https://chem-space.com/ compounds/freedom-space), and ChemSpace 
(http://chem-space.com/search). For instance, the Alipheron Hyperspace, available 
from the new DW  6.2 version (https://www.alipheron.com/products/ 
hyperspace_dw_ plugin/), offers  > ~ 50000 millions of virtual molecules by cheap-
fast combinatorial chemical synthesis. Some of these novel modular combinatorial 
synthesis methodologies may allow to experimentally test a high number of 
computational predictions with lower synthesis costs.  
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Supporting Information 
 

 

Table S1 
Tecovirimat (ST246) and  IMCBH binding and preliminary docking to F13L 

 

 
pox F13L Grid center, Å Grid 

Tecovirimat 
(ST246) IMCBH 

 method target model X Y Z size, Å ~ nM ~ nM reference 

EC50 VACV Binding ----- ----- ----- -------------- 6 65000 
51 

 

QVina MPXV αfold* ? ? ? ? 820 ? 
25 

 
DiscoveryStudio MPXV αfold** -6.2 -2.4 -8.6 8.9 sphere 15 ? 

27 
 

ADV MPXV αfold* -6.2 -2.4 -8.6 8.9 sphere 820 ? 
19 

 
ADV VACV αfold** -0.2 0.4 1.4 45x45x45 46 4400 selected 
ADV VACV αfold** -0.2 0.4 1.4 60x60x60 50 1600 this work 
ArgusLab VACV Swiss* ? ? ? ? ? ? 

26 
 

ArgusLab VACV αfold* -3.0 -3.0 0.9 25x25x25 6180 690 this work 
ADV VACV αfold* -3.0 -3.0 0.9 25x25x25 6180 35600 this work 

*, grid center defined by Tecovirimat (ST246)r and IMCBHr mutations. **, grid center automatically selected by LibDock 

(DiscoveryStudio) 27  or ADV15 and this work.  

EC50 , in vitro binding of Tecovirimat (ST246) and IMCBH38 . 
nM, affinities calculated from Kcal/mol of ADV docking-scores by the formula, nM = 109

*(exp(Kcalmol/0.592)). 
Qvina, QuickVina.  
ADV, AutoDockVina.   
VACV, VACcinia Virus.  
MPXV, MonkeyPoX Virus.  
Yellow background, grids selected for this work 

 

 
 
 
 

 
 

Table S2 
F13L mutations in 26 patients treated with Tecovirimat (ST246) (data modified 

from Table 2 from Smith et al 2023
30 

) 

 
Mutations 

 
Isolation  

 Number 
isolates 

 
Reference 

F25V CMLV  - 
26 

 
D100N patients 2 

30 
 

K174N patient 1 
30 

 
H194N patient+MPXV  1 

26, 30 
 

S215F patient 1 
30 

 
D217N patients 7 

30  
T220A recent ? 

29 
 

H238Q patients 5 
29, 30 

 
P243S patient 1 

29, 30  
T245I patient 1 

29, 30  
D248N patient 1 

30  
D256N patients 3 

30  
Y258C patient 1 

30  
A265D recent - 

29 
 

N267D patients 18 
20, 29, 30 

 
N267deleted patients 10 

20, 29, 30 
 

G277C VACV,CMLV,MPXV  - 
26, 51 

 
D283Y patient +MPXV 1 

26, 30 
      

I285H patient 1 
30 

 
A288P patients 19 

29, 30  
T289A patients 4 

29, 30  
A290V patients+VACV patient 23 

20, 29, 30  
R291K patient 1 

30 
 

D294V patients 14 
29, 30  

A295E patients 13 
30  

L297inserted patients 2 
30  

D301deleted patient ? 
30 

 
S369L patient ? 

30  
SVK303-305 MPXV  - 

26 
 

E353K 2022 outbreak 26 
30 

 
I372N patient +VACV,CMLV 21 

26, 29, 30  
 
Blue background Tecovirimat-resistant mutations from either patients or in vitro  
Light blue background, recently detected, not yet assayed for Tecovirimat resistance 
Strong blue background, The 26 MPXV isolates belonged to clade IIb lineage B.1 
coding for the E353K mutation compared to the previous reference strain. 
Reddish background, most abundant mutations mapped alone or together  
 
VACV, in vitro isolated VACcinia Virus resistance mutations 
MPXV, in vitro isolated MonkeyPoX Virus resistance mutations  
CMLV, in vitro isolated CaMeL Virus resistance mutations 

 
Figure S1 

Memory timing during DWBEL co-evolutions using 60 or 120 Gb memories (UP). Children docking-
scores vs  their co-evolution-generated ID numbers at different molecular weights (DOWN) 

The DWBEL co-evolution randomly generated raw children molecules from their Tecovirimat-parent 
molecule with consecutive ID numbers, keeping all data in memory to avoid repetitions. Each consecutive 
runs randomly re-starts the initial Tecovirimat-parent for a unique new co-evolution pathway.  Blue, targeting 
children < 300 g/mol. Green, targeting children < 400 g/mol. Red, targeting children < 600 g/mol. 
 
 

Table S3 
F13L-1, F13L0. F13L1 and F13L2 amino acids nearby 4 Å of ADV docked top-children 

F13L 
residue 
position 

A
m

in
o

 a
ci

d
s

 

 F
13

L
0-

 

T
ec

o
vi

ri
m

at
 

F
13

L
1-

 

T
ec

o
vi

ri
m

at
 

12
32

6 

81
81

 

F
13

L
2-

 

T
ec

o
vi

ri
m

at
 

35
70

2 

34
85

3 

52 F Phe        

53 C Cys        

55 N Asn  H  H    

58 S Ser  H      

86 A Ala        

89 R Arg        

116 L Leu        

118 L Leu        

120 C Cys        
133 N Asn      H H 
135 S Ser  H H   H  
137 T Thr   H H    
139 G Gly        
140 S Ser        
144 I Ile        
239 L Leu        
246 R Arg      H H 

267 N Asn     267▼   

279 W Trp        

*280 D Asp        

281 K Lys H   H    

282 N Asn        

*283 D Asp      H  

284          

311          

*312 N Asn       H 

*314 K Lys H       

326 S Ser        

327 S Ser   H     

328 N Asn     H   

329 N Asn      H H 

331 D Asp        

333 T Thr        

*334 H His   H    H 

*338 H His      H  

Amino acid positions, were those at F13L0, except for the 267N which was either mutated to D or 
deleted (▼, Purple row). For comparative purposes, the identification numbers > 267 on the 
F13L2  267N deleted mutations were corrected to their "initial" positions in F13L0 and F13L1. 
*red number, F13L amino acid at vaccinia mutation to both ST246 and IMCBH resistance

26 
. 

*green numbers, F13L mapping  of conserved amino acids at the near-canonical phospholipase-
like motif in poxviruses and histidines possibly participating in their phospholipase activity. 
Blue and yellow rectangle backgrounds, residues  of F13L1 and F13L2  predicted nearby 4 Å  
to reference ligand and top-children atoms (LigPlus/LigPlot).  
Yellow background numbers to the left, F13L  amino acids previously identified by Tecovirimat 
(ST246) docking in the MPXV strain of 2007 (353E) 

27 
. 

H, LigPlus/LigPlot predicted Hydrogen bonds. 
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Supporting Materials 
 

GraphycalAbstract.pse.  Tecovirimat-docked to Alphafold modeled F13Ls (from Figure 2). Tecovirimat was 
ADV blind-docked  to F13L-1 (2003 reference strain), F13L0 (353K mutation of the 2022 clade), and 
Tecovirimat-resistant pooled single mutations F13L1 and F13L2 coding for most abundant 2022 mutations. 
Gray cartoons, PyMol merged F13L-1, F13L0, F13L1 and F13L2 Alphafold modeled amino acid carbon alpha 
backbones. Yellow sticks, Tecovirimat-docked to F13L-1 and to F13L0. Green sticks. Tecovirimat-docked to 
F13L1. Red sticks, Tecovirimat-docked to F13L2. Green sticks down, F13L 185CC palmytoil sites. Black 
mesh, F13L 1Met amino terminal. 
 
1769F13L1.sdf.  Data from the 1769 Tecovirimat-derived non-toxic fitted-children (Figure 3, F13L1). The file 
contains conformer DWBEL generated order (ID), with their corresponding 3D chemical structures, molecular 
weights, cLogP hydrophobicities, unitless DWBEL docking-scores and kcal/mol ADV affinities. The file can 
be opened in  freely-available ei ther  MolSoft (https://www.molsoft.com/download.html) or DW  
(https: //openmolecules.org/da tawarr ior /download.htm ) .  
 
3532F13L2.sdf.  Data from the 3532 Tecovirimat-derived non-toxic fitted-children (Figure 3, F13L2). The file 
contains conformer DWBEL generated order (ID), with their corresponding 3D chemical structures, molecular 
weights, cLogP hydrophobicities, unitless DWBEL docking-scores and kcal/mol ADV affinities. The file can 
be opened in  freely-available ei ther  MolSoft (https://www.molsoft.com/download.html) or DW  
(https: //openmolecules.org/da tawarr ior /download.htm ) .  

 
32F13L1.sdf.  Data from 32 Tecovirimat-derived non-toxic fitted-top-children consensus of < -85 DWBEL and 
< -11 kcal/mol ADV (Figure 3 F13L1 and 1769F13L1.sdf). The file contains generated conformer DWBEL 
order (ID), with their corresponding 3D chemical structures, molecular weights, cLogP hydrophobicities, 
unitless DWBEL docking-scores and  kcal/mol and nM ADV affinities. The file can be opened  in  freely-
available either MolSoft (https://www.molsoft.com/download.html) or DW  
(https: //openmolecules.org/da tawarr ior /download.htm ) .  
 
36F13L2.sdf.  Data from 36 Tecovirimat-derived non-toxic fitted-top-children consensus of < -90 DWBEL and 
< -10 kcal/mol ADV (Figure 3 F13L2 and 3532F13L2.sdf). The file contains generated conformer DWBEL 
order (ID), with their corresponding 3D chemical structures, molecular weights, cLogP hydrophobicities, 
unitless DWBEL docking-scores and kcal/mol and nM ADV affinities. The file can be opened  in  freely-
available either MolSoft (https://www.molsoft.com/download.html) or DW  
(https: //openmolecules.org/da tawarr ior /download.htm ) .  
 
32F13L1.pse. 32 DWBEL+ADV consensus top-children conformers targeting  F13L1 (PyMol 2.5.3). 
 
36F13L2.pse. 36 DWBEL+ADV consensus top-children conformers targeting F13L2 (PyMol 2.5.3). 
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