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A B S T R A C T

The barrier-to-autointegration factor 1 (BAF1) protein is a DNA-binding protein implicated in nuclear envelop
repair and reformation after mitosis. This nuclear protein is frequently overexpressed in cancer cells and plays a
role in the occurrence and development of different tumors. It is a potential therapeutic target for gastric cancer,
breast cancer and other malignancies. For this reason, BAF1 inhibitors are searched. The butanolide lactone
obtusilactone B (Ob-B) has been found to inhibit VRK1-dependent phosphorylation of BAF1, upon direct binding
to the nuclear protein. Taking advantage of the known crystallographic structure of BAF1, we have elaborated
molecular models of Ob-B bound to BAF1 to delimit the binding site and binding configuration. The long
endoolefinic alkyl side chain of Ob-B extends into a small groove on the protein surface, and the adjacent exo-
methylene-γ-lactone moiety occupies a pocket comprising to the Ser-4 phosphorylation site of BAF1. Twenty
butanolide lactones structurally close to ObB were screened for BAF1 binding. Several natural products with
BAF1-binding capacity potentially superior to Ob-B were identified, including mahubanolide, kotomolide B,
epilitsenolide D2, and a few other known anticancer plant natural products. Our study provides new ideas to
guide the discovery and design of BAF1 inhibitors.
1. Introduction

Despite major advances in recent years with the advent of novel im-
munotherapies, cancer remains a devastating disease worldwide. Novel
approaches and targets are needed to combat cancers, in particular to
treat advanced forms of cancers and associated metastatic diseases.
Among new targets, those implicated in the organization and protection
of genomic DNA are being increasingly considered (Gorj�an�acz, 2014). In
this category, the Barrier-to-Autointegration Factor 1 (BAF1) is a target of
choice as an essential protein for nuclear rupture repair. BAF1 is a
DNA-binding protein involved in nuclear envelope reformation after
mitosis (Halfmann and Roux, 2021) and plays amajor role in the repair of
DNA double-strand breaks through the regulation of DNA-dependent
kinase (DNA-PK) activity (Burgess et al., 2021). It contributes to multi-
ple aspects of genome maintenance (Wiebe and Jamin, 2016).

Through DNA-binding, BAF1 tethers chromatin to the nuclear enve-
lope. It also interacts with LAP2-emerin-MAN1 (LEM)-domain proteins
generally localized at the inner nuclear membrane. Phosphorylation of
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BAF1 by the protein kinase vaccinia-related kinase 1 (VRK1) regulates its
DNA binding activity, its subcellular localization and dimerization
(Nichols et al., 2006; Gorj�an�acz et al., 2007; Jamin et al., 2014). Both
BAF1 and VRK1 are considered as valid targets for different cancer types,
such as esophageal squamous cell carcinoma (Ren et al., 2020). BAF1
plays a role in the development of triple-negative breast cancer (Zhang,
2020), gastric cancer (Li et al., 2018), hepatocellular carcinoma (Shen
et al., 2018) and other malignancies (Li et al., 2017).

Molecules directed against BAF1 or VRK1 are actively searched as
anticancer agents. For examples, DNA aptamers targeting specifically
VRK1 were found to efficiently block proliferation of MCF7 breast cancer
cells (Carri�on-Marchante et al., 2021). Various small molecules selec-
tively targeting VRK1 have also been identified and designed (Cou~nago
et al., 2017; Serafim et al., 2019). The flavonoid luteolin was found also
to regulate cell cycle progression by modulating VRK1 activity, leading to
the suppression of cancer cell proliferation and the induction of apoptosis
(Kim et al., 2014). In contrast, there are very few compounds directly
targeting BAF1. High throughput screening assays have been developed
VRK1, vaccinia-related kinase 1.
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Fig. 1. (a) Structure of obtusilactone B (Ob-B). (b) A model of the compound bound to the ternary complex formed between BAF1 (in green), emerin (in cyan) and
DNA (blue and red strands). (c) A close-up view of Ob-B lying in a groove at the surface of BAF1, lying from the DNA side to the emerin side. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

Table 1
Calculated potential energy of interaction (ΔE) and free energy of hydration (ΔG)
for the interaction of the indicated natural products with BAF1.

Compounds ΔE (kcal/mol) ΔG (kcal/mol)

Obtusilatone B �38.50 �20.25
Brazilin �41.55 �17.20
Mahubanolide �48.45 �14.70
Kotomolide B �46.90 �21.60
Isomahubynolide �46.55 �21.40
Isomahubanolide �46.40 �18.50
Epilitsenolide D2 �45.50 �18.50
Obtusilactone A �45.30 �18.70
Litsealactone B �44.50 �16.00
Isomahubenolide �44.20 �18.85
Mahubynolide �42.25 �11.30
Litsealactone A �39.25 �15.50
Isokotomolide A �39.10 �12.50
Akolactone B �37.95 �17.75
Obtusilactone �37.75 �21.90
Mahubenolide �36.31 �12.60
Liseakolide B �36.25 �12.10
Litseakolide A �36.15 �13.60
Kotomolide A �34.30 �13.30
Litsenolide �33.80 �16.60
Akolactone A �30.50 �15.40
Subamolide A �28.60 �18.00
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to discover small molecule inhibitors of BAF-dependent DNA retention
and to identify BAF1 inhibitors (Burger et al., 2020). The tetracyclic red
dye brazilin, an anticancer compound isolated from the plant Caesalpinia
sappan, has been shown to bind directly to BAF1 and to inhibit
VRK1-mediated BAF1 phosphorylation (Kim et al., 2015). But the most
interesting natural product BAF1 inhibitor is arguably the anticancer
butanolide obtusilactone B (Ob-B, Fig. 1) isolated from a n-hexane extract
of the stem of the plant Machilus thunbergii (Kim et al., 2013).

The name obtusilactone comes from the plant Lindera obtusiloba
Blume (Dankbbai in Japanese), from which the first obtusilactone was
isolated (Niwa et al., 1975a) together with the related compounds iso-
obtusilactone, obtusilactone A and isoobtusilactone A, all bearing an
α-methylene-γ-butyrolactone ring (Niwa et al., 1975b). L. obtusiloba
Blume contains compounds with a C17 or a C21 chain and some dimers
(Niwa et al., 1977). Obtusilactone B and isoobtusilactone B are C21 de-
rivatives both isolated form L. obtusiloba (Niwa et al., 1975c). Obtusi-
lactone B was later isolated from Machilus thunbergii Siebold & Zucc.
(known as Makko tree), a plant rich in butanolides and lignans (Bailly,
2021). Ob-B was found to target BAF1 and to suppress BAF1 phosphor-
ylation by VRK1, so as to inhibit the disruption of the link between DNA
and the nuclear envelop. This drug action blocks cell cycle progression of
cancer cells and induces tumor cell death (Kim et al., 2013). A direct
interaction between obtusilactone B and the purified BAF1 protein has
been evidenced and an affinity constant (KD) of 1.39 μM was calculated.
A molecular modeling analysis has suggested that the heterocyclic moi-
ety of the natural product is important for the interaction with the pro-
tein, in a glycine-rich groove (Kim et al., 2013). Ob-B could be considered
as an archetype for the design of BAF1-regulatory agents.

Obtusilactones display marked anticancer properties. Ob-A is an in-
hibitor of the human mitochondrial Lon protease, which is frequently
upregulated in non-small-cell lung cancer (NSCLC) cell lines. The com-
pound down-regulates expression of the Lon protein, and triggers
caspase-mediated apoptosis (Wang et al., 2010). The compound also
displays osteogenic effects. It can stimulate new bone formation by bone
marrow-derived mesenchymal stem cells (Lin et al., 2017). In the present
study, we have investigated the binding of Ob-B to BAF1 using molecular
modeling. Different crystallographic and NMR structures of BAF1 have
been solved, for the free protein, and the protein bound to LEM-domain
of emerin and to DNA (Umland et al., 2000; Bradley et al., 2005; Cai
et al., 2007). Here we have used the X-ray structure of recombinant
human BAF1 (PDB: 1CI4) to study the interaction of Ob-B with the
protein. In addition, we investigated the interaction of twenty structur-
ally related butanolide derivatives with the protein, in order to identify
other potential BAF1 inhibitors.
2

2. Methods

2.1. In silico molecular docking procedure

The tridimensional structure of the human Barrier-to-Autointegration
Factor 1 (BAF1) was retrieved from the Protein Data Bank (www
.rcsb.org) under the PDB code 1CI4 (Umland et al., 2000). Docking ex-
periments were performed with the GOLD software (GOLD 5.3 release,
Cambridge Crystallographic Data Centre, Cambridge, UK). Before start-
ing the docking procedure, the structure of the ligands has been opti-
mized using a classical Monte Carlo conformational searching procedure
as described in the BOSS software (Jorgensen et al., 2004). Drug prop-
erties were calculated with the BOSS 4.9 software (Jorgensen and
Tirado-Rives, 2005) according to published procedures (Vergoten et al.,
2003; Lagant et al., 2004).

Based on shape complementarity criteria, the binding site for the Ob-
B ligand has been defined around amino acid residue Ile-26 of BAF1.
Shape complementarity and geometry considerations are in favor of a
docking grid centered in the volume defined by this amino acid. Within
the binding site, side chains of specific amino acids have been considered

http://www.rcsb.org
http://www.rcsb.org


Fig. 2. Molecular model of Ob-B bound to BAF1. (a) The compound extends along the protein surface and fits into a groove over the entire length of the protein
(green). Panels (b and c) show a detailed view of the compound in the binding site, with (b) the H-bond donor/acceptor groups and (c) the solvent-accessible surface
(SAS) defined. (d) Binding map contacts for Ob-B bound to BAF1. (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)
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as fully flexible. The flexible amino acids are ile26, glu28, leu30, lys32,
glu35, cys37, val39, leu63, asn70, and gln73. The ligand is always
defined as flexible during the docking procedure. Up to 100 poses that
are energetically reasonable were kept while searching for the correct
binding mode of the ligand. The decision to keep a trial pose is based on
ranked poses, using the PLP fitness scoring function (which is the default
in GOLD version 5.3 used here (Jones et al., 1997)). The same procedure
was used to establish molecular models for all compounds listed in
Table 1. The empirical potential energy of interaction ΔE for the ranked
complexes is evaluated using the simple expression
ΔE(interaction) ¼ E(complex) - (E(protein) þ E(ligand)). For that pur-
pose, the Spectroscopic Empirical Potential Energy function SPASIBA and
the corresponding parameters were used. Free energies of hydration
(ΔG) were estimated using the MM/GBSA model in Monte Carlo simu-
lations within the BOSS software (Jorgensen et al., 2004). The stability of
the receptor-ligand complex is evaluated through the empirical potential
energy of interaction (Vergoten et al., 2003; Lagant et al., 2004). The
Molecular Mechanics/Generalized Born Surface Area (MM/GBSA) pro-
cedure was used to evaluate free energies of hydration (within the BOSS
program (Jorgensen et al., 2005)), in relation with aqueous solubility
(Zafar and Reynisson, 2016). Molecular graphics and analysis were
performed using Discovery Studio Visualizer, Biovia 2020 (Dassault
Syst�emes BIOVIA Discovery Studio Visualizer 2020, San Diego, Dassault
Syst�emes, 2020).

The two most widely used methods to investigate protein-ligand
stability and affinity are Molecular Dynamics (MD) and Monte Carlo
(MC) simulations. Both methods use an empirical force field to control
the total energy (MC, energy minimization) and forces (MD, Newton
equations of motion). To use MD simulations confidently, a force field
parameterized for dynamical properties is required. The development of
a reliable and accurate force field for the conformational analysis is a
concern. It requires accuracy of the force field over the whole potential
3

surface, rather than in the region of the global minimum (Homans,
1990). The most used academic force fields (CHARMM, AMBER, GRO-
MOS) do not exhibit the required vibrational spectroscopic quality.
Determination of normal modes on a minimized protein structure using
the above force fields can result in imaginary wavenumbers corre-
sponding to maxima in the potential energy (transition states, mainly due
to inadequate barriers to internal rotation). The spectroscopic SPASIBA
force field has been specifically developed to provide refined empirical
molecular mechanics force field parameters, as described in other studies
(Vergoten et al., 2003; Meziane-Tani et al., 2006). For this reason, we
preferred to use MC simulations rather than MD which requires a sub-
stantial increase in computer time to achieve the same level of conver-
gence (Jorgensen and Tirado-Rives, 1996).

3. Results

3.1. Obtusilactone B structure and properties

The structure of Obtusilactone B (Ob-B) is presented in Fig. 1. This
natural product bears a γ-lactone with an exocyclic methylene, and a long
endoolefinic alkyl side chain (–(CH2)5–CH––CH–(CH2)7–CH3) with a C70-
C80 double bond (Niwa et al., 1975c). An incorrect structure of Ob-B,
without this central double bond, is mentioned in PubChem (CID:
180554; C19H32O3) whereas the correct structure has been cited as
isoobtusilactone B (CID: 101286261; C21H34O3). Ob-B is a small mole-
cule (Mw: 334.5 g/mmol, molecular volume: 1334 Å3) with a polar head
and a non-polar tail. It is essentially a hydrophobic molecule (calculated
logP ¼ 5.3), with a hydrophobic solvent-accessible surface area (SASA)
largely superior to the hydrophilic SASA (hydrophobic SASA 618.1 Å2
and hydrophilic SASA 96.6 Å2, calculated with a probe of 1.4 Å radius).

https://pubchem.ncbi.nlm.nih.gov/


Fig. 3. Superimposed models of the crystal-
lographic structure of BAF1 (PDB: 1CI4, in
green) and our model of Ob-B bound to BAF1
(in cyan). The Ser-4 residue corresponds to
the phosphorylation site of BAF1. This res-
idue lies in a non-structured flexible region of
the protein. A conformational analysis
(Monte Carlo) of this domain has been per-
formed, leading to the Ob-B-BAF1 complex
with an O–O distance of 2.726 Å between the
Ser-4 OH residue and the O-lactone of Ob-B.
The distance is compatible with the forma-
tion of a H-bond interaction. (For interpre-
tation of the references to color in this figure
legend, the reader is referred to the Web
version of this article.)
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3.2. Interaction between Ob-B and BAF1

Models of Ob-B bound to BAF1 were constructed starting from the
crystal structure of human BAF1 (PDB code 1CI4). It is a small conserved
10-kDa chromatin protein. The structure corresponds to a homodimer
within the crystallographic asymmetric unit, each monomer containing a
helix-hairpin-helix DNA binding motif (Umland et al., 2000). In our case,
models were elaborated with the protein monomer. The protein is rela-
tively globular, not offering a profound groove or a wide cleft for drug
binding. However, there is a kind of groove along the protein, spanning
from the DNA-binding side to the emerin-interacting side (Fig. 1b). We
could easily identify the potential binding location for Ob-B on the BAF1
surface. The natural product is almost fully extended into a little gutter
with the carbonyl group of the lactone engaged in a H-bond with Lys-6
residue. Several addition van der Waals contacts and alkyl interactions
Fig. 4. Structures of the teste
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stabilize the protein-drug complex (Fig. 2). This model is reminiscent to
that reported initially (Kim et al., 2013). At this site, the calculated the
empirical energy of interaction (ΔE) value reached�38.5 kcal/mol, with
an energy of hydration (ΔG) of �20.25 kcal/mol. Unsurprisingly, the
binding of Ob-B to BAF1 is essentially driven by the lactone moiety, with
the long carbon side chain serving as an additional anchor onto the
protein surface. The compound essentially extends on the protein sur-
face, crossing the entire length of the protein. The binding cavity
remaining well accessible to the solvent and several H-bond donor and
acceptor groups are masked by the ligand (Fig. 2). The BAF1-Ob-B
complex is stabilized by two main H-bonds and up to 13 van der Walls
contacts and alkyl interactions (Fig. 2d).

We noted immediately that the compound occupies the cavity adja-
cent to the phosphorylation site of the protein. The invariant Ser-4 res-
idue on BAF1 is a major site of phosphorylation during both interphase
d butanolide derivatives.



Fig. 5. Molecular model of four selected butanolides bound to BAF1. In each case, the compound bound to the BAF1 protein (in green) is presented, together with a
close-up view of the compound-binding site (solvent-accessible surface (SAS) with the indicated color code). A binding map for each compound is also included. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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andmitosis (Bengtsson andWilson, 2006; Zhuang et al., 2014). The BAF1
protein can be successively phosphorylated by VRK1 on Ser-4 and Thr-3
(Marcelot et al., 2021). We noted the establishment of a potential H-bond
between Ser-4 and the oxygen lactone of Ob-B, as shown in Fig. 3. The
lactone ring of the compound faces the hydroxyl group of Ser-4, within a
distance (2.7 Å) fully compatible with a potential H-bond. Therefore, the
accessibility to this site is likely reduced upon drug binding, possibly
explaining the observed inhibition of VRK1-dependent phosphorylation
of BAF1 in the presence of Ob-B (Kim et al., 2013). To sum up this first
part, our computational analysis suggests that Ob-B can effectively form
stable complexes BAF1, in agreement with the initial experimental data
(Kim et al., 2013). A drug binding cavity has been identified and the drug
configuration delineated. This model immediately suggested that other
butanolide derivatives could interact also with the BAF1 protein.
5

3.3. Binding of other butanolides to BAF1

Natural products bearing a γ-butyrolactone moiety substituted with a
long alkyl chain are abundant in nature. γ-Butyrolactones constitute up to
about 10% of all known compounds of natural origin (Quintana and
Est�evez, 2018; Hur et al., 2021). Many of these molecules bear a highly
reactive α-methylene-β-lactone, susceptible to form adducts with pro-
teins (Kunzmann et al., 2011). We selected 20 butanolide derivatives
with a chemical structure close to that of Ob-B (Fig. 4) and investigated
their capacity to form stable complexes with BAF1. For each compound, a
docking analysis was performed, and the empirical energies of interac-
tion (ΔE) and free energy of hydration (ΔG) were calculated. The values
are collated in Table 1. For four compounds (mahubanolide, litsealactone
B, isokotomolide A and akolactone B), two binding poses could be
identified, but for clarity only the one with the lowest energy (most



Fig. 6. Superimposed models of BAF1 and the indicated butanolide derivatives. Both epilitsenolide D2 and kotomolide B bind preferentially into a groove on the
protein surface distinct from that occupied by Ob-B, whereas mahubanolide binds essentially to the same site as Ob-B.
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negative ΔE value) is indicated here. We also included in our modeling
analysis the other reference compound brazilin which has been reported
to bind to BAF1 (Kim et al., 2015). This compound has a totally different
structure (tetracyclic homoisoflavonoid) compared to the butanolide
derivatives, but it provides a reference point to compare the calculated
ΔE-ΔG values (Table 1).

Several butanolide derivatives with a potentially better BAF1-binding
capacity than Ob-B have been identified. For half of the compounds, we
calculated ΔE values less negative than with Ob-B, suggesting a more
favorable interaction with the protein compared to Ob-B. Compounds
with a long and flexible alkyl chain provided generally better ΔE values
(more negative) than compounds with a shorter side chain. For example,
Ob-A with a linear C-13 alkyl chain gave a ΔE of �45.1 kcal/mol, much
more favorable than that of Ob-B. The best compound in the series is
mahubanolide which possesses a long C-15 alkyl chain. This compound
appears to be able to form a very stable complex with BAF1 (Fig. 5). The
presence of a terminal double bond (mahubenolide) or triple bond
(mahubynolide) is an unfavorable element for BAF1 protein binding.

Another potent compound is kotomolide B with bears a long (C-18)
flexible alkyl side chain, forming more stable complexes with BAF1
compared to kotomolide A with a shorter side chain. But this compound
fits into a cavity on the BAF1 protein surface distinct from that of Ob-B.
The same observation was made with epilitsenolide D2 which also pre-
fers the transversal site, different from that of Ob-B, as illustrated in
Fig. 6. The configuration of BAF1-bound mahubanolide is relatively
similar to that of Ob-B, whereas both kotomolide B and epilitsenolide D2
preferentially adopt a very distinct orientation (Fig. 6). For this reason,
the direct drug-to-drug comparison is a little complicated. However, we
could note the potential importance of the exocyclic methylene unit,
certainly acting as a positive element for protein binding. In most cases
(but not all), the compounds lacking this exocyclic ¼CH2 provided less
stable complexes than those possessing this group. This is the case for the
litsenolide series (including litseakolides A-B), subamolide and ako-
lactone A which do not form very stable complexes with BAF1. The 5-
exomethylene 4-hydroxy lactone unit common to compounds like Ob-B
and mahubanolide is apparently important for the protein interaction.
Altogether, the computational analysis indicates that other butanolide
derivatives with BAF1-binding capacity superior to our references Ob-B
and brazilin can be proposed. The modeling analysis shall be useful to
help the identification of new BAF1 binders.

4. Conclusion

Butanolide lactones have shown a variety of biological effects
including anti-inflammatory, antibacterial, antiprotozoal and anticancer
effects. In this class of natural products, the obtusilactone group of
compounds has revealed noticeable anticancer effects. The exact mech-
anism of action of these compounds is not well known. Ob-A has been
shown to cause DNA damages and to affect mitochondrial activities in
6

cancer cells (Wang et al., 2010). Its homolog isoobtusilactone A was
found to up-regulate the expression of death receptor 5 (DR5) in hepa-
toma cells (Chen et al., 2012). This compound is also a mitochondrial
perturbating agent, promoting the production of reactive oxygen species
(ROS) in cancer cells (Kuo et al., 2007; Chen et al., 2007a, 2008, 2008;
Liu et al., 2008). The related compound Ob-B has been much less
investigated than (iso)Ob-A. Nevertheless, this compound was found to
bind to BAF1, causing abnormal nuclear envelope dynamics and inhibi-
tion of cancer cell growth, via the suppression of VRK1-mediated phos-
phorylation of BAF1 (Kim et al., 2013). Ob-B is one of the rare BAF1
inhibitors known thus far. This consideration gave us the impetus to
search for other butanolide compounds susceptible to bind to BAF1. A
series of 20 compounds was selected and tested for their capacity to form
stable complexes with BAF1. Several compounds potentially able to bind
more strongly to BAF1 than Ob-B have been identified, including
different 2-alkylidene-3-hydroxy-butyrolactones such as mahubanolide,
kotomolide B and epilitsenolide D2. These compounds belong to the
family of Lauraceae lactones (Rollinson et al., 1981). Their mechanism of
action and molecular target(s) are not always well-defined at present. For
example, a recent study revealed that isokotomolide A functions as an
inducer of autophagy and apoptosis in vitro and in vivo against melanoma
(Li et al., 2020). It also induces apoptosis in human non-small cell lung
cancer cells (Chen et al., 2007b). Our analysis suggests that this com-
pound, like Ob-B, could function via an inhibition of BAF1, at least
partially. The present study raises novel perspectives for the character-
ization and design of BAF1-interacting small molecules. The discovery of
BAF1 inhibitors is important because the protein plays a role in cancers
and other human diseases (Sears and Roux, 2020; Halfmann and Roux,
2021). Notably BAF1 plays roles in various viral diseases. The protein
participates to the regulation of gene expression of Ebola virus (Vidal
et al., 2021) and acts as a defense against vaccinia virus infection (Jamin
et al., 2014). BAF1 functions as inhibitor of retrovirus, poxvirus, and
herpesvirus infection (Wiebe and Jamin, 2016). Therefore, small mole-
cule modulators of the protein activity may be useful to combat viral
diseases.
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