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ABSTRACT: In search of a more comprehensive structure activity relationship (SAR) regarding the inhibitory effect of cyto-
chalasin B (CB) on actin polymerization, a virtual docking of CB onto monomeric actin was conducted. This led to the identi-
fication of potentially important functional groups of CB (i.e. the NH group of the isoindolone core (N-2), and the hydroxyl 
groups at C-7 and C-20) involved in interactions with the residual amino acids of the binding pocket of actin. Chemical modi-
fications of CB at positions C-7, N-2, and C-20 led to derivatives CB1-CB4, which were analyzed for their bioactivities. CB1-
CB4 exhibited reduced or no cytotoxicity in murine L929 fibroblasts compared to CB. Moreover, short- and long-term treat-
ments of human osteosarcoma cells (U-2OS) affected the actin network to variable extent, partially accompanied by the in-
duction of multinucleation. Derivatives displaying acetylation at C-20 and N-2 were subject to slow intracellular conversion 
to highly cytotoxic CB. Together, this study highlights the importance of the hydroxy group at C-7 and the NH function at N-2 
for CB potency on the inhibition of actin polymerization. 

Cytochalasans are fungal secondary metabolites found in 
many genera across the Ascomycota with the largest pro-
portion of compounds described for Diaporthe and Chaeto-
mium. Cytochalasans are biosynthesized by fungal polyke-
tide synthetase – non-ribosomal peptide synthetases (PKS-
NRPS) through fusion of a polyketide chain with an amino 
acid-derived building block.1 The resulting acyclic precur-
sor undergoes a crucial late-stage Diels-Alder (DA) cycliza-
tion forming the tricyclic core structure of the cytochalasan 
natural product family, which is further modified during the 
biosynthesis by oxidative rearrangements and cationic cy-
clizations contributing to the huge structural diversity of 
these compounds.2 Cytochalasans display a broad spectrum 
of bioactivities and were ascribed antimicrobial, antipara-
sitic, or antiviral activities.3 The most prominent activity of 
cytochalasans however is the disruption of the actin cyto-
skeleton, resulting in impairment of cell shape and behav-
ior.4  

Actin plays a crucial role in most if not all motile pro-
cesses of eukaryotic cells, including changes of cell shape, 
cell migration, vesicular trafficking, and cytokinesis.5 Actin 
undergoes dynamic cycles of polymerization and depoly-
merization. Biochemically, above the so-called critical con-
centration, monomeric globular actin (G-actin) 

spontaneously polymerizes into filamentous actin (F-actin) 
polymers, with preferred addition to one end termed the 
fast growing (also plus or barbed) end. The other end, 
termed the minus (or pointed) end, displays a higher critical 
concentration, causing a reduced polymerization rate as 
compared to the barbed end. At monomer concentrations in 
between the critical concentration at the two ends, the 
barbed and pointed ends thus display polymerization and 
depolymerization, respectively.6 In cells, actin filaments or-
ganize into various structures mediated by multiple actin 
filament binding proteins. This brings about a variety of ac-
tin architectures, such as branched filament networks (e.g. 
found in lamellipodia or vesicular structures), parallel fila-
ment bundles (as found in filopodia), or anti-parallel bun-
dles (as in stress fibers). Actin filament binding factors dis-
play multiple activities, not only including parallel or anti-
parallel bundling, but also capping of filament ends, fila-
ment severing or even their crosslinking and branching. Ac-
tin monomers are tightly regulated as well, for instance by 
profilin, which aids monomer addition onto filament barbed 
ends but also blocks their spontaneous nucleation, whereas 
the latter is spatially and temporally controlled by distinct 
classes of nucleators or nucleation promoting factors.7  
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According to the most widely accepted model of actin-cy-
tochalasin interaction, members of this compound family 
bind actin filament barbed ends, thought to inhibit the addi-
tion of new monomers.8 

 

Figure 1 Structures of cytochalasin B (CB) and cyto-
chalasin D (CD) 

Due to the interference with actin polymerization, cyto-
chalasin-treated cells display compromised, actin assem-
bly-dependent structures, coinciding with a high cytotoxi-
city in cultured cell lines of these compounds ranging from 
sub-micromolar to nanomolar concentrations.9 Hence, suc-
cessful clinical application would require balancing pro-
jected toxicity and therapeutic benefit. This goal will re-
quire an in depth understanding of how distinct chemical 
moieties affect the activity of a given cytochalasan. A variety 
of structure activity relationship (SAR) studies have been 
published over the past decades,4 attempting to shed light 
on the complexity of cytochalasan activity and diversity. 
Conclusions drawn from previous SAR studies include a piv-
otal role of the C-7 hydroxy group, while the amino acid in-
corporated in the isoindolone core will likely not affect ac-
tivity.  
Notably, bona-fide, detailed structural information on the 
interaction of cytochalasans with the actin filament barbed 
end is currently missing. The best approximation of this in-
teraction derived from a co-crystal of a non-polymerizable 
actin variant in complex with cytochalasin D (CD, Figure 1), 
published in 2008.10 The orientation of CD in the binding 
pocket is strongly guided by polar contact and hydrophobic 
interactions at the back half of the hydrophobic cleft (com-
pare Figure 2A). However, a comprehensive SAR of other 
cytochalasans on actin remains a challenging task. For in-
stance, the precise mode of binding of cytochalasin B (CB, 
Figure 1), the second among the most frequently employed 
cytochalasans, to actin remains unknown. For this reason, 
we conducted a molecular docking of CB onto the previ-
ously described, non-polymerizable actin variant,11 to pre-
dict functional groups of this molecule potentially mediat-
ing its interaction with actin. We then tested derived hy-
potheses by semi-synthetically modifying these functional 
groups of CB, e.g. by acetylation and methylation, with the 
aim to generate derivatives with potentially altered activi-
ties on F-actin organization in cells or cytotoxicity. We thus 
obtained a precise determination of those positions in the 
CB backbone relevant for its bioactivities, using both cell bi-
ological and in vitro actin polymerization assays. 

RESULTS AND DISCUSSION  

Virtual docking of CB onto monomeric actin. In order 
to understand the mode of binding of CB to actin, we gener-
ated 724 conformers of an energy-minimized structure of 

CB using the conformer ensemble generator Conformator.12 
A virtual docking of these conformers into the binding 
pocket of CD on monomeric G-actin (PDB: 3EKU)10 obtained 
in 2008 by Nair et al. was performed and compared to CD. 
The utilized co-crystal structure of CD10 is based on a non-
polymerizable actin mutant from Drosophila melanogaster 
bearing two point mutations (A204E/P243K), referred to as 
AP-actin,11 which is thought to retain all biochemical and 
structural characteristics compared to tissue-purified G-ac-
tin.13 It needs to be mentioned that cytochalasans such as 
CB and CD are known to bind the barbed end of F-actin and 
not to usually interact with G-actin except for the non-
polymerizable AP-actin mutant. Very recently, two cryo-EM 
structures of the barbed end of F-actin have been re-
ported.14,15 However, since our approaches to dock CD or CB 
onto these structures have so far not yet yielded reasonable 
results, we decided to proceed with AP-actin for our own 
docking studies. As described earlier by Nair et al.,10 CD 
binds this actin variant displaying a distinct network of six 
intramolecular hydrogen bonding interactions with the ac-
tin backbone as outlined in Figure 2A. Five of these are me-
diated by the functional groups in the isoindolone core of 
CD. Two hydrogen bonds are formed between the amide NH 
at N-216 oriented deep into the binding pocket with Tyro-
sine-143 (Tyr143) and Glycine-168 (Gly168). Furthermore, 
the oxo group of CD at the C-1 position of the isoindolone 
core serves as hydrogen bond acceptor for the NH at Ala-
nine-170 (Ala170). In addition, the hydroxy group at C-7 po-
sition of the isoindolone core, which points deep into the 
binding pocket as well, is involved in two hydrogen bonds. 
One as hydrogen bond acceptor for the NH at Isoleucin-136 
(Ile136), and the other as hydrogen bond donor towards a 
molecule of water, which is positioned within a local net-
work of hydrogen bonds between Valine-134 (Val134) and 
Cystein-374 (Cys374) of the actin backbone. Finally, one hy-
drogen bond occurs between the hydroxy group at C-8 of 
the 11-membered macrocycle of CD and the oxo moiety of 
Alanine-170 (Ala170). An additional intramolecular hydro-
gen bond with the C-17 oxo group of CD further stabilizes 
the overall complex. 

Our docking of CB into the same binding pocket resulted 
in an overall similar mode of binding compared to CD as 
outlined in Figures 2B and 2C. However, the more sterically 
demanding 14-membered macrocycle seemed to not allow 
CB to penetrate as deeply into the pocket compared to CD 
and furthermore shifted the overall position of CB in the 
binding pocket by roughly 1.51-1.78 Å with huge impact on 
the hydrogen bond network. In comparison to CD, the NH 
group at N-2 position and the oxygen atom of the oxo group 
at C-1 of the isoindolone core of CB are lifted out of the 
pocket by 1.37 Å and 1.92 Å, respectively (Figure 2C). The 
larger distance to Ala170 and Tyr143 prevents the for-
mation of two hydrogen bonds as seen for CD (Compare Fig-
ure 2B and A). Furthermore, the hydroxyl group at C-7 of 
the isoindolone core of CB is shifted by 1.78 Å away from 
the NH of the Ile136 (Figure 2C) preventing the formation 
of a hydrogen bond as seen for CD (Compare Figure 2B and 
A). Overall, the docking suggested a significantly reduced 
estimated binding affinity of CB for actin compared to CD, 
in line with the observed diminished bioactivity if compar-
ing CD and CB.17  
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Figure 2. Docking of CB onto monomeric actin: (A) 3D illustration of the co-crystal structure (PDB:3EKU)10 of non-polymer-
izable monomeric actin and cytochalasin D (CD) with main hydrogen bridge network; (B) 3D illustration of the docking of CB 
into the binding pocket of CD on monomeric actin (PDB:3EKU)10; (C) 3D illustration of the overlay of CD (purple) and CB 
(yellow) within the binding pocket on monomeric actin. Docking was performed and 3D-illustration were generated with 
SeeSAR version 13.0.5; BioSolveIT GmbH, Sankt Augustin, Germany, 2023, www.biosolveit.de/SeeSAR.18 Green spheres 
around atoms indicate overall favourable contributions to ΔG(Hyde), red spheres around atoms indicate overall unfavourable 
contributions to ΔG(Hyde).19 Hydrogen bridges are indicated by dotted green lines with distances between hydrogen atoms and 
donor heteroatom given in Å in green. General distances between atoms are given in Å in red. Light grey illustration repre-
sents surface of the binding pocket with elements surrounding the bound cytochalasans in red (oxygen), blue (nitrogen) and 
yellow (sulfur). Grey shadows represent unoccupied space in the binding pocket. Numbering of atoms in cytochalasans fol-
lows the nomenclature applied by Binder et al.20 

Based on this docking, we estimated that the amide NH 
group at N-2, and the hydroxy function at C-7 will be vital 
for the activity of CB on actin, while the hydroxy function at 
C-20 appeared to be less involved in binding. 

Semi-synthetic derivatization of CB. To biologically 
validate the importance of these moieties for the overall ac-
tin binding and cytotoxic activity of CB, we semi-syntheti-
cally modified CB at the N-2 NH as well as the C-7 and C-20 
hydroxy functions by methylation and acetylation as out-
lined in Scheme 1 obtaining the derivatives 7-O-acetyl 
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cytochalasin B (CB1), N-methyl cytochalasin B (CB2), N-ac-
etyl cytochalasin B (CB3) and 20-O-acetyl cytochalasin B 
(CB4). 

7-O-Acetyl cytochalasin B (CB1) was obtained via two dif-
ferent routes. In the first route, selective O-silylation of the 
C-20 hydroxy function occurred, when CB was treated with 
TBSCl in the presence of imidazole and sub-stochiometric 
amounts of DMAP at 40°C, yielding compound 1 in 80 % 
yield. Subsequent reaction with a three-fold excess of acetic 
anhydride in the presence of triethylamine and stoichio-
metric amounts of DMAP led to the formation of 7-acetyl de-
rivative 2 in 92 % yield. Finally, treatment with a mixture of 
HF:TBAF/3:121 afforded CB1 in 70 % yield and 81 % overall 
yield from CB. In a second route, double acetylation towards 
7,20-O,O’-diacetyl cytochalasin B (3) was achieved in the 
presence of a five-fold excess of acetyl chloride with tri-
ethylamine and stoichiometric amounts of DMAP in 98 % 
yield. Afterwards, treatment of 3 with 1.2 equivalents of 
K2CO3 in anhydrous methanol led to selective acetyl cleav-
age at C-20 position, yielding CB1 with 97 % (Scheme 1). 

The deshielding of the proton at C-7 from 3.80 ppm (d, 
1H) in the parental CB to 5.28 ppm (d, 1H) in CB1 in the 1H-
NMR spectra clearly indicated the O-acetylation of the C-7 
hydroxyl group, while the signal for the proton at the C-20 
position remained at around 4.46–4.51 ppm (m, 1H). Addi-
tionally, heteronuclear multiple bond correlation (HMBC) 
long-range 4J-coupling between the proton at C-7 and the 
carbonyl carbon of the introduced acetyl group 
(5.28 ppm/170.09 ppm, see Figure S17 in the Supplemen-
tary Information) provided further analytical evidence for 
O-acetylation of the hydroxyl function at C-7.  

Interestingly, reaction of CB in the presence of five equiv-
alents of sodium hydride in dry DMF and subsequent treat-
ment with an excess of methyl iodide did not lead to for-
mation of O-methylated cytochalasin B derivatives, but in-
stead gave rather selective access to N-methyl cytochalasin 
B (CB2) in 80 % yield.  

The successful N-methylation at position N-2 was proven 
by the presence of a singlet with an integral corresponding 
to 3 hydrogen atoms at 2.83 ppm in the 1H-NMR spectrum 
of CB2 (see Figure S20 in the Supplementary information) 
and the respective N-methyl carbon in the 13C-NMR spec-
trum of CB2 at 28.52 ppm, exhibiting a heteronuclear mul-
tiple bond correlation (HMBC) long-range 4J-coupling with 
the methylene protons at C-10 (2.74 ppm) (see Figure S21 
in the Supplementary Information). The N-acetylation of CB 
towards N-acetyl cytochalasin B (CB3, Scheme 1) was 
achieved in three steps. First, conversion of CB in the pres-
ence of a 10-fold excess of TBSCl, imidazole and stoichio-
metric amounts of DMAP at 40°C gave access to the double 
O-silylated intermediate 4 in 85 % yield. Reaction of 4 with 
sodium hydride in anhydrous DMF and subsequent treat-
ment with acetyl chloride furnished N-acetylation towards 
compound 5. Final TBS deprotection with TBAF gave N-ac-
etyl cytochalasin B (CB3) in 50 % yield along with some CB 
indicating the lability of the N-acetyl function towards basic 
conditions.  

Finally, the reaction of CB with acetic acid anhydride in 
the presence of triethyl amine led to the selective formation 
of 20-O-acetyl cytochalasin B (CB4) in 70% yield (Scheme 
1). CB4 was distinguishable from CB1 by TLC (hex-
ane:EtOAc/1:1), Rf(CB1): 0.50, and Rf(CB4): 0.47 [UV254, 
CAM]. 

Scheme 1 Semi-synthetic modification of CB towards 7-O-acetyl cytochalasin B (CB1), N-methyl cytochalasin B (CB2), N-
acetyl cytochalasin B (CB3) and 20-O-acetyl cytochalasin B (CB4). 
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Furthermore, the deshielding of C-20 proton (5.49-5.52 
ppm, m, 1H)) compared to the C-7 OH proton (3.88 ppm, d, 
1H) was taken as proof for O-acetylation of the hydroxy 
function at C-20. Additionally, further analytical evidence 
for O-acetylation of the hydroxyl function at C-20 was pro-
vided by a heteronuclear multiple bond correlation (HMBC) 
long-range 4J-coupling between the proton at C-20 and the 
methyl carbon of the introduced acetyl group (5.51 (5.49-
5.52) ppm/20.97 ppm, see Figure S34 in the Supplementary 
Information). With the derivatives CB1 – CB4 in hand, we 
next conducted a comprehensive biological evaluation of 
the compounds to elucidate the impact of the modifications 
on their efficacy against actin and their overall cytotoxicity. 

Biological evaluation of CB derivatives. First, the anti-
microbial effects of compounds CB1, CB2, CB3, and CB4 
against a variety of bacteria and fungi were examined. 
These included Staphylococcus aureus, Bacillus subtilis, My-
cobacterium smegmatis, Escherichia coli, Pseudomonas aeru-
ginosa, Chromobacterium violaceum, Acinetobacter bau-
mannii, Schizosaccharomyces pombe, Pichia anomala, Mucor 
hiemalis, Candida albicans, and Rhodotorula glutinis. CB1 
exhibited weak antibacterial activity against Mycobacte-
rium smegmatis with a minimum inhibitory concentration 
(MIC) of 66.6 μg/mL. In addition, CB4 showed a moderate 
MIC with 33.3 µg/mL against Schizosaccharomyces pombe. 
All other substances had no antibacterial or antifungal ac-
tivity against any of the tested microorganisms. 

Second, CB and its four derivatives CB1, CB2, CB3, and 
CB4 were evaluated for their cytotoxic effects in two tumor 
cell lines, namely mouse connective tissue fibroblasts L929 
and human cervix carcinoma cells KB3.1 (Table 1). Com-
pared to their derivatives, CB showed cytotoxic effects in 
L929 with an IC50 value of 1.3 μM, whereas CB1, CB3 and 
CB4 exhibited clearly reduced but still moderate cytotoxic-
ities ranging from 4.8 to 26.8 µM in both cell lines. 

Table 1. Cytotoxicity of CB, CB1, CB2, CB3, and CB4 tested 
against L929 and KB3.1 cell lines.22,23 

IC50 [μM] 

 L929 KB3.1 

CB 1.3 n.t. 

CB1 15.9 26.8 

CB2 NC 85.0 

CB3 9.4 7.9 

CB4 4.8 n.t. 

Epothilone B 5.78 ± 1.02 × 10-4 9.45 ± 5.63 × 10-5 

NC: no cytotoxic effect, or only weak inhibition of prolifera-
tion; n.t.: not tested. 

In contrast, CB2 displayed very low or no cytotoxicity in 
KB3.1 (85 µM) and L929 cells, respectively, with weak anti-
proliferative activity in L929 (Table 1).From this, we con-
cluded that the almost complete loss of cytotoxicity is 
caused by the incorporation of a methyl group at the N-2 

position of the isoindolone core in CB2, whereas the O-acet-
ylation at hydroxyl groups at C-7 and C-20 in derivatives 
CB1 and CB4 respectively, as well as the N-acetylation at N-
2 position in CB3 seemed to affect cytotoxicity less dramat-
ically (Table 1).  

A well-established in cellulo actin disruption assay was 
employed to study the effects of the derivatives CB1, CB2, 
CB3, and CB4 as opposed to the known effect of CB on the 
F-actin network.17 For this, the human osteosarcoma cell 
line U-2OS was treated using concentrations estimated 
based on previously determined IC50 values in murine L929 
fibroblasts (Table 1), referred to as low dose (1 × IC50), and 
a five-fold concentration, referred to as high dose (5 × IC50). 
Reorganization of the F-actin network was also investigated 
upon high dose treatment followed by washout and a 1 h re-
covery phase in fresh medium. The impact on F-actin net-
work organization was visualized using fluorescently la-
belled phalloidin (Figure 3). Cells treated with DMSO as ve-
hicle control (Figure 3f, 3l and 3r) displayed distinct F-actin 
structures like lamellipodia – F-actin-rich meshworks at the 
cell periphery (green arrowheads) - and stress fibers - anti-
parallel, contractile F-actin bundles (red arrowheads). A 
low dose treatment of cells with CB and CB4 led partially to 
compromised lamellipodia and a reduction of intermittent 
cytoplasmic F-actin (Figure 3a and e), whereas effects of the 
other derivatives were mostly indiscernible from the DMSO 
control (Figure 3b-d). Higher concentrations of CB and CB4 
caused a complete collapse of the F-actin network, mani-
festing in the formation of knot-like, F-actin rich accumula-
tions (Figure 3g and k), whereas CB2 and CB3 induced only 
slight and CB1 no such structures (Figure 3h-j). In addition, 
the effects on F-actin structures observed upon high dose 
treatment of all compounds were fully reversible after 1 h 
recovery time (Figure 3m-q). 

In conclusion, a correlation between chemically modified 
positions in the backbone of CB and actin disruption activity 
was uncovered, as C-7 and N-2 modified derivatives showed 
reduced or no actin inhibition activity in this experimental 
set-up. Surprisingly, acetylation of the C-20 position as in 
CB4 reduce cytotoxicity but preserved the activity on actin 
as observed for CB.  

To rule out that the reduced in cellulo efficacies of CB1-
CB3 could instead be explained by an altered membrane 
permeability of modified compounds or their differential ef-
fects on other intracellular factors, pyrene actin polymeri-
zation assays24 were used to analyze potential effects on ac-
tin assembly in vitro under defined conditions. Globular ac-
tin (G-actin) was purified from rabbit skeletal muscle25 and 
fluorescently labeled with pyrene (see description in the 
Supplementary Information). 2 µM G-actin supplemented 
with 5% pyrene-labeled actin was added to actin seeds and 
respective compound (2 µM) in polymerization buffer to in-
itiate the reaction.  

Actin polymerization was then assessed by an increasing 
pyrene fluorescence signal over time (Figure 4). Equimolar 
amounts of CB (red) and CB4 (brown) significantly reduced 
the polymerization rate of actin to 45 % and 58 %, respec-
tively, compared to the DMSO control (green). In contrast, 
the derivatives CB2 and CB3 (purple, blue) by trend, but not 
in a statistically significant fashion inhibited polymerization 
(84-86%), while CB1 (orange) had no effect or even slightly 
increased it (107%).  
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Figure 3. Overlay images of U-2OS wt cells treated with different concentrations of compounds CB (a, g), CB1 (b, h), CB2 (c, i), CB3 
(d, j), and CB4 (e, k). Compound concentrations were based on previously determined IC50 values in L929 mouse fibroblast cells (low 
dose: 1 × IC50, a-f; high dose: 5 × IC50, g-l). DMSO (f, l, and r) was used as vehicle control, and a recovery experiment corresponded to 
high dose-treatment (as above) followed by 1 h recovery in full growth medium (high dose wash out, m-r). Cells were fixed with 
paraformaldehyde and stained for their F-actin network using fluorescently labelled phalloidin (white) and their nuclear DNA using 
DAPI (pseudo coloured in blue). Described F-actin rich structures like lamellipodia (green arrowheads) and stress fibers (red arrow-
heads) are highlighted in (f, l, and r). The representative scale bar in (a) corresponds to 25 μm. 

 

Figure 4 Effects of CB and derivatives on in vitro actin polymerization. (A) Pyrene assays were performed using 2 µM actin supple-
mented with 5% pyrene-actin. Polymerization was initiated by injecting G-actin into a solution containing actin polymerization 
buffer and 550 nM actin seeds. Normalized fluorescence intensities [Au] of actin polymerization curves were plotted over time. The 
graph shows the mean normalized fluorescence intensity from at least two independent experiments with 2 replicates each. (B) 
Relative actin polymerization rate [%] after 30 min. Data show means ± SD; n = 2. *** p < 0.0002, ** p < 0.0015, ordinary one-way 
ANOVA. 

These results allowed us to exclude that reduced mem-
brane permeability of the compounds is causative of the re-
duced activity in cellulo. Dynamic actin assembly in cells is 
crucial for many processes such as protrusion (e.g. of lamel-
lipodia) or adhesion.5 Thus, we next asked whether these 
compounds interfered with cell attachment. However, no 
differences were observed for the five compounds 

compared to DMSO (data not shown). Of note, however, the 
experiments revealed a significant reduction of cell size af-
ter 24 h treatment (data not shown). 

To better understand these long-term effects, we ex-
tended the 1 h endpoint assay to 24 h high dose treatment 
and visualized the actin network as described above (Figure 
5). 
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Figure 5 Long-term treatment of U-2OS cells with CB and CB1 - CB4 influences the degree of actin disruption and induces multinu-
cleation. Cells were treated with high dose concentrations of indicated compounds for 1 h (upper row) and 24 h (lower row), fixed 
and stained for F-actin as described before. Multinucleated cells were marked with yellow arrowheads. Differences on actin and 
nuclei number of the cells between 1 h and 24 h treatment were summarized in grey boxes. Scale bar corresponds to 50 µm. 

 

Figure 6 Analysis of cell proliferation during 24 h treatment followed by a 47 h regeneration phase. (A) Averaged growth curves of 
U-2OS cells during treatments as indicated. Proliferation rate was assessed by phase-contrast imaging and automated object count-
ing for 71 h. The graph shows the means from at least three independent experiments with three replicates. (B) Proliferation speed 
during the recovery phase as determined by calculating the slopes from the growth curves between 26 and 71 hours (arrow). Data 
are means ± SD; n = 3. **** p<0.0001, ordinary one-way ANOVA. 

We noticed massive changes in the amount of multinucle-
ated cells and/or significant disruption of the actin network 
for the individual compounds. In case of CB, the most strik-
ing cellular alteration is the formation of multinucleated 
cells, which was already observed by Carter in 1967,26 rem-
iniscent of the outcome of CB3 and CB4 treatment (for clar-
ification of the CB3 effect on U-2OS cells after 24 h treat-
ment, see Figure S1 in the Supplementary Information). 
Strikingly, the 24 h treatment with CB1 evoked altered actin 
structures, however without inducing multinucleation, 
whereas CB2 caused multinucleation, but left the actin net-
work largely unchanged.  

Next, we combined the 24 h treatment of U-2OS cells with 
a subsequent washout step and an additional recovery pe-
riod of 47 h, to evaluate the ability of the affected actin net-
work to regenerate (Figure 6). The number of cells stag-
nated during the treatment period with all the five com-
pounds and dropped after the washout step, likely due the 
loss of detached and damaged cells. After washing, cells 
treated with CB, CB2-CB4 slowly started to regenerate and 
proliferate, while recovery of CB1-treated cells was signifi-
cantly diminished (Figure 6). 

Staining procedures revealed a fully recovered actin net-
work for CB and CB2-CB4, underlining the reversibility of 
this effect, whereas multinucleation was not fully overcome 
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after two days of recovery (See Figure S3 in the Supplemen-
tary Information). In contrast, cell proliferation was com-
pletely abolished upon treatment with CB1, although cells 
harbored a seemingly intact actin network. From this, we 
concluded that all compounds caused severe long-term ef-
fects on cell proliferation, even the ‘non-toxic’ CB2. Due to 
the strong effects upon long-term treatment with CB1, CB3, 
and CB4, we aimed to exclude the possibility that these 
compounds undergo conversion to CB by intracellular 
deacetylating enzymes, explaining increased activities. 
Hence, we attempted to re-extract the mentioned com-
pounds from the medium after 24 h cell exposure. Indeed, 
we could detect an additional peak in the mass and UV spec-
tra corresponding to CB when analyzing extracts derived 
from CB3 and CB4 treatment (See Figure S6 and S7 in the 
Supplementary Information), but not for CB1. This indi-
cates that the acetyl groups in CB3 and CB4 can in fact be 
cleaved, potentially by e.g. histone deacetylases.27 Notwith-
standing this, no decomposition of CB1 was observed (See 
Figure S5 in the Supplementary Information), so we assume 
that the cellular effects of CB1 are inherent to the com-
pound. The reduced actin disruption activity of C-7 O-acet-
ylated cytochalasans has been described before,4,28,29 
whereas the antiproliferative, long-lasting cytostatic activ-
ity of CB1 observed here deserves further investigations. 
For instance, CB1 might interfere with actin-independent 
targets such as summarized by Lambert et al. (2023).4 As 
known for decades, CB inhibits glucose transport in human 
erythrocytes with three existing binding sites (I-III) in the 
membrane.30,31 Furthermore, it was shown that CB1 (re-
ferred to as CB-7 monoacetate in reference 31) is able to 
bind site I of the glucose carrier and inhibits the glucose 
transport simultaneously.31 Next to the glucose transport 
system, CB was described to display inhibitory activity on 
the human potassium channel hKv1.532, and it was hypoth-
esized that C-7 acetylation in CB1 lowered the cytotoxic ac-
tivity by reduction of the ion channel activity rather than in-
terfering with the actin cytoskeleton.33 In addition, effects 
herein reported for CB2 long-term treatment raise the 
pressing question whether pronounced multinucleation ac-
companied with a nearly unaffected actin network can be 
associated with hitherto unknown non-actin targets. Fi-
nally, we want to draw attention to the intracellular conver-
sion of CB3 and CB4 that should be considered in the future 
regarding pharmacological application of cytochalasans in 
general and the interpretation of previous SAR studies on 
this natural product class.  

The current study uncovers new evidence on the SAR of 
CB combining an in silico docking of CB onto actin, semi-
synthesis of selected, delineated derivatives, and cell biolog-
ical assays. In conclusion, the virtual docking of CB onto 
non-polymerizable actin revealed vital functional groups 
(i.e. NH group of the isoindolone core (N-2) and the hy-
droxyl groups at C-7) involved in stabilizing interactions 
with the amino acids of the active pocket of actin via hydro-
gen bonding. Furthermore, methylation at position N-2 and 
acetylation at the NH in positions N-2 and O-acetylation of 
the hydroxy function in C-7 and C-20 were carried out and 
afforded derivatives CB1, CB2, CB3, and CB4, respectively. 
All four compounds displayed a significant reduction of cy-
totoxicity in murine connective tissue fibroblasts L929, 
whereas compound CB2 showed a complete loss of 

cytotoxicity. In line with this, short-term treatments re-
vealed only mild effects on actin arrangements in the U-2OS 
cell model in case of CB1-CB3. In vitro actin polymerization 
assays supported that the respective affinity of these deriv-
atives for actin itself is reduced. They also suggested that di-
minished cell permeability and thus availability to the actin 
cytoskeleton are not causative of the rather weak activity of 
modified compounds. In addition, the biological effects of 
CB4, bearing an acetylation at C-20, were virtually identical 
to those of CB, suggesting the C-20 OH group plays no cru-
cial role in CB-actin interaction, which is perfectly in line 
with our initial docking results. Increased actin disruption 
by CB3 upon prolonged treatments are likely caused by en-
zymatic deacetylation of the derivatives in the cytoplasm, 
converting them into the highly cytotoxic CB. Thus, we con-
clude that N-acetylation of N-2 is a poor candidate for phar-
macological exploitation. In contrast, methylation of the 
same position gave the stable derivative CB2, displaying a 
moderate cytostatic activity in combination with a strongly 
reduced actin disruption activity, which deserves further 
scrutiny. Interestingly, acetylation of the hydroxy function 
at C-7 (derivative CB1) did not induce multinucleation. In-
stead, it completely blocked proliferation, despite its mod-
erate effects on actin rearrangements. Whereas in principle, 
effects on mitosis and/or cytokinesis can be explained by 
inhibition of actin dynamics, the specific features of the four 
derivatives call for searching potential non-actin targets of 
these processes in the future. This particularly applies to 
CB1, the effects of which on actin is reversible, while prolif-
eration remains blocked upon washout. Yet, our results con-
firm the importance of all but the C-20 hydroxyl function of 
the initially identified and chemically modified groups for 
CB potency in actin polymerization inhibition or F-actin dis-
ruption. 
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