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Binding of Filamentous A ctin and Winding into Fibrillar Aggregates by
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Herein we describe the effects of the C-glucosidic ellagitannin
vescalagin (1, Figure 1a), a polyphenolic natural product
readily available from fagaceous woody plant sources, such as
oak (Quercus sp.),'! on actin, one of the most abundant
structural proteins in eukaryotic cells. Monomeric globular
actin (G-actin) subunits assemble through an adenosine
triphosphate (ATP) dependent process into polymeric fibril-
lar actin (F-actin) filaments, which are further ordered into
three-dimensional architectures to establish the functional
actin cytoskeleton.”!’ A dynamic equilibrium between the
G-actin and F-actin states continuously ensures the adapta-
tion of the actin cytoskeleton during its various roles in
controlling cell shape, cytokinesis, motility, adhesion, and
gene expression.

Natural products have been key players in probing the
role of actin by perturbing the assembly and/or disassembly of
actin filaments.”! The bicyclic heptapeptide fungal metabolite
phalloidin and the cyclodepsipeptide sponge or microbial
metabolites jasplakinolide and chondramide C bind to F-actin
and inhibit depolymerization by strengthening actin—actin
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1: vescalagin, R' = B-OH Ho.
2: castalagin, R' = a-OH
o]

3: vescalin, R' = B-OH
4: castalin, R" =-OH

Figure 1. a) Structures of the four oak-derived C-glucosidic ellagitan-
nins used in the antiactin in cellulo assay. b—d) Fluorescent images
showing F-actin organization in untreated BAE cells (b), in BAE cells
exposed to vescalagin (1, 50 um) for 1 h (c), and in BAE cells exposed
to cytochalasin D (4 um) for 1 h (d). Scale bar: 5 um. CT =control.

interactions, whereas the marine macrolides known as
latrunculins bind to G-actin and prevent actin-filament
formation.”! Other polyketide-derived natural products,
such as the fungal metabolites named cytochalasins, bind to
F-actin (and to G-actin) and thereby block both the assembly
and disassembly of individual actin monomers.” Herein we
report that the polyphenolic plant metabolite vescalagin (1)
not only interacts with actin filaments but also winds them
into fibrillar aggregates in vitro and in cellulo.

Vescalagin (1) belongs to a particular group of ellagitan-
nins'” that comprises a unique series of highly hydrosoluble
C-glucosidic variants. In these compounds, the usual ellagi-
tannin glucopyranose core is replaced by an open-chain
glucose moiety, which is rarely encountered in nature and
results from the establishment of a C—aryl glucosidic bond.”
Our interest in studying these C-glucosidic ellagitannins stems
from the premise that the highly preorganized medium-sized-
ring-containing multiple-phenol array featured by such nat-
ural products should be structurally well-suited to interfere
with the construction of protein-made cellular architectures,
such as actin filaments or microtubules.”™® Some ellagitannins,
which interfere with bone resorption, are known to affect
osteoclastic actin rings.’l We thus first examined the effect of
a selection of four C-glucosidic ellagitannins on the actin
cytoskeleton in living cells. These four compounds are the two
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most abundant C-glucosidic ellagitannins found in oak heart-
wood, vescalagin (1) and its C1 epimer castalagin (2), and
their two minor congeners, vescalin (3) and castalin (4), both
of which lack the hexahydroxydiphenoyl (HHDP) unit at the
4- and 6-positions of the glucose core (Figure 1a).[%

We used bovine aortic endothelial (BAE) cells, a well-
characterized type of primary cell!” Any of the four
ellagitannins used at a concentration of 50 um rapidly
provoked the disappearance of the internal stress-fiber net-
work observed in control cells (see Figure 1b,c and Figure S1
in the Supporting Information). Cytochalasin D, known to
inhibit F-actin polymerization,">'"l was also effective; how-
ever, the resulting actin perturbation appeared distinct from
that induced by ellagitannins 1-4 (Figure 1d). Focal adhe-
sions, which anchor stress fibers to the matrix through
integrins,'” underwent dissolution, suggestive of alterations
in cell adhesion (see Figure S2). Overall, the changes in actin
configuration elicited by 1-4 were markedly different from
those induced by other natural products known to target
actin.”*® We focused thereafter on vescalagin (1), because it
is the easiest of the four compounds to modify by selective
chemical means,” ' and it is available in large quantities by
extraction from its main natural sources.”

The vescalagin-induced F-actin-disrupting effect seen in
BAE cells was also observed in fibroblast cells (BHK-21),
which also express 3-actin as the main actin isoform, as well as
in smooth muscle cells (A7r5), which, in contrast, predomi-
nantly express a-actin (see Figure S3). Despite subtle differ-
ences, the impact of 1 on the actin cytoskeleton appeared
neither cell- nor actin-isoform-specific, which suggests that 1
can affect all types of mammalian cells. Furthermore, like for
cytochalasin D, no alteration of the microtubule network
could be detected upon the treatment of cells with 1 (see
Figure S4). Remarkably, all cytoskeletal alterations could be
completely reversed within 1 hour by washing 1 from the cells
with medium. Phenotype recovery occurred at a rate similar
to that observed for cytochalasin DI (see Figure S5).

The vescalagin-induced dissolution of stress fibers
affected cellular morphology and, eventually, viability.
Within the range of concentrations and incubation times
examined, cells changed their well-spread morphology to a
more retracted morphology (see Movies 1-3 in the Support-
ing Information). Mitosis, still observed when 1 was used at a
concentration of 50 um (see Movie 1), became impaired at
100 um (see Movie 2 and Figure S6). Staining with propidium
iodide (PI) revealed no cytotoxicity after 24 hours at 50 um;
however, the presence of apoptotic nuclei, which indicate
irreversible commitment to cell death, was eventually
detected when cells were exposed to 1 at 100 um. Functional
consequences for cells translated into impaired wound-repair
capacity (see Figure S6). The efficient serum-induced stim-
ulation of the healing of mechanically injured endothelium
was decreased by about half in the presence of 1 at a
concentration of 20 uM. The denudated area remained
virtually unpopulated for 6 hours after exposure to 1 at a
concentration of 100 puM; these conditions are still compatible
with the maintenance of cell viability (see Figure S6). These
data illustrate the rapid (see Movies 1-3) and sustained
effects of 1 on cells.
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Live imaging carried out on BAE cells expressing actin—
GFP and treated with 1 (100 um) showed immediate alter-
ation of actin—-GFP distribution at cell margins (see Fig-
ure S7). Destabilization of the stress fibers was visualized by
the progressive loss of filamentous staining (see Movie 4)
concomitantly with cell retraction (see Movies 1-3). Notice-
ably, thick F-actin bundles were maintained. A fluorescence
recovery after photobleaching (FRAP) assay on actin-GFP-
expressing BAE cells in the absence or presence of 1
(Figure 2; see also Movies 5 and 6) revealed that 1 increases
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Figure 2. a,b) Live imaging of BAE cells expressing actin-GFP were
subjected to FRAP in the absence (a) or presence (b) of vescalagin (1,
100 um). The boxed region (200x 100 pixel square) was photobleached
(before (=0 s), immediately after (t=38 s), and after photobleaching
(t=985)). c) Normalized fluorescence intensity in the boxed region
for the entire duration of the FRAP experiment. Fluorescence recovery
(starting at the empty circle or square) recorded over time reveals the
rates of actin turnover within this area. d) Quantitation of the results.
The immobile fraction was calculated from the difference between the
pre- and post-photobleaching intensities (n=6). FI=fluorescence
intensity; IF=immobile fraction.

the immobile fraction of actin trapped in F-actin bundles. We
conclude that 1 affects both thin and thick actin fibers.
However, thick F-actin bundles made of packed actin
filaments are less vulnerable to the action of 1 than the
single-filament dendritic meshwork at the cell periphery.
The rapidity with which 1 induces drastic perturbations
within cells suggests that 1 is capable of crossing the plasma
membrane. To investigate this behavior further, we prepared
a fluorescent vescalagin derivative by chemical synthesis and
tracked it in cellulo. After exploring various possibilities for
the design of such a derivative with an appropriate fluoro-
phore conveniently attached to the natural product, we
settled on a vescalagin derivative equipped with a fluores-
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cein-terminated 13-atom-long linker™ by using fluorescein
isothiocyanate (FITC) as the starting fluorophore. The choice
of such a relatively long linker was made to prevent
quenching of the fluorescein fluorescence through intramo-
lecular interactions with the electronic-rich polyphenolic
vescalagin-derived unit."®! The synthesis of this vescalagin—
FITC conjugate 6 commenced with the preparation of the
fluorescein-terminated linker 5 on a solid support (see the
Supporting Information for details). With this thiol-function-
alized fluorescein derivative in hand, we took advantage of
the known chemoselectivity expressed at the vescalagin
hydroxylated C1 position under acid-catalyzed nucleophilic
substitution reaction conditions®"! to forge the vescalagin—
FITC conjugate 6 in 30 % yield after purification by reversed-
phase HPLC (Figure 3a).

When added to living BAE cells, 6 displayed antiactin
effects similar to those observed for 1 (Figure 1c). This
fluorescent vescalagin derivative colocalized with F-actin in
the remaining internal thick stress fibers and aggregates
(Figure 3b); it was thus established that this compound had
passed the plasma membrane and reached its target. To better
visualize this target, we fixed the BAE cells to stabilize the
actin cytoskeleton. After permeabilization, simultaneous
staining with 6 and fluorescent Alexa546—phalloidin revealed
that, in the absence of the actin-destabilization effect, 6

a)
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-

Figure 3. a) Preparation of the fluorescent vescalagin—FITC conjugate
6. b) Fluorescent image of live BAE cells upon the addition of 6

(50 um, 30 min), after fixation and staining with Alexa546—phalloidin,
showing F-actin disturbance similar to that observed with 1 (scale bar:
2 um). The zoomed view of the boxed area highlights remaining stress
fibers (*) and actin aggregates (*). c,d) Simultaneous staining of actin
filaments in lamellipodium (c) and stress fibers (d) in fixed BAE cells
with Alexa546—phalloidin and 6 revealed a very similar pattern (scale
bars: 7 um). TFA=trifluoroacetic acid.
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highlighted the entire cytoskeleton (Figure 3c¢), similarly to
phalloidin; this result shows that 6 binds all actin fibers in
cellulo.

To explore whether or not the interaction between
vescalagin (1) and actin was direct, we set up an in vitro
assay based on actin polymerization from a solution of Ca®"—
actin—~ATP monomers. Spontaneous polymerization occurred
when Ca®" was replaced by the Mg*" ions present in the F-
actin buffer.'””! High-speed centrifugation of the samples
enabled separation of the neoformed polymers from the
monomers to discriminate the binding of 1 to either F-actin or
G-actin, or both. To visualize these presumptive molecular
associations, we again used the vescalagin fluoroprobe 6 and a
fluorescent Alexa633—phalloidin conjugate to stain F-actin.
Actin polymerization was allowed to reach the steady state
under permissive and nonpermissive conditions (i.e., in the
presence or absence of Mg*"-containing F-actin buffer) and
was continued for 30 min in the presence of either 6 or
Alexa633-phalloidin. The samples were then centrifuged.
Figure 4a shows the resulting colored pellets consisting of
insoluble actin stained with the fluorescent compound and
indicates the expected binding of phalloidin to F-actin, as well
as that of 6 to that insoluble actin material. Thus, the
vescalagin—FITC conjugate 6 directly binds F-actin.

In the same way, we quantified the amount of F-actin
(pellet) relative to the amount of G-actin (supernatant) by
SDS-PAGE after the centrifugation of samples treated with
either 1 (100 um), cytochalasin D (4 um), or phalloidin (2 um).
Polymerization performed in the presence of cytochalasin D
yielded a G-actin/F-actin ratio similar to that observed for the
control (Figure 4b), as expected from the ability of cytocha-
lasin D to block actin assembly and disassembly. However,
vescalagin-treated samples were characterized by a marked
depletion of G-actin, similar to that observed in the case of
samples treated with phalloidin. Thus, 1 promotes the actin
filament state, presumably by binding to F-actin and thereby
displacing the equilibrium in favor of F-actin, in a dose-
dependent manner (Figure 4 c). The same effect was observed
with 6 (Figure 4d).

Analysis based on surface plasmon resonance (SPR)
confirmed that 1 does not bind G-actin. The vescalagin-biotin
conjugate 9 was synthesized by first treating 1 with octane-1,8-
dithiol to furnish the sulfhydryl thioether 1-deoxyvescalagin
derivative 7 (Figure 5a)." Thiol 7 was then coupled to the
biotinylated maleimide linker 8.%! This coupling reaction
was performed in deuterated dimethyl sulfoxide (DMSO) to
enable its monitoring by "HNMR spectroscopy.'® The
reaction was complete after 7 hours at room temperature
and afforded pure 9, which was precipitated from the reaction
mixture in 95 % yield upon the addition of Et,0/MeOH (3:1,
v/v; see the Supporting Information for details). This
vescalagin—biotin conjugate was then readily immobilized in
one step on streptavidin-coated sensor chips in preparation
for a series of SPR analyses with G-actin and F-actin
(Figure 5b). No detectable binding occurred when a 2 um
solution of G-actin was injected onto the vescalagin-coated
surface; however, the SPR response strongly increased when
F-actin (prepared from the 2 pm solution of G-actin)™! was
injected. These results showed that vescalagin only binds
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Figure 4. a) Actin polymerization at its steady state under both permis-
sive and nonpermissive conditions was continued (30 min) in the
presence of either Alexa633—phalloidin or 6 (vescalagin—FITC). After
high-speed centrifugation, F-actin stained with Alexa633—phalloidin
(blue) or with 6 (orange) was detected; however, no F-actin was
detected with FITC alone. b) The fractions were examined for actin
content by SDS-PAGE followed by Coomassie blue staining. Treatment
with cytochalasin D yielded G-actin and F-actin in quantities similar to
those obtained in the control experiment (CT), whereas samples
treated with 1 or phalloidin showed a depletion of G-actin. c) This
effect is dose-dependent and d) not altered by the presence of the
FITC-bearing unit in 6.

filamentous actin. The slow dissociation phase observed
indicates that the vescalagin/F-actin complexes are highly
stable. The absence of significant SPR responses upon the
injection of 2 uM solutions of bovine serum albumin (BSA) or
streptavidin further supports the specific nature of the
interaction between vescalagin and F-actin.

How vescalagin affects actin polymerization was visual-
ized by confocal microscopy. Actin polymerization was
initiated with Alexa568-actin monomers in an F-actin
buffer. Live imaging showed free actin filaments undergoing
changes of shape on a scale of seconds; they underwent
elongation in all directions. When the steady state had been
reached (Figure 6a), the vescalagin-FITC conjugate 6 was
added. Instantly, actin filaments were observed to agglutinate
into irregular modules, which suggested that vescalagin
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Figure 5. a) Synthesis of the biotinylated vescalagin conjugate 9.

b) SPR analysis of the binding of F-actin (top: black line), G-actin
(bottom: dark-gray line), BSA (gray with open circles), and streptavidin
(gray with open squares) to vescalagin. Compound 9 (217 RU) was
immobilized on a streptavidin-coated sensor chip. Protein solutions

(2 um in running buffer) were injected across the surface at a rate of
20 uLmin~" for 147 s [time elapsed between the start of injection (first
arrow) and the start of the dissociation phase (second arrow)] at
25°C. The dissociation phase was recorded for 300 s. RU=resonance
units.

physically cross-linked F-actin (Figure 6b). A merged image
of actin (red) and vescalagin (green) fluorescence revealed
the uniform colocalization of actin aggregates with 6.

The stabilization of filaments by phalloidin did not
prevent this effect (results not shown). Therefore, the
vescalagin-induced collapse of actin filaments is not mediated
by actin depolymerization. When conditions under which
actin remains monomeric were used (i.e., the CaCl,-contain-
ing G-actin buffer was used),”” the distribution of the
vescalagin—-FITC conjugate appeared diffuse. This observa-
tion confirmed that vescalagin had no effect on G-actin
(Figure 6¢). Furthermore, when Ca*'-actin was converted

Angew. Chem. 2011, 123, 52055210
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Figure 6. a) Live imaging of Alexa568-actin filaments grown at the
steady state. b) Actin filaments had collapsed into irregular modules in
less than 1 min following the addition of vescalagin—FITC (6; 100 um).
Fluorescence of Alexa568-actin (red, left; 6 can be seen in the green-
channel insert) and uniform colocalization (yellow, right; the insert
shows a z-cut section) of actin aggregates with 6. c) Live imaging in
the red and green channels of Alexa568-actin under conditions under
which actin remains monomeric, following the addition of 6. d) Left:
actin polymerization initiated for Alexa568—actin monomers in the
presence of 6 by the addition of F-actin buffer; small and sporadic
clusters of aggregated F-actin (red; 6 can be seen in the green-channel
insert). Right: colocalization (yellow) of actin and 6 (the insert shows
a z-cut section) as observed at the onset of the experiment (t=1 min).
e) Live imaging of Alexa488-actin filaments grown at the steady state
after overnight exposure to jasplakinolide or vescalagin (50 pm). Scale
bars: 5 um.

into Mg*'—actin by the use of conditions under which actin
remains monomeric (i.e., in the presence of ethylene glycol
tetraacetic acid),™ 6 was unable to aggregate actin. This
result rules out any effect of the actin conformational change
upon Ca?*/Mg** exchange prior to polymerization.!'” How-
ever, when 6 was added to G-actin, actin aggregation was
induced upon the initiation of actin polymerization by the
addition of the standard F-actin buffer. Sporadic clusters of
aggregated F-actin were observed in multiple foci all over the
coverslip. These clusters grew in size over time to form the
aggregates shown in Figure 6d. Similar results were obtained
with 1 (see Movie 7). This effect appears to be distinct from
those induced by other actin-stabilizing drugs, such as
jasplakinolide (Figure 6¢) and phalloidin (similar results to
those observed with jasplakinolide). Three-dimensional anal-
ysis of these clusters revealed a fibrillar arrangement of actin,
but a random organization of the fibrils within the clusters
(see Figure S8). Collectively, these findings demonstrate that
1 becomes capable of binding actin only when polymerized or
undergoing polymerization into filaments. Thus, 1 presents
two functions: it binds actin filaments and winds them into
fibrillar aggregates.

The actin-filament-aggregation effect of 1 did not prevent
actin polymerization and furthermore decreased the pool of
G-actin. By extension, in cellulo, the spontaneous induction
of disorganized aggregates of F-actin by 1 would be expected
to circumvent regulated actin-filament elongation at filament
ends and thus lead to a cellular environment in which there is
insufficient polymerization-competent G-actin to maintain
normal stress-fiber turnover. Alterations of cellular G-actin
levels are known to affect the synthesis of actin and of other
actin-regulatory proteins.®!!

In conclusion, this study demonstrates that polyphenolic
C-glucosidic ellagitannins constitute another pool of natural
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products with a privileged capacity for binding to actin.
Vescalagin has all the requisites to be utilized as an antiactin
agent in cellular biological investigations in its natural form 1
or fluorescent version 6. Despite its high hydrophilicity,**!
vescalagin rapidly enters cells. Its dose-dependent effects on
the actin cytoskeleton rely on its interaction with F-actin
without any perturbation of the microtubule network. At
variance with phalloidin, its effects on the actin cytoskeleton
were found to be fully reversible (within 1 h of treatment and
at concentrations up to 100 um).

Our results are consistent with a mode of action through
which the binding of vescalagin occurs along the length of the
actin filament, probably at the protein—protein interface of
the so-polymerized actin supramolecular association. The two
analogous polyhydroxylated arene motifs (i.e., the nonahy-
droxyterphenoyl (NHTP) and HHDP units; see Figure 1a)
are probably the key structural features that enable vescala-
gin to wind F-actin into fibrillar aggregates by engaging it
through multiple intra- and/or intermolecular contacts. Fur-
thermore, since phalloidin retains its actin-binding capacity
for F-actin decorated with the vescalagin—-FITC conjugate 6,
as well as for vescalagin-induced actin aggregates, we
conclude that vescalagin and phalloidin do not bind at the
same site(s). Future studies will be devoted to the elucidation
of the vescalagin—actin interaction at the molecular level and
to the comparative evaluation of the antiactin effects of the
other C-glucosidic ellagitannins initially screened in this
study. Moreover, the SPR method we developed, which uses
a biotinylated vescalagin conjugate to discriminate the bind-
ing of vescalagin to F- and G-actin, confirms the utility of the
technique for the observation of specific polyphenol-protein
interactions.'” The implications of these antiactin oak-
derived C-glucosidic ellagitannins on human health will
form the basis of our future investigations.
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