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Abstract

Although small molecule actin modulators have been widely used as research tools, only one cell
permeable small molecule inhibitor of actin depolymerization (jasplakinolide) is commercially
available. We report that the natural product cucurbitacin E inhibits actin depolymerization and
show that its mechanism of action is different from jasplakinolide. In assays using pure
fluorescently labeled actin, cucurbitacin E specifically affected depolymerization without affecting
polymerization. It inhibited actin depolymerization at sub-stoichiometric concentrations up to 1:6
cucurbitacin:actin E. Cucurbitacin E specifically binds to filamentous actin (F-actin) forming a
covalent bond at residue Cys257, but not to monomeric actin (G-actin). Based on its compatibility
with phalloidin staining, we show that cucurbitacin E occupies a different binding site on actin
filaments. Using loss of fluorescence after localized photoactivation, we found that cucurbitacin E
inhibited actin depolymerization in live cells. Cucurbitacin E is a widely available plant-derived
natural product, making it a useful tool to study actin dynamics in cells and actin-based processes
such as cytokinesis.

INTRODUCTION

Actin is one of the most important and abundant proteins in the cell. It is a key component of
the cytoskeleton and is involved in many cellular functions such as cell morphogenesis,
movement, adhesion, polarity and division. In cells, actin is found in monomeric form (G-
actin) and in filamentous form (F-actin). Most of actin’s roles are related to its ability to
form filaments and networks, which is tightly controlled through numerous actin-modifying
proteins (1, 2). These include proteins involved in polymerization and depolymerization of
actin filaments, nucleators, and severing proteins as well as proteins involved in organizing
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filaments such as bundling proteins or filament crosslinkers (3, 4). Despite the wealth of
knowledge about actin regulation, there are many outstanding questions about how it
participates in the different cellular processes that it controls. Small molecules that target
actin have been very useful and successful in understanding the different cellular roles of
actin (5, 6). These small molecules are mostly derived from nature, and include compounds
that inhibit actin polymerization such as cytochalasin and latrunculin (7), as well as F-actin
stabilizers jasplakinolide (Fig. 1A) and phalloidin (8). Some, such as cytochalasin, have
been instrumental in our understanding of F-actin polymerization and regulation. Indeed,
cytochalasin was used to show that the same protein, actin, was involved in different
processes such as cell migration, ruffling and division and revealed that actin polymerization
in the lamellipodium occurred at the tip of the leading edge (6, 9). Phalloidin, which is not
cell-permeable, selectively binds to F-actin and is a major tool in actin imaging in fixed
cells.

We discovered cucurbitacin F (Fig. 1A), isolated from an extract of the plant Physocarpus
capitatus, in a screen for small molecule inhibitors of cell division and observed that it
aggregates actin (10, 11). Many plants make cucurbitacins, triterpenoid compounds
originally identified as the bitter components of the Cucurbit family (12). All cucurbitacins
share the same tetracyclic scaffold, but have varying substituents (cucurbitacin A-T) and are
also often glycosylated. Although they are toxic, cucurbitacins have been used as traditional
medicines, for example, the juice of the squirting cucumber plant (Ecbalium elaterium) may
have anti-inflammatory properties (13). More recently, cucurbitacins have been reported to
be antitumor agents and to inhibit the JAK-STAT pathway (14). It has been well
documented that different cucurbitacins cause actin aggregation, although the underlying
cause for this phenotype is the subject of some debate (15-17). Here, we report that
cucurbitacin E stabilizes F-actin filaments and inhibits actin depolymerization /in vitroand in
cells through a novel mechanism.

RESULTS AND DISCUSSION

To understand the striking effect of cucurbitacins on actin morphology in cells, we first
evaluated its effects on actin polymerization and depolymerization. Because the
commercially available cucurbitacin E had been reported to have a similar phenotype to the
one we observed in cells treated with cucurbitacin F (15), we used cucurbitacin E in the
studies described here. The most common way to evaluate the polymerization state of actin
and its perturbations by proteins or small molecules is a pyrene-actin assay (18). In this
assay, purified actin is conjugated to a pyrene fluorophore, which is quenched by the
interaction with solvent molecules while actin is monomeric (G-actin). When actin
polymerizes into F-actin, the fluorophore becomes less accessible and begins to fluoresce,
resulting in an increase in the fluorescence signal that can be detected. As has been reported
(16), cucurbitacin E had no effect on actin polymerization, even at high concentrations,
while cytochalasin D decreased polymer formation, and the actin stabilizer jasplakinolide
accelerated polymer formation (Fig. S1).

To evaluate cucurbitacin E’s effect on pyrene-actin depolymerization, we pre-formed F-
actin as described above, and measured depolymerization as a decrease in pyrene
fluorescence. Depolymerization can be induced by dilution or by addition of monomer
sequesterers, such as vitamin D binding protein, DNAsel or latrunculin (19). Addition of
monomer sequesterers maintains the actin monomer concentration at zero so that
depolymerization alone can be studied. Unlike in dilution experiments, addition of monomer
sequesterers to induce depolymerization allows continuous monitoring of fluorescence
within the same fluorescence range (7.e. polymerization and depolymerization in the same
experiment). We therefore chose addition of vitamin D binding protein as our main assay,
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and observed similar results with DNasel and latrunculin. In good agreement with a
previous report that used a dilution-based depolymerization assay (16), we found that
cucurbitacin E inhibits actin depolymerization. Cucurbitacin E’s mode of inhibition of actin
depolymerization differed from other small molecule inhibitors (/.e. phalloidin and
jasplakinolide). Both of these compounds completely and immediately inhibit
depolymerization. Cucurbitacin E, in contrast, does not affect the rate of depolymerization
during the first two minutes, even if the small molecule is pre-incubated with F-actin for
several hours (Fig. 1B). This could explain why a study using dilution-induced
depolymerization assays with cucurbitacin | did not report inhibition of actin
depolymerization (17). Subsequent inhibition of depolymerization is robust and sustained
over hours, suggesting that cucurbitacin E stabilizes a subset of F-actin structures.

Sub-stoichiometric amounts of cucurbitacin E relative to actin stabilize actin filaments.
Depolymerization is inhibited at a similar rate when actin is incubated with cucurbitacin E
up to 1:6 times the actin concentration (i.e. 0.5 M cucurbitacin E, relative to an actin
concentration of 3 uM) (Fig. 1B, left panel). At ratios below 1:6 the effect tapers off dose-
dependently, but even at 1:15 relative to actin cucurbitacin E has a stabilizing effect. In
contrast, jasplakinolide requires higher compound:actin ratios to inhibit depolymerization. In
the pyrene assays, it strongly stabilizes filaments at equal concentrations and has significant,
dose-dependent effects at concentrations up to 1:3 (Fig. 1B, right panel), which is consistent
with the fact that jasplakinolide binds to the interface of three actin subunits (20).
Cucurbitacin E stabilizes actin filaments with different Kinetics and at lower ratios than
jasplakinolide, suggesting that it has a different mechanism of action.

Because cucurbitacin E inhibits actin depolymerization at substoichiometric concentrations,
we hypothesized that it might act on fully formed filaments or a subset of filaments and
investigated binding of cucurbitacin E to G- and/or F-actin. We prepared samples of either
G- or F-actin and incubated with various concentrations of cucurbitacin E. Excess small
molecule was then washed out by spinning repeatedly through a membrane with a molecular
weight cut-off of 30kDa (G-actin has a molecular weight of ~42 kDa). When G-actin was
pretreated with cucurbitacin E, washed, and then allowed to polymerize, the subsequent
depolymerization occurred at the same rate for samples with or without compound,
suggesting that cucurbitacin E does not bind to G-actin (Fig. 1C, left panel). On the other
hand, the corresponding experiment with F-actin results in inhibition of depolymerization at
similar cucurbitacin E:actin ratios as seen in previous experiments (Fig. 1D, left panel).
Jasplakinolide at higher concentrations retains some ability to inhibit depolymerization
when it is pre-incubated with G-actin (Fig. 1C, right panel), possibly because it can nucleate
small clusters of actin trimers that cannot be removed by washing. It also inhibits
depolymerization when incubated with F-actin (Fig. 1D, right panel). These data show that
cucurbitacin E’s effect on actin is a result of action on actin filaments rather than actin
monomers and provides further evidence for a unique mechanism of action.

Cucurbitacins include an electrophilic Michael acceptor group (colored red in Fig. 1A),
which can form a covalent bond with a nucleophile, for example, a cysteine, on its target
protein. Rabbit skeletal muscle actin includes five cysteines, at positions 10, 217, 257, 285,
and 374, which are possible candidates for a reaction with cucurbitacin E. In support of such
covalent linkage, cucurbitacin E’s effects on cells are irreversible. HeLa cells treated with
cucurbitacin E, followed by washout in drug-free media for 20 hrs, do not recover their pre-
drug actin phenotype (Fig. 2). We used mass spectrometry to test if we could detect a
covalent bond, which would be indicated by a cucurbitacin E-linked residue in actin
incubated with cucurbitacin E. To increase the experimental range and to account for
variations in commercial preparations, we conducted these experiments with highly related
bovine, chicken, and rabbit actins. In all three cases we observed covalent adducts between
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actin and cucurbitacin E and, after enzymatic digestion with pepsin, we observed peptides
where cucurbitacin E was linked to Cys257 (Fig. 3). With chicken actin, we observed an
additional peptide where cucurbitacin E was also linked to Cys285 (Fig. S2A). We never
saw binding to any other cysteine residue, including Cys374, an exposed residue that is
often the first to be modified when actin is reacted with an electrophile, for example, during
the synthesis of pyrene-actin (21) (Fig. S2B). We used high concentrations of cucurbitacin E
(100x actin) in order to obtain a sufficiently high ratio of peptides with labeled cysteine
residues that can be detected by mass spectrometry. This can be explained by cucurbitacin
E’s substoichiometric action, suggesting that only a subset of actin monomers within
filaments are affected at physiological conditions. However, the interaction between Cys257
and cucurbitacin E is clearly not random because Cys257 was covalently modified while
other, more accessible cysteines, were not affected.

Cucurbitacin E stabilizes actin filaments by a covalent mechanism 7n vitro. For a small
molecule to be broadly useful as a biological probe, its effects on cells need to be correlated
to biochemical results. To investigate the impact of cucurbitacin E on depolymerization
within the cellular actin network, we examined loss of fluorescence after localized
photoactivation of PAGFP-actin. A similar assay has been used successfully to show that
jasplakinolide shifts the equilibrium between G- and F-actin towards filaments (22). We
transiently transfected HeLa cells with a plasmid that expressed actin tagged with a photo-
activatable GFP and RFP (the latter as a background comparison to the varying GFP signal).
After photo-activation, we monitored GFP fluorescence loss, which reports on actin
depolymerization in the presence and absence of 10 nM cucurbitacin E. In samples treated
with cucurbitacin E for 30 min, fluorescence loss was slowed 1.6 fold (halftime increased
from 14 £ 1 s in control samples to 22.5 + 4 s in cucurbitacin E treated samples, N>12 cells
for each, p < 0.01, Fig. 4). We conclude that cucurbitacin E not only slows down actin
depolymerization dynamics /n vitro, but also in cells.

Our biochemical data suggest that cucurbitacin E and jasplakinolide have different
mechanisms of action, likely by binding to different regions of actin filaments. To test this in
cells, we analyzed and compared their effects at different concentrations and time points
(Figs. S3 and S4). Consistent with different mechanisms of action, jasplakinolide and
cucurbitacin E’s effects on cells are not identical. Both small molecules’ phenotypes vary
considerably with concentration and length of exposure. At the minimum concentration at
which we can observe reproducible effects in HeLa cells (10 nM for both), small star-shaped
aggregates are formed after a few minutes (Fig. S3A, top panel). These aggregates remain
mostly amorphous after 4 hours of jasplakinolide treatment, but coalesce into large
aggregates with cucurbitacin E treatment (Fig. S3A, middle panel). Cucurbitacin E depletes
actin from the cortex and from stress fibers more efficiently, especially after longer
treatments, where cellular actin structures have been dissolved and we can only visualize
actin in cucurbitacin E-induced aggregates (Fig. S3A, lower panel). We used actin
antibodies to visualize actin in these experiments because jasplakinolide binds to F-actin
competitively with phalloidin, suggesting it has the same or a closely situated binding
pocket (8). Therefore phalloidin cannot bind to filaments where its binding sites have been
saturated with jasplakinolide (Fig. S4, note the absence of phalloidin staining in the panel on
the bottom right). Cucurbitacin E treatment has no effect on phalloidin staining, which
shows that cucurbitacin E does not compete with jasplakinolide or phalloidin for the same
binding site and therefore has a previously undescribed mechanism of stabilizing actin
filaments in cells.

Cucurbitacin E’s binding mode to actin filaments is characterized by two unique features: it
functions at substoichiometric concentrations and it inhibits depolymerization of actin
filaments only after initial depolymerization occurs. These data both support a model where
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cucurbitacin E binds to a subset of actin filaments or a specific region within filaments. This
can explain why we see an initial burst of depolymerization after cucurbitacin E treatment in
pyrene-actin assays (non cucurbitacin-bound regions/filaments depolymerize), followed by
an inhibition of depolymerization (cucurbitacin-bound regions/filaments are stabilized).

A high-resolution structure of F-actin has never been solved, so it is not possible to use
modeling to predict a potential binding pocket for cucurbitacin E on F-actin, even though we
know one of the residues cucurbitacin E interacts with. Several lower resolution structures
of F-actin exist, and recent reports suggest that actin filaments may exist in many different
conformations (23-26). The multitude of F-actin conformations suggests that cooperative
and allosteric properties of actin play an important role for cellular function (27, 28). It has
recently been proposed that the extremely high degree of sequence conservation for all actin
residues across many different species, including residues that are deeply buried, may be due
to the mechanical and conformational properties required for actin filaments’ functions (29).
It is possible that cucurbitacin E binds to specific conformations of F-actin.

Several structures of G-actin have been solved, including G-actin bound to different actin
binding proteins. Cys257, the residue cucurbitacin E binds to, appears to be deeply buried in
all of these structures. There is a large body of historical work on the reactivities of different
cysteines in actin, which is mostly focused on Cys10 and Cys374. Cys257 was generally not
found to be very reactive, although one study reports that Cys257 is labeled preferentially
with 7-dimethylamino-4-methyl-(N-maleimidyl) coumarin (30). One of the ways in which
cells regulate actin dynamics is by cycling actin between ATP- and ADP-bound states. It has
been suggested that Cys257 may be more reactive in nucleotide-free G-actin (31). Since
cucurbitacin E does not bind to G-actin, we cannot test this directly, but it is possible that
cucurbitacin E binds to and stabilizes specific regions in F-actin that have distinct nucleotide
states. In cells, actin disassembly is accelerated by the concerted effort of several proteins,
including members of the ADF/cofilin family, Aip1, and coronin (32). ADF/cofilin proteins,
for example, promote disassembly both by severing of the actin polymer and by increasing
the off-rate of actin monomers from the filament (33). If cucurbitacin E acts by stabilizing
regions within actin filaments, depolymerization of filaments in cells would be affected, but
perhaps not severing.

We report that cucurbitacin E binds to and stabilizes F-actin, without affecting actin
polymerization or nucleation. Unlike jasplakinolide, it is compatible with phalloidin staining
to visualize actin filaments in cells. Also unlike jasplakinolide, a natural product derived
from a rare marine sponge in limited supply, cucurbitacin E is a widely available plant-
derived natural product. We therefore propose that cucurbitacin E is a very useful research
tool to study processes that involve actin dynamics.

Because actin is involved in so many different cellular processes, actin binders have
traditionally been thought to be too toxic to be developed as potential therapeutics for anti-
cancer chemotherapy. Different cucurbitacin E derivatives, however, have been described as
potential anti-cancer drugs (34), suggesting that their mechanism of actin binding may be
less toxic to cells and may therefore be worth exploring in a clinical setting.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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(A) Chemical structures of cucurbitacin F, cucurbitacin E, and jasplakinolide. The Michael
acceptor on the cucurbitacins is colored red.

(B) Cucurbitacin E inhibits actin depolymerization at substoichiometric concentrations. The
graphs show decrease in F-actin as a function of time as measured by the fluorescence signal
emitted by pyrene-actin. (left panel) After a short initial depolymerization phase,
cucurbitacin E at 1/2x, 1/4x, and 1/6x the actin concentration (i.e. 1.5uM, 0.75pM, and
0.51M) inhibits F-actin depolymerization (3i.M). At lower concentrations cucurbitacin E
has a dose-dependent effect. (right panel) Jasplakinolide inhibits depolymerization at higher
actin:compound ratios than cucurbitacin E. Jasplakinolide concentrations at 2x, 1x, and 1/3x
the actin concentration are shown. A representative example of ten independent experiments
for both drugs is shown.

(C, D) Cucurbitacin E affects F- but not G-actin. The graphs show decrease in F-actin as a
function of time as measured by the fluorescence signal emitted by pyrene-actin. (C, left
panel) Cucurbitacin E does not inhibit depolymerization of F-actin in a pyrene-actin assay if
F-actin was formed from G-actin that has been pre-incubated with cucurbitacin E and then
washed prior to F-actin formation. (D, left panel) On the contrary, when cucurbitacin E is
incubated with F-actin directly, it inhibits depolymerization. Cucurbitacin E concentrations
were 1/7x, 1/2x, 1x, and 10x the actin concentration. (C, right panel) The same experiment
repeated with jasplakinolide and G-actin and (D, right panel) jasplakinolide and F-actin.
Jasplakinolide concentrations were 1/4x, 1x, and 5x the actin concentration. A representative
example of ten independent experiments for both drugs is shown for each panel.
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Cuc 10nM 20 hr washout

Figure2.

Cucurbitacin E’s effect on actin in cells is irreversible. HeLa cells treated with cucurbitacin
E for 4 hrs, followed by subsequent washout of the drug for 20 hrs (bottom panel) exhibit
the same phenotype as cells where the drug has not been washed out (middle panel). Scale
bar = 50pm
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Figure 3.

Mass spectrometric analysis of actin modification by cucurbitacin E shows covalent binding
to Cys257. (A) Intact ESI mass spectra of rabbit skeletal muscle actin treated with DMSO
(top) or cucurbitacin E (bottom). The transformed mass spectra are shown, and the measured
and theoretical molecular weights of unmodified and modified actin are indicated. Addition
of one cucurbitacin E molecule increases the molecular weight of the protein by 556.30 Da.
Peaks corresponding to a phosphate adduct are indicated with a star. (8) Tandem MS
analysis of pepsin digest of modified actin identified Cys257 as the main site of
modification, thus verifying covalent bond formation between cucurbitacin E and actin. ESI-
MS/MS spectra of the actin peptic peptide 237-261 ([M+H]* = 2894.4 Da) alone (upper
panel) and covalently modified ([M+H]* = 3450.7 Da) (lower panel). The mass difference
between fragment ions y, and ys in the untreated actin sample (upper panel, red color)
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shows the unmodified Cys257. The mass difference between fragment ions y, and ys in the

modified actin (lower panel, red color) indicates that Cys257 is the site of covalent
attachment by cucurbitacin E on actin.
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Cucurbitacin E inhibits actin depolymerization in living cells. (A) Photoactivation
experiments show a decrease in fluorescence decay in the presence of 10 nM cucurbitacin E.
After 30min cucurbitacin E treatment (blue trace), the graphs show significant decrease of

1.6 fold in actin depolymerization relative to control (red trace).

(B) Cucurbitacin E treatment results in a reduction of the decay halftime from 14 + 1 sto

225+ 45 (p<0.01, N=12).
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