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Trisoxazole macrolide toxins mimic the binding of
actin-capping proteins to actin
Vadim A Klenchin1, John S Allingham1, Ryan King1, Junichi Tanaka2,3, Gerard Marriott2 & Ivan Rayment1
Marine macrolide toxins of trisoxazole family target actin with high affinity and specificity and have promising pharmacological
properties. We present X-ray structures of actin in complex with two members of this family, kabiramide C and jaspisamide A, at
a resolution of 1.45 and 1.6 Å, respectively. The structures reveal the absolute stereochemistry of these toxins and demonstrate
that their trisoxazole ring interacts with actin subdomain 1 while the aliphatic side chain is inserted into the hydrophobic cavity
between actin subdomains 1 and 3. The binding site is essentially the same as the one occupied by the actin-capping domain of
the gelsolin superfamily of proteins. The structural evidence suggests that actin filament severing and capping by these toxins is
also analogous to that of gelsolin. Consequently, these macrolides may be viewed as small molecule biomimetics of an entire
class of actin-binding proteins.

The dynamic interchange between monomeric G-actin and polymeric
F-actin filaments is fundamental to cell motility and cytokinesis. Actin
filament dynamics is regulated by numerous actin-binding proteins
that serve to sequester actin monomers, increase the rate of ATP-ADP
exchange in actin monomers and modulate the rate of actin filament
dynamics by capping and severing1,2.
One of the best-studied examples of such actin-binding proteins is
the gelsolin family, which includes gelsolin, CapG, severin and
villin3,4. These proteins inhibit actin polymerization by binding to the
fast-growing ‘barbed’ end of the actin filament and preventing further
addition of actin monomers. Many members of the gelsolin family
also have F-actin-severing activity. Crystal structures of actin in complex with gelsolin domain 1 have shown that the binding interface is
located between actin subdomains 1 and 3 (refs. 5–7). This region is
also targeted by F-actin-severing proteins of the cofilin family8–10 and
by monomer-sequestering proteins that lack severing activity such as
profilin11 and vitamin D–binding protein12.
Given the importance of the actin cytoskeleton in cellular function,
it is not surprising that many naturally occurring toxins interfere with
normal actin filament dynamics and regulation. One class of these is
the extended family of marine products that includes kabiramides,
jaspisamides, halichondramides, mycalolides, ulapualides and halishigamides13, which are synthesized by marine sponges and exert
their cytotoxic effects on cells by interfering with the regulation of
actin filament dynamics14,15. Structurally, these toxins are composed
of a trisoxazole-containing macrolide ring and an extended aliphatic
tail that can harbor a variety of backbone substitutions. Functionally,
these toxins target actin with high affinity and specificity, exhibiting
potent filament severing and monomer sequestering activities that

ultimately result in cell death15–17. Thus far this group of compounds
has received scant attention in cell biological studies. However, given
the success of other actin-targeting toxins such as phalloidin1 and
latrunculins1,15, there is little doubt that they will prove to be invaluable tools in studies of actin cytoskeleton structure and function. This
group of toxins might also serve as a foundation for a new class of anticancer agents13,18,19. We determined the structures of actin in complex
with trisoxazole toxins to understand the mechanism by which trisoxazole macrolides mediate inhibition of actin filament dynamics. The
structures of kabiramide C and jaspisamide A in complex with G-actin
not only resolve the molecular details underlying their cytotoxicity,
but also provide an excellent illustration of the ability of organisms to
synthesize small molecules that mimic the behavior of an entire class
of proteins involved in the regulation of key cellular processes.
RESULTS
Structures overview
The structures of the Ca-ATP form of G-actin in its complexes with
kabiramide C and jaspisamide A were solved by molecular replacement to a resolution of 1.45 and 1.6 Å, respectively. Each provides
detailed information on both the stereochemical structure of the
macrolide and the mode of actin binding. A summary of the crystallographic statistics is presented in Table 1. The actin structure is very
similar for both complexes as the Cα atoms superimpose with a r.m.s.
deviation of 0.79 Å. The few substantial differences between the two
structures are limited to intrinsically flexible regions of the protein
(residues Tyr53–Leu67, Ser199–Ile208 and Lys238–Ile248) and most
likely result from different crystallization conditions and crystal packing. Actin is found in a canonical ‘closed’ conformation20 that is very
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Figure 1 Structure of trisoxazole-containing
macrolide toxins. (a,b) Stereo view of the electron
densities for kabiramide C (a) and jaspisamide A
(b). The maps were calculated with σa-weighted
coefficients of the form 2mFo – dFc and contoured
at 1 σ. (c) Absolute stereochemistry of
kabiramide C, jaspisamide A and
halichondramide. For comparison, the established
configuration of mycalolide A and predicted
stereochemistry of related the toxins ulapualide A
and halishigamide A are also shown. The absolute
stereochemistry of the chiral centers is defined as
3S, 5R, 7S, 8S, 9R, 22S, 23R, 24S, 26S, 27S,
31R, 32R, 33R for kabiramide C and 3S, 5S, 8R,
9S, 23R, 24S, 26S, 27S, 31R, 32R for
jaspisamide A.

Kabiramide C

b

ture, but is bent slightly, perhaps as a result of
its interaction with actin. Figure 1c summarizes the absolute stereochemistry of kabiramide C and jaspisamide A. Overall, the
configurations of the chiral centers are almost
identical to those determined earlier for
mycalolide A23, but differ at C3, C22, C24,
C25, and C26 from those reported in the total
synthesis and molecular modeling of ulapualide A24. Metal ion coordination by the
macrolide ring of ulapualide A, predicted by
molecular modeling, is also not observed.
The toxin used to prepare the complex of
Jaspisamide A
actin with jaspisamide A was purified and
identified by NMR and mass spectroscopy as
R8
c
halichondramide25. Jaspisamide A and haliO
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chondramide are almost identical in structure
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and conformation, except for the substituents
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at C5 and C6 (Fig. 1c). In halichondramide,
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O
C5 and C6 are connected by double bonds,
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whereas in jaspisamide A this bond is
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hydrated, leaving a hydroxyl group at C5. As
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the electron density for the hydroxyl group in
a Fo – Fc map is unequivocal (Fig. 1b), this
suggests that a stereoselective hydration of C5
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took place while the toxin was bound to actin.
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Halishigamide A H
NH2
indeed, halichondramide bound to actin in Gbuffer undergoes conversion to jaspisamide A
over a period of four days at room temperasimilar to the structures reported previously5,11,12,21,22, indicating that ture. Notably, the conversion is actin dependent as no jaspisamide A
the toxins do not cause major conformational changes in actin. As is was found in samples containing either no protein or bovine serum
the case for the structures of actin in complex with gelsolin domain 1 albumin (not shown). This finding of unexpected catalytic activity by
(refs. 5–7) and vitamin D–binding protein12, the DNAse-binding loop actin predicts that the same conversion will occur with the mycalolide
members of the trisoxazole macrolide family that have the C5–C6 dou(residues Arg39–Lys50) is disordered.
ble bond (Fig. 1c).
Stereochemistry of toxins
The high-resolution data allow unequivocal assignment of atoms to the Actin-binding site of toxins
electron density for both toxins and define all of their structural fea- The structure of actin bound to jaspisamide A is shown in Figure 2a
tures with high confidence (Fig. 1a,b). Notably, the trisoxazole moiety (the kabiramide C complex is essentially identical and not shown).
is not entirely planar as might be expected based on its chemical struc- The toxin binds in the cleft between actin subdomains 1 and 3, with
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the macrolide ring interacting primarily with a hydrophobic patch
formed by Ile341, Ile345, Ser348 and Leu349. The long aliphatic tail
participates in a more extensive group of interactions, suggesting that
it is the key determinant in the binding of trisoxazole macrolides to
actin. Indeed, 77% (414 Å2) of the solvent-accessible surface area of
the nonpolar atoms in the tail is sequestered
by their interaction with actin. In contrast,
36% (284 Å2) of the nonpolar surface area of a
the macrolide ring is occluded. The tail is
buried amid the entire cleft region, forming
most of its hydrophobic contacts with Ala135,
4
Tyr143, Gly146, Thr148, Gly168, Tyr169,
Leu346, Leu349, Phe352 and Met355 (Fig. 2).
The interaction of the tail with actin is further
stabilized by water molecules that bridge the
terminal oxygen of the N-methyl-vinylformamide group and the backbone amide
hydrogens of Tyr133, Ile136 and Ala170.
The total molecular surface area buried
3
when kabiramide C binds to actin is 1,480 Å2,
2
which is roughly comparable to the 2,116 Å
buried in the interface between actin and gelsolin domain 1. An overall normalized surface complementarity with the actin is 0.54 b
for the kabiramide C and 0.52 for the
jaspisamide A26. Notably, the contact interfaces for kabiramide C and jaspisamide A on
actin are almost identical to that of gelsolin
domain 1 (Fig. 2b). This is surprising considering the enormous differences in size and
shape of the toxins compared with gelsolin
domain 1. In both cases the interactions occur
with Leu142–Thr148, Tyr166–Tyr169 and
Ile341–Met355 of actin. Kabiramide C and
jaspisamide A are the first examples of small
molecule toxins targeting this site.
DISCUSSION
Mechanism of actin filament severing
A superposition of kabiramide C and gelsolin
domain 1 in their actin-bound conformations shows considerable spatial overlap,
clearly indicating that the two should compete with each other for the actin-binding site
(Fig. 2c). We have recently confirmed this
prediction experimentally27. By analogy,
some competition by trisoxazole macrolides
can also be expected in the case of vitamin
D–binding protein, whose binding site partially overlaps with that of gelsolin domain 1
(ref. 12). Considering the fact that regulation
of actin networks is critical to a variety of cellular functions, the cytotoxic effect of these
drugs at low concentrations may not be
related simply to their interaction with
cytosolic actin. Rather, their effect may be due
in part to competition with endogenous
actin-binding proteins.
The apparent biomimetic nature of the toxins is further emphasized by their mechanism
of actin filament severing. The key event in F-
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actin severing by full-length gelsolin is the intercalation of gelsolin
domain 1 between two longitudinal monomers in the filament4,28,29.
This intercalation is facilitated by gelsolin domain 2, which binds to
the side of F-actin, positioning domain 1 near the boundary between
two monomers4,28. In the absence of domain 2, gelsolin domain 1
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Figure 2 Trisoxazole-containing macrolide toxins bind to the same site on actin as gelsolin domain 1.
(a) The structure of the actin–jaspisamide A complex in two orientations where actin is depicted in a
ribbon representation and the toxin is shown as a space-filling model in red. Actin subdomains 1–4 are
labeled. (b) A space-filling representation of the residues on actin that interact with kabiramide C (left)
and gelsolin domain 1 (right). The coordinates for gelsolin domain 1 were obtained from the RCSB
(PDB entry 1EQY)5,6. (c) Overlay of kabiramide C (red, space-filling representation) and gelsolin
domain 1 (blue) based on the superposition of the actin in their respective complexes. For gelsolin
domain 1 the actin-binding helix, Ser70–Leu88, is shown in space-filling representation.
(d) Kabiramide C binding site on actin. Toxin is shown as ball and stick representation in cyan; labeled
amino acid residues contacting kabiramide C are shown in CPK colors as a space-filling model.
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residues Ile341, Ile345, Ser348 and Leu349. This interaction is fairly
weak but serves to anchor the macrolide to actin. Thereafter, the long,
hydrophobic and flexible tail of the toxin inserts into the cleft between
subdomains 1 and 3. This high-affinity interaction outcompetes the
interaction of the hydrophobic stretch of residues in the DNAse binding loop of the ‘lower’ F-actin protomer. With an important part of
longitudinal protomer-protomer contact broken, the filament stability
is compromised and it eventually breaks. This model is supported by
the kinetic studies of kabiramide C binding to F-actin27. The clear
analogy between the anchoring functions of gelsolin domain 2 and the
trisoxazole macrolide ring, and the severing functions of gelsolin
domain 1 and the trisoxazole macrolide tail, suggests that these toxins
may be viewed as nonprotein ‘mini-gelsolins.’

Figure 3 Kabiramide C binding to the actin filament may result in steric
clashes with the neighboring actin subunit. Kabiramide C in G-actin-bound
conformation (red) is superimposed onto the model for F-actin31,33. For
clarity, four actin subunits are depicted where the filament axis is vertical
with the barbed end at the bottom. The two in the front, shown in blue and
green, reveal the location of kabiramide between longitudinally contacting
actin monomers.

alone has weak severing activity7,30. Models for F-actin based on fiber
diffraction data31–33, as well as recent experimental data7, suggest that
longitudinal monomer-monomer interactions are sterically incompatible with intercalation of a 15 kDa protein. However, such an explanation is not immediately apparent in the case of a much smaller
molecule, like a macrolide toxin, intercalating at the same site. F-actin
models raise the possibility that the interaction that is disrupted
occurs between a stretch of hydrophobic residues (GVMVGMG) in
the DNAse-binding loop on one actin protomer and the hydrophobic
cleft between subdomains 1 and 3 on the longitudinally related protomer. Experimental evidence is consistent with this hypothesis. First,
a Q41C mutant of yeast actin forms normal filaments that can be
crosslinked via a disulfide bond between Cys41 and Cys374 without
imposing any appreciable strain on the filament34. This requires close
proximity of the DNAse-binding loop and actin subdomain 1 in Factin. Second, derivatization of G-actin with a bulky hydrophobic dye
tetramethyl-rhodamine-5-maleimide results in the dye stacking
against the subdomain 1 side of the hydrophobic cleft, which effectively inhibits actin polymerization22, indicating that this interface
may be important for filament assembly. Indeed, the superposition of
kabiramide C on the model for F-actin31,33 shows a spatial overlap
between kabiramide C and residues Val43, Met44 and Val45 of the
neighboring subunit (Fig. 3), suggesting that trisoxazole macrolides
sever actin filaments in a similar manner to that of gelsolin domain 1.
A simple model to explain trisoxazole macrolide–mediated severing
can therefore be proposed. First, the macrolide ring binds to F-actin by
interacting with the exposed hydrophobic patch formed by actin

Inhibition of nucleotide exchange
It has been reported that trisoxazole macrolides inhibit nucleotide
exchange on the actin17 in a manner similar to gelsolin35, gelsolin
domain 1 (ref. 7) and cofilin36. The G-actin binding site of these actinbinding molecules is distant from the ATP-binding pocket. Evidently,
the structural basis for the inhibition of nucleotide exchange of the
toxins is different from that of latrunculin B, which binds in the interface between subdomains 2 and 4 and clamps the ATP-binding site6. A
compelling analysis of the domain movements in actin37 indicates that
opening of the nucleotide-binding cleft requires coordinated torsional
movements in the ‘shear’ regions found within helix Ile136–Gly146
and loop Arg335–Ser338 of actin. Because both of the trisoxazolecontaining toxins from this study and gelsolin domain 1 engage in
extensive interactions with residues in the shear regions, it seems that
they inhibit nucleotide exchange by restricting the conformational
freedom of the domains encompassing the ATP-binding site.
Capping of actin filaments
Another similarity between the trisoxazole macrolides and members
of the gelsolin family of proteins resides in the ability of the toxins, as
well as toxin-bound actin monomers, to cap the barbed ends of actin
filaments15,27. Although proteins that bind to more than one actin
monomer (gelsolin, CapZ) are better capping proteins, capping activity has been observed for single-site binders such as gelsolin domain 1
(ref. 38) and severin domain 1 (ref. 39). Capping activity for gelsolin
domain 1 can also be inferred from the ability of crosslinked actin
trimers bound to gelsolin domain 1 to nucleate G-actin polymerization7. Thus, the conformation of actin, when bound to gelsolin
domain 1 or the macrolide toxins, is fully competent to interact with
the barbed end of the filament. Moreover, as capping exhibits itself as a
decrease in the dissociation rate of the capped actin monomer from
the rest of the filament, it follows that locking of the actin monomer in
a ‘closed’ conformation20,37 by binding of gelsolin domain 1 or trisoxazole macrolides increases its affinity for the barbed end of the actin
filament.
Implications for other toxins
Together with available biochemical data, the structures reported here
establish a basis for predicting the characteristics of the interaction for
the entire class of trisoxazole-containing macrolide toxins (>30 members described thus far), as well as other actin-targeting macrolides. For
example, the importance of the interaction of the tail with actin
explains why alpyronine A, another marine toxin that has a similar tail
but a very different macrolide ring, has actin-binding properties close
to that of mycalolide B17. Likewise, tolytoxin, a member of the scytophycin extended family of macrolide toxins1, also has a side chain that is
extremely similar to the kabiramide C and jaspisamide A tails.
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Table 1 Summary of crystallographic statistics
Actin–kabiramide C

Actin–jaspisamide A

Data collection
Space group

P212121

P21
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Unit cell dimensions (Å)
a (Å)

69.9

40.4

b (Å)

70.6

76.0

c (Å)

75.1

67.5

β (°)

–

99.1

30.0–1.45

20–1.6

Resolution (Å)
Reflections
Total

542,898

237,001

Unique

65,708

52,492

Average I / σa

47.1 (13.9)

37.0 (5.2)

Completeness (%)a

98.5 (95.7)

99.1 (96.8)

Rmergea (%)

4.4 (12.3)

4.4 (30.3)

Actin

2,843

2,820

Toxin

67

61

CaATP

32

32

Solvent

357

297

Rworka,b (%)

16.9 (18.7)

16.5 (19.6)

Rfreea,b (%)

18.8 (22.3)

20.1 (25.6)

Wilson B-value (Å2)

21.1

25.4

Refinement
Number of atoms

Average B-factors (Å2)
Actin

18.4

18.7

Toxin

14.0

19.7

ATP

9.9

12.2

Solvent

29.6

29.2

R.m.s. deviations
Bond length (Å)

0.014

0.016

Bond angle (°)

1.67

1.68

aData in parentheses represent highest-resolution shell. bR
factor = Σ || Fo | – k | Fc || / Σ | Fo |,
where Rwork refers to the Rfactor for the data utilized in the refinement and Rfree refers to the
Rfactor for the 5% of the data that were excluded from the refinement.

Contrary to the conclusion derived from the analysis of tolytoxin binding to yeast mutants40, our results would suggest that tolytoxin also
binds at the interface between actin subdomains 1 and 3. On the basis
of the observed structures, it is possible to predict how alterations in the
ring and tail moieties will affect their ability to bind actin. Substitutions
of side groups in the macrolide ring facing exclusively to the solvent
should not affect the binding substantially and substituting them with
charged groups may render the toxins impermeable to the plasma
membrane. Conversely, elimination of methyl and methoxy groups or
introduction of charged groups on the tail should reduce the strength
of the interaction. As anti-actin macrolides have the potential to function as anti-cancer drugs13,18,19, the implementation of such a rational
design strategy might prove very valuable.
METHODS
Toxin isolation. Kabiramide C was isolated from a lipophilic extract (69 g) of
the sponge Ircinia sp. (wet weight 12 kg, collected in the Gulf of Thailand). The
toxin was separated successively on silica gel, Sephadex LH20 and reverse-phase
HPLC to give 450 mg of kabiramide C41. Halichondramide was isolated from a
lipophilic extract (15 g) of an unidentified sponge (wet weight 3 kg) collected at
Iriomote Island in Okinawa. The toxin was separated on a series of silica gel
columns and reverse-phase HPLC to give 380 mg of halichondramide25. The
identity of both toxins was confirmed by NMR and mass spectroscopy.
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Actin purification. Actin was purified from rabbit muscle acetone powder
either according to the standard protocol42 or by extraction with 0.4 M ammonium thiocyanate followed by chromatography on hydroxylapatite (D. Smith,
R.W. Smith and I.R., unpublished data). Protein purity and quality of crystals
obtained were comparable for both methods of purification. Freshly prepared
actin at 2 mg ml–1 in G-buffer (2 mM Tris, 0.2 mM ATP, 0.2 mM CaCl2, 1 mM
NaN3, pH 8.0) was mixed with 1.1–1.2 molar excess of toxins on ice and concentrated by ultrafiltration to 10–12 mg ml–1. Protein complexes were stored on
ice for up to 4 weeks (kabiramide C) or frozen as 30 µl droplets in liquid nitrogen and stored at –80 °C (halichondramide).
Crystallization and data collection. Crystals of the actin–kabiramide C complex were grown by small-scale batch43 by mixing 5 µl of the complex with 5 µl
of 100 mM MES pH 5.5, 18% (w/v) poly(ethylene glycol) 1500, 12% (w/v) 1,6hexanediol, 100 mM CaCl2, 1 mM NaN3, 1 mM TCEP. The mixtures were
nucleated immediately by streak-seeding from an earlier crystallization screen.
Crystals grew as rectangular blocks of dimensions ∼0.3 × 0.2 × 0.15 mm in
2–3 d at 20 °C. The actin–jaspisamide A complex was crystallized in a similar
manner except that the precipitant contained 100 mM bis-tris propane pH 7.0,
15% (w/v) dimethyl poly(ethylene glycol) 5000, 25 mM CaCl2, 1 mM NaN3, 1
mM TCEP. These crystals grew as thin plates of dimensions ∼0.01 × 0.6 × 0.4
mm over 2–3 d at 20 °C. Actin–kabiramide C crystals were cryopreserved by
equilibration for 3 min in 75 and 100% of the precipitant solution and flash
frozen in a stream of cold liquid nitrogen gas. Actin–jaspisamide A crystals were
cryopreserved by transfer into the precipitant solution followed by successive
equilibration with 15, 22 and 30% (w/v) sucrose in the precipitant solution and
flash frozen in a stream of cold liquid nitrogen gas. Actin-kabiramide C data
were collected at BioCARS beamline, Advanced Photon Source (Argonne,
Illinois, USA) as 360 frames with 0.5° oscillations at a wavelength of 0.9 Å.
Actin–jaspisamide A data were collected at 19-BM beamline of the Structural
Biology Center at the Advanced Photon Source as 215 frames with 1.0° oscillations at wavelength of 0.979 Å.
Data processing, structure solution and refinement. Diffraction data were
integrated and scaled with HKL2000 (ref. 44). The structure for actin–
kabiramide C was solved by molecular replacement with MOLREP45 starting
from the actin–gelsolin fragment 1 (PDB entry 1EQY5,6). Thereafter the structure of actin–jaspisamide was solved in a similar manner starting from the
kabiramide C complex. The structures were refined with REFMAC46. Water
molecules were added to the coordinate set with ARP/wARP47 with subsequent
manual verification. Plausible restraint values of bond lengths and bond angles
for the toxin molecules model were obtained from an in vacuo energyminimized model calculated with density functional theory–approximated
quantum mechanical calculations for kabiramide C in Gaussian 98A. A
Ramachandran plot indicates that for the actin–kabiramide A complex and
actin–jaspisamide A complex, 93.3 and 94.6% of the residues, respectively, fall
in the most favorable regions, with the remaining 6.7 and 5.4% falling in the
additionally allowed regions.
Structure analysis and figure preparation. Structural alignment was carried
out with Align48. Ligand-protein contacts were derived with the LPC software26 (http://pdb.eizmann.ac.il:8500/osc-bin/lpccsu/). Total molecular
surface buried at the complex interface was calculated with CNS version 1.1
(ref. 49). Figures were prepared with Ribbons50.
Coordinates. Atomic coordinates and structure factors have been deposited in
the Protein Data Bank (accession codes 1QZ5 (kabiramide C) and 1QZ6
(jaspisamide A)).
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