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Abstract

Microtubule-stabilizing agents (MSAs) are widely used in chemotherapy. Here, using X-ray 

crystallography we describe the detailed binding modes of two potent MSAs, (+)-discodermolide 

(DDM) and the DDM-paclitaxel-hybrid KS-1-199-32, in the taxane pocket of β-tubulin. Both 

compounds bind in a very similar hairpin conformation as previously observed in solution. 

However, they differentially stabilize the M-loop of β-tubulin: KS-1-199-32 induces an M-loop 

helical conformation that is not observed for DDM. In the context of the microtubule structure, 

both MSAs connect the β-tubulin helices H6 and H7 and loop S9–S10 with the M-loop, which is 

similar to the structural effects elicited by epothilone A, but distinct from paclitaxel. Together, our 

data rationalize a differential binding mechanism of DDM and KS-1-199-32 on tubulin.
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Microtubule-stabilizing agents: Discodermolide and KS-1-199-32 are two microtubule-stabilizing 

agents with potent cytotoxic activity. X-ray crystallography shows that both compounds bind to 

the taxane site on β-tubulin with distinct features. The data define the mechanism of action of 

DDM and KS-1-199-32 on tubulin and microtubules.
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Taxane-site MSAs like paclitaxel and docetaxel are among the most successful classes of 

chemotherapeutic agents against cancer[1]. However, their clinical application is 

compromised by their high systemic toxicity and by the development of resistance. (+)-

Discodermolide (DDM, Scheme 1), a potent antitumor polyketide from the marine sponge 

Discoderma dissoluta[2], binds to the taxane site of β-tubulin[3], thereby promoting 

microtubule stability[4] that is associated with cell death[3, 5], and potent induction of 

accelerated cell senescence.[6] DDM binds to tubulin more strongly than paclitaxel, is more 

efficient in promoting tubulin polymerization and has potent cytotoxic activity against a 

number of human tumor cell lines, including paclitaxel-resistant ovarian and colon 

carcinoma cells.[5, 7] Furthermore, DDM and paclitaxel have synergistic anti-proliferative 

efficacy in cancer cell[8] and potentiation effects in an ovarian xenograft tumor model.[7a]

The purpose of earlier work was to prepare taxane-based molecules with superior 

therapeutic activity. To this end a series of DDM-paclitaxel hybrid molecules have been 

studied[9] and extensive SAR data[10] as well as computational and NMR[11] studies have 

been performed to define the binding pose and mode of action of DDM. Based on these 

studies, two conflicting binding modes have been proposed[9a]. The potent DDM-hybrid 

KS-1-199-32 (Scheme 1)[9a] was designed to fill the aromatic pocket of β–tubulin in the 

vicinity of the carbamate group of DDM by introducing aromatic groups with optimal tether 
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lengths capable to mimic the AR3 phenyl side chain of paclitaxel (Figure S1). To gain 

insights into the mechanism of action of this class of compounds and to shed light on the 

conflicting binding modes we sought to crystallize and solve the high resolution structures 

of DDM and KS-1-199-32 in complex with tubulin.

Recently, the first high-resolution crystal structures of the taxane-site ligands zampanolide 

and epothilone A (EpoA) in complex with tubulin have been reported, which shed light on 

the detailed binding mode and mechanism of action of the two taxane-site MSAs[12]. A 

common activation mechanism was proposed based on the observed helical organization of 

the M-loop[12], a critical element involved in the formation of lateral tubulin contacts in 

microtubules[13]. More recently, a crystal structure and additional molecular modeling study 

of a tubulin–dictyostatin complex have allowed the rationalization of the structure–activity 

relationships for a set of synthetic dictyostatin analogues[14].

Here, using a crystal system of a protein complex composed of bovine brain αβ-tubulin, the 

rat stathmin-like protein RB3 and chicken tubulin tyrosine ligase (T2R-TTL)[12, 15], we 

report the crystal structures of both the tubulin-bound DDM and the DDM-paclitaxel hybrid, 

KS-1-199-32, to 1.9 and 2.2 Å resolution, respectively (Figure S2A, Table S1). The overall 

structure of tubulin in the two T2R-TTL-MSA complexes superimposed well with the one 

obtained in the absence of ligands[12] (PDB ID 4I55; rmsdDDM T2R-TTL: 0.28 Å, 2059 Cα-

atoms; rmsdDDM β-tubulin: 0.14 Å, 363 Cα-atoms; rmsdKS-1-199-32 T2R-TTL: 0.43 Å, 2044 

Cα-atoms; rmsdKS-1-199-32 β-tubulin: 0.18 Å, 354 Cα-atoms), suggesting that binding of 

DDM or KS-1-199-32 does not affect the global conformation of tubulin. Both MSAs share 

a common binding mode in the taxane pocket with distinct M-loop stabilization effects, 

consistent with previously reported photolabeling-[16], HDX-MS-[17] and NMR studies[11a].

In the tubulin-DDM complex, the ligand is deeply buried into the taxane pocket (Figure 1A); 

its conformation is very similar to the hairpin structure observed in both solid state and 

solution NMR studies[11d, 18] (rmsd 0.31 Å, 23 core atoms (CSD-ID VINTAN01) and rmsd 

1.15 Å, 42 atoms, respectively), which only differ in the orientation of the lactone ring that 

is in the half-chair conformation[11d, 19] (Figure S2B). The binding mode is in close 

agreement with the one previously suggested from docking studies[19] (rmsd 1.01 Å, 29 Cα 
atoms of the taxane binding site; rmsd 0.43 Å, 41 core atoms; Figure S2C), but differs 

substantially from the binding modes of other proposals[9a, 11b]. Five main hydrogen bonds 

are observed between the C1 ester carbonyl and Ser232 through a water molecule, the C3 

hydroxyl and the backbone carbonyl of Arg369, the C11 hydroxyl and Asp226, the C17 

hydroxyl and both the backbone carbonyl and amide of Pro274 and Thr276, respectively 

(Figure 1B). The carbamate group is exposed to the solvent facing the S9–S10 loop, and 

together with the C2, C4 and the C18 methyl groups it embraces the side chain of Leu371. 

The terminal diene group of C21–C24 forms a weak hydrogen bond to the main chain 

carbonyl of Thr276 via C23, and a π-π interaction to the guanidyl moiety of Arg278 thereby 

stabilizing the amino-terminal section of the M-loop. The DDM-tubulin interaction is 

completed by van der Waals and hydrophobic contacts to Cys213, Leu217, Leu219, His229, 

Leu230, Ala233, Phe272, Pro274, Leu275, Leu371 and Pro360 (Figure 1B).
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The characteristic binding mode of DDM to tubulin supports previously published SAR 

studies[20]. The C1 carbonyl and both the C3 and C7 hydroxyls of DDM are exposed to the 

solvent, explaining why substitutions at these positions are favorable to retention of potent 

cytotoxicity. The structure further reveals why variations at the C2, C14 and the carbamate 

carbons are tolerable, while changes in other portions of the molecule, such as C11 or C17 

significantly affect biological activity[10, 21]. Although C2 and C14 are pointing inside the 

binding pocket, there is sufficient amount of space to accommodate larger substituents at 

these locations. The C2 methyl is anchored by three hydrophobic contacts to Ala233, Pro360 

and Leu371 4.2 Å above the CZ atom of the Phe272 side chain, explaining why DDM 

conserves the full activity on paclitaxel resistant cell lines presenting a Phe270Val mutation 

(Phe272 according to the numbering used here). Moreover, of the β1-tubulin mutations that 

have been reported to confer resistance to paclitaxel only Leu217, Leu219 and Leu230 are in 

direct contact with DDM. All other residues are not, which is in agreement with the 

observation that DDM is active in such mutated cell lines[22].

In the tubulin-KS-1-199-32 and tubulin DDM structures, the interactions of DDM are 

identical (Figure 1C,D). In addition to these interactions, the m-azidophenyl moiety 

occupies a totally different space compared to the aromatic rings of paclitaxel (Figure 

2A,B): It extends towards the M-loop and stabilizes the M-loop laterally into a helical 

conformation. This is in contrast to the original design idea[9a] where the hybrid side chain 

was modeled to occupy the aromatic pocket on β-tubulin in the vicinity of the carbamate 

group of DDM, which in the case of paclitaxel is occupied by the AR3 phenyl side chain 

(Figure S1). The interaction comprises one hydrogen bond to Asn281 and hydrophobic 

interactions of the m-azidophenyl substituent with both the apolar moieties of the Gln281 

and Gln282 side chains (Figure 1C,D). Although the overall stabilization effect on the M-

loop is comparable to the one observed for EpoA[12], the stabilization is distinct as it is 

accomplished through lateral contacts to the M-loop helix, and not to the base, as observed 

for EpoA. Superposition of the binding site of tubulin-EpoA with the corresponding one of 

tubulin-KS-1-199-32 reveals minor variations in the relative orientation between the 

individual M-loops and the remaining portion of the taxane site (Figure 2B), indicating that 

the two molecules share a common mechanism of tubulin activation.

DDM is one of the most potent natural compounds that target tubulin (apparent Kb 872 ± 82 

× 107M−1)[23]. To find a structural relationship for the observed differences in binding 

affinities to other classical taxane-site binders, we compared the binding modes of DDM and 

KS-1-199-32 with the ones of paclitaxel and EpoA (Figure 2). For this purpose, we 

superimposed the crystal structures of the DDM, KS-1-199-32 and EpoA complexes onto 

the taxane pocket of the intermediate domain of β-tubulin in the high-resolution cryo-EM 

structure of a paclitaxel-stabilized microtubule[13] (PDB ID 3J6G; DDM: rmsd 1.15 Å, 150 

Cα atoms; KS-1-199-32: 1.18 Å, 150 Cα atoms; EpoA, PDB ID 4I50: rmsd 0.92 Å, 147 Cα 
atoms). Compared to paclitaxel (Kb 2.64 ± 0.17 × 107M−1)[23], DDM completely fills the 

cavity formed by helices H6 and H7, the H6–H7 loop, and the N-terminal section of the M-

loop with the C10, C12, C14, C16, C18 and C20 methyl groups, and with the diene C21–

C24 side chain. Moreover, the C11–hydroxyl forms a hydrogen bond to Asp226 and the 

C21–C24-diene stabilizes the terminal section of the M-loop by interacting with Arg278 

(Figure 2A). These interactions tightly connect the M-loop to helices H6 and H7 of β-
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tubulin and fix their relative orientation. In contrast, paclitaxel packs much loser in that 

pocket. It has neither a substituent at the C19 carbon nor on the C2-benzoyl-ring that could 

interact to the same extent with the cavity described above (Figure 2A). However, distinct 

interactions are formed by paclitaxel with helices H1 and H7 via the C13 benzamide and the 

AR3 phenyl side chains, which connect the base of the M-loop to H1, H7 and the S9–S10 

loop. The importance of these interactions is underpinned by the fact that Baccatin III, 

which represents the core of paclitaxel lacking both the C13 benzamide and the AR3 phenyl 

side chains, displays the poorest binding affinity (Kb 0.015 ± 0.005 × 107M−1)[24].

KS-1-199-32 (Kb 9.3 ± 2.0 × 107M−1) binds to tubulin with a similar binding constant as 

described for EpoA (Kb 7.48 ± 1.00 × 107M−1)[23]. It forms the same interactions as DDM 

and additionally induces the structuring of the M-loop with the m-azidophenyl moiety 

(Figures 1D and 2B). A comparison of KS-1-199-32 and EpoA binding to tubulin highlights 

how both molecules exploit common tubulin stabilizing features. The two orders of 

magnitude difference in binding affinity compared to DDM suggest that both molecules pay 

a penalty for M-loop structuring. Moreover, the observed structural features discussed above 

suggest that either the hydrophobic interactions with the cavity that harbors the four leucine 

residues Leu217, Leu219, Leu230 and Leu275 or the interactions with helices H1 and H7 

and the S9–S10 loop are required for high-affinity binding of taxane-site MSAs (Figures 

2A,B and S2).

To relate the observed structural features to the potencies in enhancing tubulin 

polymerization in vitro, the critical concentrations for tubulin assembly in GAB buffer (Cr) 

were determined for all the five MSAs described above (Figure 3). The differential degree of 

M-loop stabilization observed in the individual structures of DDM, KS-1-199-32 and EpoA 

is in agreement with their corresponding Cr values. DDM (Cr: 0.65 ± 0.07 µM) only 

interacts with the N-terminal segment of the M-loop without contacting the M-loop helix. 

KS-1-199-32 (Cr: 0.39 ± 0.06 µM) forms the same core interactions as DDM, but in addition 

establishes lateral contacts with the M-loop helix via its m-azidophenyl moiety. EpoA (Cr: 

0.26 ± 0.04 µM) features the most extensive interactions with the M-loop by contacting the 

linkers of the M-loop helix as well as the helix itself[12]. Interestingly, despite lacking the 

close contacts to helix H6 and despite interacting only with the base of the M-loop, 

paclitaxel (Cr: 0.47 ± 0.06 µM) reduces the critical concentration of tubulin to a similar 

extent as DDM. The increased Cr measured for Baccatin III (Cr: 2.90 ± 0.3 µM) together 

with the observed structural features discussed in the previous paragraph suggest that the 

tubulin assembly promoted by paclitaxel follows a distinct mechanism.

Taken together, our results provide detailed insights into the molecular mechanism of 

binding of DDM and KS-1-199-32 to the taxane site of β-tubulin. We find that the major 

consequences of DDM binding to tubulin are (1) the bridging of the four adjacent tubulin 

structural elements H6, H7, S9–S10 with the M-loop, and (2) the stabilization of the β-

tubulin M-loop conformation. Importantly, our experimental data resolve the conflicting 

binding modes that have been proposed based on modelling studies[9a, 11b, 19]. Our analysis 

further suggests that the superior antiproliferative activity of the hybrid arises through M-

loop stabilization rather than through interaction with the aromatic pocket with its paclitaxel 

moiety, which is in contrast to the original design idea based on a DDM docking model[9a]. 
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Because helical structuring of the M-loop is a critical molecular process for the 

establishment of lateral tubulin contacts between adjacent protofilaments in 

microtubules[12–13], our observations explain the promoting effect of DDM and 

KS-1-199-32 on microtubule assembly and stability[10]. Our results are in agreement with 

the recently published SAR study of dictyostatin[14]. The comparison of the poses of DDM, 

KS-1-199-32, paclitaxel and EpoA in the context of the microtubule lattice[13] highlights 

that these features can hold true for microtubules as well (Figure 4A–D).

However, the analysis also suggests that the activation promoted by DDM likely occurs 

through a mechanism, which is distinct from the one promoted by paclitaxel. While DDM 

connects the β-tubulin helices H6 and H7 with the M-loop base, the C13 side chain of 

paclitaxel via helices H1 and H7 and loop S9–S10 achieves a similar effect on M-loop 

stabilization (Figure 4E). The proposed model further shows that KS-1-199-32 can form a 

direct lateral contact with the β-tubulin subunit from a neighboring protofilament (Figure 

4C), which cannot be established by the other taxane site MSAs compared in this study 

(Figure 4A,B,D). The features discussed above together with the direct lateral contact open 

up new prospectives for the design of DDM analogs with superior therapeutic activity that 

fully exploit the landscape of the taxane pocket and potentially glue the lateral contacts of 

adjacent protofilaments in microtubules.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Structures of tubulin-DDM and tubulin-KS-1-199-32
Overall views of (A) tubulin–DDM and (C) tubulin-KS-1-199-32 interactions. The β-tubulin 

–––subunits (chain B) are shown in surface representation. The M-loop residues are 

highlighted in yellow. All ligands are in stick representation and are colored in purple 

(DDM) and green (KS-1-199-32). The SigmaA-weighted 2mFo-DFc (grey mesh) and mFo-

DFc (green mesh) omit maps are contoured at + 1.0 σ and + 3.0 σ, respectively. Close-up 

view of the interactions observed between (B) DDM, (D) KS-1-199-32 and β-tubulin in 

stick and ribbon representation, respectively.
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Figure 2. Tubulin binding of DDM and KS-1-199-32 compared to paclitaxel and EpoA
(A) Close-up view of the superimposed paclitaxel-stabilized microtubule (dark grey ribbon, 

white surface, PDB ID 3J6G) and tubulin–DDM (light gray ribbon) complexes. The black 

ellipsoids denote the regions of the taxane site where differences are observed. (B) Same 

close-up view as in (A), but with superimposed KS-1-199-32 (green) and EpoA (slate, PDB 

ID 4I50). The M-loop of the superimposed KS-1-199-32-structure is highlighted in yellow.
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Figure 3. Critical concentrations for tubulin assembly
Critical concentration of the GTP-tubulin assembly in GAB buffer[23] in the presence of the 

individual ligands compared to DMSO (control; Cr 3.3 ± 0.1 µM[23]). The error bars indicate 

the standard error.
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Figure 4. Binding of taxane-site ligands in the context of the microtubule
Superposition of the intermediate domains of (A) DDM, (C) KS-1-199-32 and (D) EpoA 

(PDB ID 4I50) onto the corresponding domain of (B) the paclitaxel-bound microtubule 

(PDB ID 3J6G). The helices shaping the taxane site of the microtubule are displayed as 

cylinders, the β-tubulin subunits of the flanking protofilament are in surface representation. 

The M-loop is highlighted in yellow. The ligands are in spheres representation. Key 

interactions are marked with a black arrow. (E) Schematic representation of the structural 

features shown in panels (A) – (D) highlighting the secondary structural elements contacted 

by the individual ligands. The ligand contacted elements are framed with the same color 
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code as the individual ligands. The thick black lines denote the connection between the 

secondary structural elements.
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Scheme 1. 
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