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Abstract—The solution structures of the potent microtubule-stabilizing anti-cancer agent laulimalide and simplified analogues were
determined by a combination of high field "H NMR spectroscopic studies (J-based configuration analysis and NOESY) and con-
strained molecular dynamics simulations and discussed in relation to their antiproliferative activity.
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The marine macrolide laulimalide (1, Fig. 1)! represents
an attractive lead compound for development as a new
structural class of cancer chemotherapeutic agent. Lau-
limalide stabilizes microtubules in a similar manner to

Figure 1. Laulimalide (1) and its 11-desmethyl-analogues 2a—d.
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Taxol® (paclitaxel) and inhibits the proliferation of a
range of human carcinoma cell lines, including multi-
drug and paclitaxel resistant cells, at low nanomolar
concentrations.?? Moreover, it appears to have a differ-
ent (and as yet undefined)* binding site on tubulin>°® and
is much less susceptible to P-glycoprotein-mediated mul-
tidrug resistance.*® This promising biological profile, to-
gether with its low natural abundance from its sponge
sources, has triggered extensive synthetic efforts, culmi-
nating in a number of total syntheses of laulimalide.>”-8
Despite these contributions, there is still a supply prob-
lem, which renders the development of structurally sim-
plified and, as such, more readily accessible analogues
an important goal. For the rational design of such ana-
logues, an understanding of the detailed 3D structure
and conformational behaviour of laulimalide should
be highly informative.

While other microtubule-stabilizing agents have been
extensively studied by analogue preparation and solu-
tion conformational analysis,” no such detailed studies
have been described for laulimalide and only a limited
range of derivatives have been reported to date.® So
far, only the solid state structure (X-ray crystal structure
of laulimalide itself) provides substantive information
on the preferred conformation.'c Herein, we report the
elucidation of the solution structure of laulimalide (1),
together with selected simplified analogues 2a-d featur-
ing a modified macrocyclic core at C11 and having a
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truncated or replacement side chain at C20,%¢ by 'H
NMR spectroscopy and molecular modelling.

The salient structural features of laulimalide include a
20-membered macrolide ring, two dihydropyran units,
an epoxide, five double bonds and nine stereogenic cen-
tres. As a close mimic of biologically relevant systems,
all spectral data for laulimalide were recorded in
CD;OD!? in a similar manner to our recent conforma-
tional studies on dictyostatin, a related microtubule-sta-
bilizing marine macrolide.®® Optimum 'H NMR signal
dispersion was realized at the highest available field
strength (700 MHz), allowing the complete assignment
of all resonances.!! A combination of multiplet analy-
sis,'? homonuclear decoupling and TOCSY experiments
at different mixing times (Fig. 2) was used for the extrac-
tion of all *Jy i coupling constants, while information
on the spatial relationships between nonadjacent pro-
tons was deduced from NOESY experiments (0.5 s mix-
ing time). Based on these data, laulimalide was divided
into three subunits—a ‘northern’ (C13-C19, Fig. 2a)
and ‘southern’ (C1-C12, Fig. 2b) region of the macrocy-
cle, and the side chain (C19-C27, Fig. 2¢).!3

The northern (C13-C19) region (Fig. 2a) is character-
ized by a sequence of small/large coupling constants
and distinctive NOESY data, indicating the relative
rigidity within this subunit. In particular, small cou-
plings observed for H-15 to H-16, H-17 to H-18a and
H-18a to H-19 suggest gauche relationships between
these protons. The large couplings for H-15 to H-14a
and H-18b to both H-17 and H-19, in combination with
a strong NOESY interaction between H-17 and H-19,
led to the conformational assignment for the C15-C19
region as shown. Based on this analysis, the epoxide ring
is expected to be on the outside of the macrocycle. The
predominance of this conformer is further supported by
a number of additional NOESY correlations (e.g., H-
14b to H-15, H-16 to H-18b).

Conformational assignment of the southern region of
laulimalide (Fig. 2b) was based on a combination of
NOESY data (H-5 to H-3 and H-4b to H-6) and a large
vicinal coupling between H-5 and H-4a. The gauche
relationship between H-5 and H-4b (3JH,H =29 Hz)
supports this assignment. A strong NOESY correlation
from H-3 to H-5, together with a large dipolar coupling

Figure 2. Laulimalide: selected NOESY correlations (single arrows) and 3JHH values (double arrows) within (a) the C14-C19 region; (b) the C2-C12

region and (c) the C18-C27 region; (d) transannular NOESY correlations.
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of H-3 to H-4a, indicates that the cis-enoate protons are
oriented on the same face as H-4b and H-5. A further
NOESY correlation between H-4a and H-9 shows the
spatial proximity of these protons. Although the cou-
pling constants for the C9—C12 region reveal a continu-
ation of small/large values for vicinal protons, the
magnitude of these couplings indicates that the confor-
mational bias for this region of the macrocycle is not
as pronounced as that observed within the northern
part. NOESY correlations between the CH; group at
C11 and H-8b and H-11 and H-9, in combination with
large couplings from H-10b to both H-9 and H-11, sup-
port a gauche relationship for C8 and C11 within this
segment. The conformation depicted for the southern re-
gion in Figure 2b is further supported by both a large
dipolar coupling from H-11 to H-10b and H-12a and
a strong NOESY correlation between the latter protons.

Within the side chain (Fig. 2c), strong NOESY interac-
tions between H-20 and H-18a and a small coupling to
H-19 suggest a 1,3-diaxial relationship for H-20 and
H-18 and a gauche relationship to H-19. The magnitude
of the H-19 to H-20 scalar coupling suggests some flex-
ibility within this region. Equally strong NOESY corre-
lations were observed from both H-20 and H-23 to the
two olefinic protons (H-21 and H-22), indicating (in
combination with a H-22/H-24a/b NOESY correlation)
that H-20 and H-23 reside on the same face above the
plane of the olefin. The observed large coupling con-
stants for H-20 to H-21 and H-22 to H-23 support this
analysis.

For defining the relative orientation between the north-
ern and southern subunits, a series of transannular
NOESY interactions proved valuable (Fig. 2d). Of par-
ticular note, a correlation from H-2 to H-5, H-16 and H-
14a, suggested these protons reside on the same upper
face of the macrocyclic ring. Following this argument,
protons H-9, H-11, H-12b, H-14a, H-15 and H-17 are
expected to be located on the other (lower) side of the
ring in the predominant conformation. No NOESY
interaction between the side chain segment (C20-C28)
and the macrocyclic core were observed.

On the basis of this spectroscopic analysis, files with
constrained torsion angles and distances were generated
in Macromodel 8.0'4 and subjected to restrained Monte
Carlo 10,000 step conformational searches (MM?2 force
field) with the generalized Born/surface area (CB/SA)
water solvent model.!> These calculations revealed con-
formation 1-conf I (Fig. 3a and b) as the global mini-
mum conformation in solution, within a series of
discrete families of structurally closely related low en-
ergy conformations within 2 kcal mol™!, as shown in
the overlay in Figure 3c (1-conf I in green, 1-conf 2 in
red: +0.7 kcal mol ™', 1-conf 3 in blue: +1.4 kcal mol™1).
This lowest energy conformation is closely related to the
known solid state structure of laulimalide.'®'® It adopts
an open and flattened gross conformation (Fig. 3a and
b). The side chain, the unsaturated C2/C3- and C21/
C22-segments, as well as the epoxide moiety, are within
the same plane, while the dihydropyran unit in the mac-
rocycle is bent below. Notably, the relative proximity

(b) (side view)

1-conf 1

1-conf 2

1-conf 3

Figure 3. Global minimum conformation of laulimalide in solution as
obtained from (a, b) constrained molecular dynamics simulation and
(c) overlay of selected conformers within 2 kcal/mol of the global
minimum.

and orientation of C17 and the C20-OH account for
the well documented facile nucleophilic opening of the
epoxide by the side chain hydroxyl group to produce
isolaulimalide.'®7¢

Comparing the low energy conformations (Fig. 3c) re-
veals the C14-C20 and the C1-C3 region to be relatively
rigid. Interestingly, this segment has previously been
suggested to be part of the pharmacophore region of
laulimalide,®¢ as any structural modifications within this
region have led to a considerable loss of antimitotic po-
tency.® The C9—C12 subunit, as well as the side chain, in
contrast, appears to be conformationally more flexible.

Based on a novel synthetic approach,®®!7 we have re-
cently prepared the series of 11-desmethyl-laulimalide
derivatives 2a—d, as a first entry into structurally simpli-
fied analogues.®®¢ In particular, 11-desmethyl-laulima-
lide (2a) was shown to be similar in biological potency
to laulimalide, while microtubule-stabilizing properties
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Table 1. Selected 3JH,H coupling constants for laulimalide (1) and analogues 2a-d

1 2a 2b 2¢ 2d
H-3 to H-4a 10.1 10.4 10.4 10.4 10.3
H-3 to H-4b 4.0 34 35 35 3.3
H-4a to H-5 10.1 10.1 10.7 10.8 10.6
H-4b to H-5 2.9 3.1 3.0 2.1 2.6
H-9 to H-10a 3.6 2.7 3.1 2.5 2.9
H-9 to H-10b 8.4 8.6 8.3 8.2 8.6
H-10a to H-11a 4.8 5.4 5.5 4.9 6.2
H-10a to H-11b n.a. 6.6 6.8 7.1 6.7
H-10b to H-11a 6.1 6.3 6.9 6.9 6.6
H-10b to H-11b n.a. 6.7 6.4 7.2 6.6
H-11a to H-12a 9.6 8.9. 8.5 9.2 ~7
H-11a to H-12b 52 5.6. 4.9 4.8 ~7
H-11b to H-12a n.a. 5.7 n.d. n.d. ~7
H-11b to H-12b n.a. 9.3 n.d. n.d. ~7
H-14a to H-15 8.9 8.2 8.7 7.3 8.6
H-14b to H-15 3.1 32 39 3.7 3.9
H-15 to H-16 2.6 2.2 2.1 2.2 2.1
H-16 to H-17 2.5 2.2 2.2 2.2 2.2
H-17 to H-18a 2.2 3.6 3.9 3.1 4.6
H-17 to H-18b 8.2 7.9 73 7.9 7.5
H-18a to H-19 1.2 1.9 1.9 1.8 2.2
H-18b to H-19 11.2 11.3 11.4 11.3 11.0
H-19 to H-20 4.6 44 4.7 4.7 4.8

n.a.: not applicable.
n.d.: not determined due to signal overlap.

and antimitotic activity decreased markedly in the se-
quence 2a, 2b, 2d, 2¢. In a similar analysis to that
presented above (Fig. 2), all of these new analogues were
extensively studied by high field "H NMR spectroscopy
(700 MHz, CD;0D),'! revealing their close conforma-
tional resemblance to laulimalide. Selected coupling
constants are depicted in Table 1, showing key data
for the northern (rows 15-20, H-14a...H-20) and the
southern regions (rows 1-14, H-3...H-12b) of the mac-
rocycle, as well as for attachment of the side chain
(row 21, H-19 to H-20).

The close similarity in magnitude of the coupling con-
stants within the northern regions of all these com-
pounds indicates this region to be conformationally
rigid. Notably, the coupling constants observed for H-
14 and H-15 (rows 15-17), which are closest to the
methyl group deletion at Cl11, are practically identical.
In addition, there was little effect of varying the side
chain on the coupling constants observed within the
C2-C5 (rows 1-4) and the C6-C10 (or southeastern)
segments of the macrocycle. While the antimitotic po-
tency of 11-desmethyl-laulimalide and the above obser-
vations suggest a similar solution conformation for
these macrolides, a number of small deviations were ob-
served. In particular, an increase in the magnitude of
dipolar couplings between H-10a and H-11a and a de-
crease in the antiperiplanar couplings from H-1la to
H-12a support a slight but noticeable loss in conforma-
tional bias. The favoured relative orientation of the side
chain to the macrocyclic ring seems to be consistent for
all the analogues 2a—d, irrespective of their substituent,
as indicated by the coupling constants H-19 to H-20,
which is also supported by similar NOESY interactions
to those discussed above for the parent compound 1

(Fig. 2¢). In the same way, a series of short and long
range NOESY correlations support the strong confor-
mational similarities within the macrocyclic core of lau-
limalide and its analogues.

In a similar way to that already described for laulima-
lide, molecular dynamics simulations were performed
for analogues 2a—d [Macromodel 8.0, 10,000 step Monte
Carlo searches, MM2 force field, generalized Born/sur-
face area (CB/SA) water solvent model] relying on pre-
viously generated input files with constrained torsion
angles and distances as extracted from our spectral anal-
yses. As expected from the closely related NMR data,
very similar conformations were obtained. Figure 4a
shows an overlay of the lowest energy conformation of
11-desmethyl-laulimalide, 2a-conf I in blue, with the
higher energy conformation 2a-conf 2 in grey
(+1.2 kcal mol ™), which is closely related to the global
minimum calculated for laulimalide, 1-conf I in green.
Noticeable differences appear in the C10-C12 and the
C2-C3 regions. As shown in Figure 4b for the overlay
of the global minima of 2a and its side chain analogues
2b-d, substitution or truncation of the side chain has lit-
tle influence on the preferred macrocyclic conformation.

In summary, based on extensive '"H NMR spectroscopic
studies and constrained molecular dynamics simula-
tions, we have elucidated the dominant solution struc-
tures of laulimalide and a series of analogues, with
both a simplified macrocycle (deletion of the 11-methyl
group) and side chain (truncation or substitution). In
solution, these macrolides adopt an open conformation
similar to the solid state structure of laulimalide and are
characterized by having a rigid C14-C19 segment and
flexibility within both the C10-C12 region and the side
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Figure 4. Solution conformation of 11-desmethyl-laulimalide (2a) in
comparison to laulimalide (a) and to its side chain analogues 2b—d (b).

chain. Deletion of the 11-methyl group, as in 2a, only
has a minor influence on the 3D structure, which is in
agreement with the available biological data. Likewise,
substitution or truncation of the side chain does not
change the macrocyclic conformation but does signifi-
cantly reduce the antimitotic potency,®® indicating that
this is an essential part of the pharmacophore region.
Altogether, these results suggest that it is indeed possible
to simplify the structure of laulimalide while retaining
the overall shape and biological activity. A more chal-
lenging goal remains to retain potency and enhance
chemical stability by designed modifications that con-
strain the more conformationally flexible areas within
the laulimalide structure.'®
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