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Isolated from the nudibranchChromodoris norrisi,1 norrisolide
(1) has defined a new class of rearranged diterpenes that have an
unusual structure, unexplored biology, and potent cytotoxicity.1,2

The chemical motif of1 is distinguished by the attachment of a
perhydroindane core to a side chain containing an acetylated
γ-lactol-γ-lactone ring system.3 This peculiar side chain is also
found in other biogenetically related natural products, such as
macfarlandin C (2)4 and dendrillolide A (3)5 (Figure 1).

We have recently shown that norrisolide is the only compound
known to fragment irreversibly the Golgi apparatus.6 The Golgi
complex, composed of stacks of flattened cisternae, is a central
organelle of the secretory pathway, and its structure and organization
is maintained by a controlled balance of membrane input and output.
Transport into, across, and out of the Golgi complex is mediated
by small vesicles. Additionally, the Golgi complex undergoes
complete vesiculation during mitosis. Norrisolide is therefore a
useful tool to characterize the process of Golgi fragmentation
(vesiculation).8 Here we report our studies aiming to define the
chemical origins of the norrisolide-induced Golgi vesiculation.

To assess the biological activity of norrisolide as a function of
its structure, we studied the effect of fluorescent probes4-6 on
the Golgi complex (Figure 2).9,10 Normal rat kidney (NRK) cells
plated on coverslips in complete growth medium were incubated
with these probes (80µM/DMSO) for 60 min, then fixed and
processed for immunofluorescence microscopy. While5 had no
effect on the Golgi apparatus (data not shown), compound4 was
found to induce extensive Golgi fragmentation (Figure 3b).
However, in contrast to1, this fragmentation was reversed upon
washing (Figure 3c). The intracellular localization of4 was
evaluated in fixed cells. After fixation, the cells were first treated
with Golgi-specific antibodies (Figure 3d) and then incubated with
4. Under these conditions, probe4 was shown to localize on the
Golgi complex (Figure 3e,f). On the other hand, probe5 did not
show any specific localization.

To evaluate whether compound4 and norrisolide bind to the
same receptor, we performed a competition experiment (Figure 3g-
i). We found that the natural product can displace4 from the Golgi
complex, as shown by the loss of green color, which is due to
staining by4, but without perturbing the overall Golgi organization,
as shown by the red coloring due to antibody staining. These studies
indicate that norrisolide binds to the Golgi complex. A similar
localization to4 was obtained using probe6 containing the entire
framework of the natural product. Competition experiments showed
again that1 could displace6 from its target (see Supporting
Information). These results indicate that norrisolide induces pheno-
typic changes in cells by binding to the Golgi complex and suggest
that the perhydroindane core of norrisolide is essential and necessary
for such a binding. In the absence of the C19 acetoxy group of1, this binding does not resist washout and induces a reversible Golgi

vesiculation.6

The above findings suggest that the C19 acetoxy group of1 plays
an essential role in the irreversibility of the fragmentation either

† Department of Chemistry and Biochemistry.
‡ Department of Biology.

Figure 1. Representative structures of spongiane diterpenes.

Figure 2. Structures of norrisolide-based fluorescent probes.

Figure 3. Activity and intracellular localization of compound4. (a-c)
NRK cells treated with (a) DMSO for 60 min; (b)4 for 60 min; and then
(c) washed and allowed to recover for 60 min. Golgi is shown in red, nuclei
in blue. (d-f) Fixed cells stained with (d) Golgi-specific antibody; and
then (e) incubated with4. In (f) is shown the co-localization between the
Golgi antibody and4 (yellow color). (g-i) Competition experiment. Fixed
cells preincubated with4 were treated with PBS (g), DMSO (h), and
norrisolide (100µM) (i). The green coloring is due to compound4.
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by stabilizing the binding or by creating a covalent bond with its
target protein.11 Inspired by a study that identified epoxides as
suitable functionalities for protein labeling,12 we replaced the entire
side chain of1 with a bisepoxide motif to form adduct10. The
synthesis of10 is summarized in Scheme 1.9 Compounds11 and
12 were synthesized in a similar manner and used as controls.

The effect of norrisolide on the Golgi membranes is shown in
Figure 4a-c. Cells treated with1 underwent extensive Golgi
vesiculation (Figure 4b) that persisted even after washing (Figure
4c). Analogue11, containing the core fragment of the natural
product, induced a similar vesiculation (Figure 4e) that was,
however, reversible upon washing (Figure 4f). In contrast, com-
pound 10, in which the perhydroindane core was attached to a
bisepoxide scaffold, induced an irreversible vesiculation of the Golgi
membranes and reproduced the cellular phenotype of the natural

product (Figure 4g-i). On the other hand, compound12, lacking
the perhydroindane motif, had no effect on Golgi membranes (data
not shown), attesting to the importance of the norrisolide core in
Golgi localization and structure.

In conclusion, we have dissected the chemical origins of the
cellular phenotype of norrisolide using a variety of synthetic
analogues. We found that this natural product induces an irreversible
vesiculation of the Golgi complex in intact cells by binding to the
Golgi membranes. This binding is attributed exclusively to the
presence of the perhydroindane core that acts as the recognition
element. Attachment of this core to aγ-lactone-γ-lactol side chain
or similar motifs, such as in11, leads to a reversible Golgi
vesiculation. This vesiculation becomes irreversible when the side
chain is armed with electrophilic functionalities, such as the C19
acetyl group of1 or the bisepoxide motif of10. The latter
modification attests to the potential of the epoxide group for the
development of affinity probes for protein labeling.12,13Moreover,
compound10 induces an identical phenotype to that of norrisolide,
suggesting that it may be used to isolate the biological target of
this natural product.

Acknowledgment. Dedicated to Professor K. C. Nicolaou on
the occasion of his 60th birthday. Financial support by the NIH
(CA 086079 to E.A.T., and GM 46224 and GM 53747 to V.M.) is
gratefully acknowledged.

Supporting Information Available: Procedures for the synthesis,
characterization and cellular evaluation, and immunofluorescence
processing of all compounds. This material is available free of charge
via the Internet at http://pubs.acs.org.

References

(1) (a) Hochlowski, J. E.; Faulkner, D. J.; Matsumoto, J.; Clardy, J.J. Org.
Chem. 1983, 48, 1141-1142. (b) Rudi, A.; Kashman, Y.Tetrahedron
Lett. 1990, 46, 4019-4022.

(2) For selected reviews on the potential of marine natural products in biology,
see: (a) Piggott, A. M.; Karuso, P.Marine Drugs2005, 3, 36-63. (b)
Blunt, J. W.; Copp, B. R.; Munro, M. H. G.; Northcote, P. T.; Prinsep,
M. R. Nat. Prod. Rep.2005, 22, 15-61. (c) Simmons, T. L.; Andrianasolo,
E.; McPhail, K.; Flatt, P.; Gerwick, W. H.Mol. Cancer Ther.2005, 4,
333-342. (d) Newman, D. J.; Cragg, G. M.J. Nat. Prod.2004, 67, 1216-
1238.

(3) For a chemical synthesis of1, see: (a) Brady, T. P.; Kim, S. H.; Wen,
K.; Theodorakis, E. A.Angew. Chem., Int. Ed. 2004, 43, 739-742. (b)
Brady, T. P.; Kim, S. H.; Wen, K.; Kim, C.; Theodorakis, E. A.Chem.s
Eur. J. 2005, 11, 7175-7190.

(4) Molinski, T. F.; Faulkner, D. J.; He, C.-H.; Van Duyne, G. D.; Clardy, J.
J. Org. Chem.1986, 51, 4564-4567.

(5) (a) Bobzin, S. C.; Faulkner, D. J.J. Org. Chem.1989, 54, 5727-5731.
(b) Molinski, T. F.; Faulkner, D. J.J. Org. Chem.1986, 51, 4564-4567.

(6) Brady, T. P.; Wallace, E. K.; Kim, S. H.; Guizzunti, G.; Malhotra, V.;
Theodorakis, E. A.Bioorg. Med. Chem. Lett.2004, 14, 5035-5039.

(7) Dinter, A.; Berger, E. G.Histochem. Cell Biol. 1998, 109, 371-390.
(8) For recent reviews on this topic, see: (a) Colanzi, A.; Suetterlin, C.;

Malhotra, V.Curr. Opin. Cell Biol. 2003, 15, 462-467. (b) Rios, R. M.;
Bornens, M.Curr. Opin. Cell Biol. 2003, 15, 60-66. (c) Shorter, J.;
Warren, G.ReV. Cell DeV. Biol. 2002, 18, 379-420.

(9) For the synthesis of all compounds, see the Supporting Information.
(10) For selected examples on the use of coumarin-based fluorescent probes,

see: (a) Clarke, K. M.; Mercer, A. C.; La Clair, J. J.; Burkart, M. D.J.
Am. Chem. Soc.2005, 127, 11234-11235. (b) Joullie, M. M.; Leonard,
M. S.; Portonovo, P.; Liang, B.; Ding, X.; La Clair, J. J.Bioconjugate
Chem.2003, 14, 30-37.

(11) For a recent review on this topic, see: Drahl, C.; Cravatt, B. F.; Sorensen,
E. J.Angew. Chem., Int. Ed.2005, 44, 5788-5809.

(12) Chen, G.; Heim, A.; Riether, D.; Yee, D.; Milgrom, Y.; Gawinowicz, M.
A.; Sames, D.J. Am. Chem. Soc.2003, 125, 8130-8133.

(13) For selected examples on the use of epoxides as affinity labels, see: (a)
Thomas, W. E.; McKelvy, J. F.; Sharon, N.Nature1969, 222, 485-486.
(b) Greenbaum, D. C.; Medzihradszky, K. F.; Burlingame, A.; Bogyo,
M. Chem. Biol.2000, 7, 569-581. (c) Meng, L.; Mohan, R.; Kwok, B.
H. B.; Elofsson, M.; Sin, N.; Crews, C. M.Proc. Natl. Acad. Sci. U.S.A.
1999, 96, 10403-10408. (d) Taunton, J.; Collins, J. L.; Schreiber, S. L.
J. Am. Chem. Soc.1996, 118, 10412-10422.

JA058259A

Scheme 1 a

a Reagents and conditions: (a) BnBr (2.5 equiv), K2CO3 (4.0 equiv),
acetone, reflux, 6 h, 95%; (b) NaOH (1 N), THF, 50°C, 4 h, 99%; (c)8
(1.7 equiv),9 (1.0 equiv), EDC (1.7 equiv), DMAP (1.7 equiv), CH2Cl2,
25 °C, 24 h, 92%; (d) 10% Pd/C (0.1 equiv), H2 (1 atm), EtOAc, 25°C, 6
h, 92%; (e)epi-bromohydrin (4.0 equiv), CsCO3 (4.0 equiv), DMF, 25°C,
12 h, 75%.

Figure 4. Effect of norrisolide and analogues on Golgi membranes. NRK
cells (a, d, and g) were incubated with 40µM of 1 (b), of 11 (e), and of10
(h) for 60 min, then washed out and incubated in fresh medium for 60 min
(c, f, and i). The cells were fixed and processed for immunofluorescence.
The Golgi is shown in red (AlexaFluor 594), and the nuclei in blue
(Hoechst).
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