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AbstractÐThe marine sponge metabolite ilimaquinone has a wide range of biological activities, including vesiculation of the Golgi
apparatus and interference with intracellular protein tra�cking. Some of these activities may arise from ilimaquinone's in¯uence on
the activated methyl cycle. To visualize the morphological e�ects of ilimaquinone on the Golgi apparatus, NRK (normal rat kid-
ney) cells were labeled with ¯uorescent wheat germ agglutinin and treated with ilimaquinone in the presence and absence of the
methylating agent S-adenosylmethionine (SAMe). While ilimaquinone alone fragments the Golgi apparatus, the organelle remains
intact when SAMe is included in the incubation mixture. This observation supports ilimaquinone's interaction with methylation
enzymes as the cause of Golgi vesiculation. The examination of a ¯uorescently labeled ilimaquinone analogue in NRK cells suggests
that the cellular interactions of ilimaquinone are not localized to the Golgi apparatus.# 2001 Published by Elsevier Science Ltd.

The marine sponge metabolite ilimaquinone1 (1, Fig. 1)
has biological activities that include anti-HIV,2 anti-
in¯ammatory, antimicrobial, and antimitotic activities,3

as well as protecting the cell against the toxic in¯uence
of ricin and diphtheria toxin.4 The natural product 1
has also been shown to impede protein tra�cking events
by reversibly breaking the Golgi apparatus into small
vesicles.5 We recently identi®ed S-adenosylhomocys-
teine hydrolase (AdoHcy hydrolase) as a cellular target
of 1.6 When AdoHcy hydrolase is inhibited by 1, a
build-up of S-adenosylhomocysteine causes a feedback
inhibition of methyltransferases and thereby disrupts
cellular methylations. A better understanding of how 1
and related compounds interact with AdoHcy hydrolase
and inhibit cellular methylation could impact various
diseases related to cellular methylation such as cancer,7

pathogenic entry into cells (including HIV8 and
Ebola9),10 metabolic de®ciencies,11 and neurodegenera-
tive diseases (e.g., Alzheimer's disease).12

Our study had shown that when the cellular methylating
agent, S-adenosylmethionine (SAMe), is added to cells
displaying hindered protein secretion due to the action
of ilimaquinone, secretion is recovered.13 The question
that remained was whether SAMe reverses the reported
vesiculation of the Golgi apparatus caused by ilimaqui-

none. NRK (normal rat kidney) cells were incubated
with various concentrations of ilimaquinone and SAMe
for 30min, ®xed, permeabilized, and stained with
TRITC-labeled wheat germ agglutinin, a known Golgi-
speci®c label.14 As shown in Figure 2a, the Golgi appa-
ratus of normal NRK cells are juxtanuclear and bright.
Of the 200 cells counted, 96% had an intact Golgi
apparatus. When 50 mM ilimaquinone is incubated with
the cells (Fig. 2c), staining is more punctate and dis-
tributed farther from the nucleus, leaving only 5% of
cells with an intact Golgi apparatus. However, when
50 mM SAMe is also included in the incubation (Fig.
2d), the staining more closely resembles the cells without
ilimaquinone (i.e., Fig. 2a), and 72% of the cells coun-
ted had an intact Golgi apparatus. This indicates that
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Figure 1. Ilimaquinone and biologically active analogues.6,15
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vesiculation of the Golgi apparatus by ilimaquinone is
hindered in the presence of exogenous SAMe. When
SAMe is added to NRK cells without ilimaquinone
(Fig. 2b), staining is indistinguishable from the control
cells (97% intact). This shows that SAMe alone does
not change Golgi morphology, but does cause the Golgi
apparatus that has been disrupted by ilimaquinone to
reassociate. Taxol1, another known Golgi antagonist,16

displays a staining pattern of Golgi dissociation even in the
presence of SAMe (100%) (Fig. 2e±f ). This is as expected
since Taxol1, unlike ilimaquinone, vesiculates the Golgi
via interactions with microtubules rather than with
methylation enzymes.

A second question addressed concerns the localization
preference of ilimaquinone. Since AdoHcy hydrolase is
cytosolic,17 its interaction with ilimaquinone should not
be organelle-speci®c. To identify the cellular location of
ilimaquinone, a ¯uorescent analogue 5 was synthesized
from the biologically active analogue 3 (Scheme 1).
Formic acid deprotection of the amine and subsequent
addition of the BODIPY R6G succinimidyl ester18 (4) in
pyridine provides ¯uorescent analogue 5 in 79% yield
after Sephadex LH-20 chromatography (4:3 chloro-
form:methanol).19 Fluorescence measurements of com-
pound 5 reveal a substantial emission peak at 547 nm,
indicating that the ¯uorescence of the BODIPY group

Figure 2. NRK cells (ATCC) were grown on glass coverslips in Dulbecco's Modi®ed Eagle's Medium (DMEM) supplemented with 5% fetal bovine
serum and penicillin/streptomycin. Cells were 60% con¯uent on the day of assay. The coverslips were washed twice with DMEM and incubated with
various concentrations of SAMe, ilimaquinone, or Taxol1 in DMEM for 30min (3 h for cells treated with Taxol1) at 37 �C, 5% CO2, 100%
humidity. The cells were washed three times with phosphate bu�ered saline (PBS), ®xed with 0.5% glutaraldehyde in PBS (15min, 23 �C), washed
twice, permeabilized (30min, 23 �C) with 0.05% IGEPAL CA-630 (Sigma) in PBS, washed twice, and labeled (30min, 23 �C) with 100mg/mL
TRITC-labeled wheat germ agglutunin (Sigma) in PBS supplemented with 2.7mM each of MgCl2 and CaCl2. Coverslips were washed thoroughly
and mounted on slides in 25% glycerol in PBS. Slides were viewed on an Olympus AX70 Provis upright microscope, 100� oil objective, using a
rhodamine ®lter set, and photographed with an Olympus PM-VB-3 camera using Kodak Elitechrome 400 ®lm: (a) normal cells; (b) 50mM SAMe; (c)
50mM ilimaquinone; (d) 50 mM ilimaquinone and 50 mM SAMe; (e) 10 mM Taxol1; (f ) 10 mM Taxol1 and 50mM SAMe.
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is not quenched by the presence of the quinone func-
tionality.

Incubation of NRK cells with 10 mM ¯uorescent ana-
logue 5 for 30min a�ords a staining pattern that is less
localized than the TRITC-wheat germ agglutinin label-
ing in the previous study (Fig. 3). Since the Golgi
apparatus is mainly intact under these conditions,20 the
results suggest that analogue 5 is cytosolic and does not
localize speci®cally to the Golgi apparatus. When 50 mM
1 is included in the incubation, the magnitude of the
¯uorescence diminishes. While the higher concentration
of ilimaquinone (1) vesiculates the Golgi apparatus
more completely, causing any Golgi-speci®c stain to
dissipate, it is more likely that the excess 1 competes
with the ¯uorescent analogue 5 for general cytosolic
targets (AdoHcy hydrolase), such that most of the
¯uorescent label is washed away after incubation.
Together, these data indicate that the interaction of

ilimaquinone analogue 5 with its speci®c target
(AdoHcy hydrolase) in NRK cells is not localized to a
single organelle, but rather is distributed throughout the
cytosol.

In summary, as predicted by secretion assays, the mor-
phological changes to the Golgi apparatus of NRK cells
by ilimaquinone (1) can be reversed by inclusion of
exogenous SAMe. This supports ilimaquinone's inter-
action with the activated methyl cycle, speci®cally
AdoHcy hydrolase, as the cause of its vesiculation of
the Golgi apparatus. Incubation of NRK cells with a
¯uorescent ilimaquinone analogue 5 indicates that the
natural product is cytosolic, but not necessarily accu-
mulating in the region of the Golgi apparatus. Further
studies are necessary to detail the speci®c methylation
events involved in vesicular tra�cking of the Golgi
apparatus.
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