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Previous studies have established a role for cytoplasmic phospholipase A, (PLA,) activity in tubule-mediated retrograde
trafficking between the Golgi complex and the endoplasmic reticulum (ER). However, little else is known about how
membrane tubule formation is regulated. This study demonstrates that isotetrandrine (ITD), a biscoclaurine alkaloid
known to inhibit PLA, enzyme activation by heterotrimeric G-proteins, effectively prevented brefeldin A (BFA)-induced
tubule formation from the Golgi complex and retrograde trafficking to the ER. In addition, ITD inhibited BFA-stimulated
tubule formation from the frans-Golgi network and endosomes. ITD inhibition of the BFA response was potent (ICs,
~10-20 uM) and rapid (complete inhibition with a 10-15-min preincubation). ITD also inhibited normal retrograde
trafficking as revealed by the formation of nocodazole-induced Golgi mini-stacks at ER exit sites. Treatment of cells with
ITD alone caused the normally interconnected Golgi ribbons to become fragmented and dilated, but cisternae were still
stacked and located in a juxtanuclear position. These results suggest that a G-protein-binding PLA, enzyme plays a
pivotal role in tubule mediated trafficking between the Golgi and the ER, the maintenance of the interconnected ribbons

of Golgi stacks, and tubule formation from endosomes.

INTRODUCTION

Recent studies have provided evidence that cytoplasmic
Ca*-independent phospholipase A, (PLA,) enzymes play
roles in tubule-mediated trafficking in the secretory and
endocytic pathways (Brown ef al., 2003). For example, a wide
spectrum of PLA, antagonists, including those specific for
cytoplasmic Ca*-independent PLA, enzymes, are potent
inhibitors of brefeldin A (BFA)-stimulated tubule formation
from the Golgi complex, trans-Golgi network (TGN), and
endosomes, and tubule-mediated trafficking pathways from
these organelles (de Figueiredo et al., 1998, 1999, 2000, 2001;
Drecktrah and Brown, 1999; Polizotto ef al., 1999). The mech-
anisms responsible for PLA,-mediated tubule formation
likely include the localized accumulation of inverted cone-
shaped lysophospholipids (LPLs) that are generated by
PLA, hydrolysis. In particular, LPLs on the cytoplasmic
surfaces of organelle membranes could contribute to the
generation of outward bending, thus initiating tubule for-
mation (Burger, 2000; Huijbregts et al., 2000; Huttner and
Schmidt, 2002; Brown et al., 2003). Support for this idea was
provided by studies showing that inhibition of LPL reacy-
lation by a Golgi-associated lysophospholipid acyltrans-
ferase (LPAT) also leads to increased tubule formation and
retrograde trafficking (Drecktrah et al., 2003). These studies
suggest that LPATs function to negatively influence mem-
brane tubulation by limiting the accumulation of LPLs.
Thus, PLA, and LPAT enzymes provide for direct positive
and negative effects on membrane tubule formation, respec-
tively.
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The exact identities of the Ca*-independent PLA, and
LPAT enzymes involved in tubule formation are unknown,
and, moreover, little is known generally about how tubule
formation is regulated. Although no direct role for GTP or
GTP-binding proteins in tubule formation per se has been
uncovered (Banta ef al., 1995), there are intriguing hints that
tubule formation could be indirectly connected to GTP-
binding proteins (Kano et al., 2000).

One level of connection could involve monomeric GTP-
binding proteins. BFA inhibits several guanine nucleotide
exchange factors (GEFs) that catalyze the GDP/GTP ex-
change on ADP-ribosylation factor (ARF), a GTP-binding
protein that is required for COPI and AP-1 clathrin-coated
vesicle production (Jackson and Casanova, 2000; Scales et al.,
2000). Thus, in vivo, BFA inhibits COPI and AP-1 clathrin-
coated vesicle formation while also inducing tubule forma-
tion. Although several BFA-sensitive GEFs clearly play a
role in regulating Golgi morphology and function (Donald-
son and Jackson, 2000; Jackson and Casanova, 2000), a long-
standing, unresolved question in the field is: why does BFA
stimulate tubule formation when ARF GDP/GTP exchange
is inhibited? One idea is that there might be a link between
the tubulation machinery (PLA,?) and the regulatory pro-
teins (GEFs and GAPs) that control the ARF GDP/GTP
cycle.

yIn addition to monomeric G-proteins, heterotrimeric G-
proteins might also be linked to regulation of membrane
tubule formation (Stow et al., 1991, De Vries et al., 1995,
2000). One example might be G,,. interacting protein
(GAIP), which participates in vesicle production from the
TGN by binding to Ga;_5 (De Vries et al., 1995; Wylie et al.,
1999). Interestingly, when the N-terminal membrane-bind-
ing domain of GAIP (lacking the G-protein-binding do-
main) is expressed in cells, the TGN forms extensive mem-
brane tubules (Wylie et al., 2003). This result suggests that in
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the absence of binding to Ga; 5 and inducing vesicle forma-
tion, GAIP may positively signal to tubulation machinery.
Finally, other studies have shown that protein kinase D
(PKD) may also be indirectly involved in tubule formation
(Van Lint et al., 2002). PKD binds to and is activated by GBy
before its recruitment to membranes containing diacylglyc-
erol, and similar to GAIP, activated PKD is involved in the
formation of vesicles that bud from the TGN and transport
cargo to the plasma membrane (Jamora ef al., 1999; Baron
and Malhotra, 2002). However, overexpression of kinase-
defective PKD induces extensive TGN tubule formation
(Liljedahl et al., 2001). Thus, GAIP and PKD share a common
property: expression of forms that are defective in vesicle
production induce tubule formation. These combined re-
sults strongly suggest a link between G-proteins that regu-
late vesicle production and molecules that are directly in-
volved in tubule formation, e.g., PLA, enzymes.

The goal of the present study was to gain further insight
into this possible regulatory connection. To do this we have
taken advantage of the unique properties of the biscoclau-
rine alkaloid, isotetrandrine (ITD). ITD is a small molecule
inhibitor that specifically disrupts G subunit activation of
cytoplasmic PLA, enzyme activities (but not PLC or PLD)
that are involved in signal-mediated secretory responses
(Hashizume ef al., 1991; Akiba et al., 1992; Akiba et al., 1995;
Tsunoda and Owyang, 1995). We reasoned that if PLA,-
mediated tubulation is somehow linked to G-proteins, then
ITD might also disrupt intracellular membrane trafficking
that involves tubules. We report here that ITD potently
inhibited tubulation from the Golgi complex, TGN, and
endosomes, and trafficking events associated with these tu-
bules. These results provide evidence that tubulation is di-
rectly or indirectly regulated by G-proteins and show that
ITD can be added to the arsenal of small molecule inhibitors
that are useful for dissecting intracellular membrane traf-
ficking events.

MATERIALS AND METHODS

Reagents and Antibodies

BFA and ITD were obtained from Biomol (Plymouth Meeting, PA), and
nocodazole was purchased from Sigma Chemical Co. (St. Louis, MO). Stock
solutions of nocodazole (6 mg/ml) were stored in DMSO and BFA (10
mg/ml) in 100% ethanol at —20°C. The stock solution of ITD in DMSO (25
mM) was stored at —20°C and had a shelf-life of ~1 month under these
conditions. Polyclonal anti-a-mannosidase II (ManllI) antibodies were kindly
supplied by Dr. Kelley Moremen (University of Georgia), monoclonal anti-
human transferrin (Tf) receptor antibodies were from Boehringer-Mannheim
(Indianapolis, IN), and polyclonal anti-cation independent mannose 6-phos-
phate receptor (CI-M6PR) antibodies were those previously described (Wood
et al., 1991). Monoclonal anti-ARF1 antibodies were from Affinity Bioreagents
(Golden, CO), and monoclonal anti-B-COP (M3A5) antibodies were kindly
provided by Dr. William Balch (Scripps Research Institute). The secondary
fluorescent antibodies goat anti-rabbit-TRITC and goat anti-mouse-FITC were
purchased from Jackson ImmunoResearch Laboratories (West Grove, PA).
Sheep anti-rabbit Fab-HRP-conjugated fragments were from Biosys (Comp-
iegne, France).

Cell Culture and Immunocytochemistry

Rat Clone 9 hepatocytes and HeLa cells were maintained in modified Eagle’s
minimal essential medium (MEM) with 10% fetal bovine serum, 50 U/ml
penicillin, and 50 ug/ml streptomycin from Life Technologies (Grand Island,
NY) at 37°C in a humidified atmosphere of 95% air and 5% CO,. For immu-
nofluorescence labeling, both cell types were grown on glass coverslips for 2
days before experimental manipulation. After experimental manipulation,
cells were fixed and processed for immunofluorescence as described (de
Figueiredo et al., 1998). Polyclonal a-mannosidase II antibody was used at a
1:1000 dilution, and monoclonal anti-Tf receptor antibody at 1:200. In most
cases, cells were visualized with a Zeiss Axioskop II (Thornwood, NY) using
a Hamamatsu Orca II (Bridgewater, NJ) digital camera and OpenLab software
by Improvision (Coventry, UK). In a few cases, cells were imaged using a
Perkin Elmer-Cetus UltraView spinning disk confocal microscope (Norwalk,
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CT). For immunoperoxidase localization of ManlII at the electron microscopic
level, Clone 9 cells were fixed and processed exactly as described (Brown,
2003). Images were obtained with a FEI/Philips Morgagni transmission EM
using Advantage HR digital imaging system (Mahwah, NJ). All digital im-
ages were processed for slight contrast and brightness adjustments with
Adobe Photoshop 7 (San Jose, CA).

ITD and BFA Studies

Working solutions of ITD and BFA were freshly prepared on the day of the
experiment by diluting stock solutions with serum-free MEM. Cells were
washed three times with serum-free MEM and then pretreated with or
without ITD in MEM for various periods of time at 37°C. The cells were then
incubated with BFA at the working concentration of 5 ug/ml with or without
ITD as appropriate at 37°C for the times indicated below.

ITD and Nocodazole Studies

Clone 9 cells were briefly washed three times with MEM and then incubated
with MEM in the presence or absence of ITD (concentrations indicated below)
for 10 min at 4°C. The media was then replaced with 37°C MEM containing
nocodazole (6 pg/ml), with or without ITD as appropriate. Cells were then
incubated for various periods of time at 37°C.

RESULTS

BFA stimulates the formation of Golgi membrane tubules
and their movement to, and fusion with, the ER (Lippincott-
Schwartz et al., 1989, 1990). This tubule-mediated process
has previously been shown to be inhibited by well-charac-
terized PLA, antagonists (de Figueiredo et al., 1998), so here
we ask if ITD, a compound known to inhibit G-protein—
activated PLA, enzymes, has a similar effect on BFA-stimu-
lated tubulation and retrograde trafficking.

ITD Inhibits BFA-induced Golgi Membrane Tubulation
and Retrograde Trafficking

In untreated Clone 9 cells, the Golgi complex is seen as a
smooth, interconnected reticulum in the juxtanuclear region,
as shown by immunofluorescence with anti-ManlI antibod-
ies (Figure 1A). Treatment with BFA alone (5 png/ml for 5
min) caused the anti-aManll staining to become diffuse,
indicative of the movement and retention of Golgi mem-
branes in the ER (Figure 1B). However, when cells were
pretreated (10 min) with increasing concentrations of ITD
before addition of BFA, tubulation and retrograde move-
ment were significantly inhibited (Figure 1, C and D). Quan-
titation of these results showed that ITD inhibited BFA-
stimulated retrograde trafficking with an IC5, ~10-20 uM
(Figure 1E). Interestingly, at intermediate concentrations of
ITD, BFA-treated cells often displayed Golgi membrane tu-
bules (Figure 1C), when normally the entire Golgi would
have already moved to the ER. Finally, we note that ITD did
not inhibit tubule formation when added to MEM contain-
ing fetal bovine serum. These results suggest that lower
amounts of ITD had a partial inhibitory effect, sufficient to
slow down the retrograde process such that tubules were
revealed when they normally would have already formed
and fused with the ER.

The above studies indicate that ITD rapidly inhibits its
target, so to determine the minimum time needed for inhi-
bition, cells were pretreated for various periods of time with
a fixed concentration of ITD (25 uM) before addition of BFA.
The results showed that pretreatment for just 1-5 min had a
significant inhibitory effect on BFA-stimulated retrograde
trafficking as tubular intermediates were frequently seen
and diffuse staining was reduced (Figure 2, A-D). By 15 min
of pretreatment, BFA-stimulated retrograde trafficking was
almost completely inhibited (Figure 2, D and E). These re-
sults demonstrate that ITD rapidly inactivates a target that is
required for BFA-stimulated, tubule-mediated retrograde
trafficking to the ER.
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Figure 1. ITD inhibits BFA-stimulated formation of membrane
tubules from the Golgi complex and retrograde trafficking to the ER
in a dose-dependent manner. Clone 9 cells were washed three times
with MEM (without serum), pretreated with various concentrations
of ITD for 10 min, and then incubated with BFA (5 ug/ml) in the
continuous presence of ITD (as appropriate) at 37°C. Cells were then
fixed and stained for immunofluorescence of Manll. (A-D) Immu-
nofluorescence micrographs: (A) Untreated cells with a typical jux-
tanuclear Golgi complex; (B) BFA treatment induced the redistribu-
tion of ManllI to a diffuse, ER pattern and the complete loss of the
central Golgi complex; (C) cell pretreated with 10 uM ITD shows an
intermediate effect with membrane tubules and some central Golgi
staining; (D) cell pretreated with 25 uM ITD in which BFA-induced
redistribution to the ER was completely inhibited. (E) Quantitation
of immunofluorescence results in which cells staining for Manll
were scored as having a typical Golgi complex (as in A and D),
diffuse ER staining (B), or tubule formation (C). Results show the
mean * 1 SD (n = 3 for all data points). n, nucleus.

One possible reason that ManlI did not redistribute to the
ER in BFA- and ITD-treated cells is because ITD did not
allow the loss of COPI components from Golgi membranes.
To test this possibility, we examined the effect of ITD on the
distribution of ARF1, B-COP, and Manll by double-label
immunofluorescence. In control cells, both ARF1 (Figure 3,
A-C) and B-COP (Figure 3, J-L) colocalized to a large extent
with ManlI in the Golgi complex, and treatment with BFA
alone caused all three proteins to redistribute to a diffuse
pattern (Figure 3, D-F, and M-O), as previously shown
(Klausner et al., 1992). Conversely, pretreatment with ITD
(25 uM for 5 min) before BFA, although preventing ManlII
redistribution, did not inhibit redistribution of either ARF1
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Figure 2. ITD requires only a short preincubation period to inhibit
BFA-stimulated Golgi tubulation. Clone 9 cells were washed, pre-
treated with ITD (25 uM) for various periods of time, and then
incubated with BFA (5 ug/ml) in the continuous presence of ITD for
5 min. Cells were fixed and stained for immunofluorescence local-
ization of Manll. (A-D) Immunofluorescence micrographs of cells
pretreated with ITD for the times indicated before addition of BFA.
(E) Quantitation of immunofluorescence results. Cells were scored
as in Figure 1E. Results show the mean = 1 SD (n = 3 for all data
points). n, nucleus.

(Figures 3, G-I) or B-COP (Figure 3, P-R) to the cytoplasm.
These results are consistent with previous studies that used
other PLA, antagonists and reemphasize that loss of ARF
and/or COPI components from Golgi membranes alone is
not sufficient to induce tubule-mediated retrograde traffick-
ing to the ER (de Figueiredo ef al., 1998; Kano et al., 2000).

ITD Inhibits Normal Retrograde Trafficking as Revealed
by Nocodazole-induced Mini-Stack Formation

Although Golgi membrane proteins predominantly reside in
the Golgi complex, most also slowly cycle between the Golgi
complex and the ER (Lippincott-Schwartz et al., 2000). This
constitutive cycling can be revealed by treating cells with the
microtubule-depolymerizing drug nocodazole, which inhib-
its anterograde trafficking of ER-derived tubulo-vesicular
elements to the Golgi complex, but not retrograde trafficking
from the Golgi to the ER (Cole et al., 1996; Storrie et al., 1998).
As a consequence, Golgi proteins and membranes recycle to
and through the ER, and they reform small Golgi “mini-
stacks” at peripheral ER exit sites. After 1-2 h of nocodazole
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Figure 3. BFA-induced redistribution of ARF1 and B-COP is not inhibited by ITD. Clone 9 cells were kept in MEM and treated with solvents
only (Control), BFA alone (5 pug/ml) for 5 min (+ BFA), or pretreated with ITD (25 uM for 5 min) before addition of BFA (+ ITD — + BFA),
as indicated. Staining is as follows: ARF1 and ManlI double-immunofluorescence (A-I); B-COP and ManlI double-immunofluorescence (J-R).
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Figure 4. ITD inhibits constitutive retro-
grade trafficking of Manll as revealed by
nocodazole-induced Golgi mini-stack for-
mation at ER exit sites. Clone 9 cells were
incubated with various concentrations of
ITD for 10 min at 4°C, medium was replaced
with 37°C MEM containing nocodazole
(plus or minus ITD as appropriate), and
cells were further incubated for 1 h at 37°C.
Cells were then fixed and stained by immu-
nofluorescence for Manll. (A-D) Immuno-
fluorescence micrographs: (A) control, un-
treated cells with a central interconnected
Golgi complex; (B) cells treated with no-
codazole for 1 h reveal the complete loss of
a central, intact Golgi complex, which was
replaced by small mini-stacks at ER exit
sites throughout the cytoplasm. (C) Addi-
tion of 10 uM ITD partially inhibited min-
stack formation and the loss of the central
Golgi complex; (D) addition of 25 uM ITD
substantially inhibited mini-stack formation
and loss of the Golgi complex. (E) Quanti-
tation of immunofluorescence results in
which cells staining for Manll were scored
as having widely distributed mini-stacks (as
in B), an intermediate amount of inhibition
with some mini-stacks and partial retention
of a central Golgi complex (as in C), or a
more typical juxtanuclear Golgi complex
and no mini-stacks (as in A and D). Results
show the mean *= 1 SD (n = 3 for all data
points). n, nucleus.

treatment, the central Golgi complex is completely con-
sumed by retrograde carriers and replaced by peripheral
mini-stacks. Although the exact nature of the carriers in-
volved in this constitutive retrograde trafficking pathway
have not been determined, previous studies have shown
that PLA, antagonists inhibit this retrograde process (Dreck-
trah and Brown, 1999). Therefore, we asked if ITD has a
similar effect on nocodazole-induced mini-stack formation.

As seen by immunofluorescence staining of Manll, treat-
ment of Clone 9 hepatocytes with nocodazole (6 ng/ml) for
1 h resulted in the loss of the typical juxtanuclear ribbon
(Figure 4A) and its replacement with small puncta (repre-
senting mini-stacks) located throughout the cytoplasm (Fig-
ure 4B). Inclusion of 10 uM ITD during the nocodazole
treatment period retarded the loss of central Golgi elements
(Figure 4C), and 25 uM ITD significantly inhibited mini-
stack formation and loss of the central Golgi (Figure 4D).
Quantitation of these results revealed that mini-stack forma-
tion and loss of the central Golgi complex was almost com-
pletely inhibited by 25 uM ITD (Figure 4E).
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ITD Inhibits BFA-stimulated Tubule Formation From the
TGN

BFA-stimulated tubule formation from the TGN is also in-
hibited by PLA, antagonists (de Figueiredo et al., 1998). To
see if ITD exhibited a similar inhibitory effect on the TGN,
Clone 9 cells were pretreated with varying concentrations of
ITD, subsequently incubated with BFA, and then fixed and
stained to visualize the CI-M6PR, which serves as a useful
marker for TGN tubule formation (Wood et al., 1991). Quan-
titation of these results shows that untreated cells contain
very few long membrane tubules, but BFA treatment in-
duced extensive tubule formation from the TGN (Figure 5).
ITD inhibited BFA-stimulated TGN tubulation with an ICy,
~5 uM, which was slightly lower than for inhibition of Golgi
membrane tubulation.

ITD Causes Fragmentation of the Golgi Complex and
Swelling of Cisternal Elements

In the experiments above showing that ITD inhibited the
loss of the Golgi complex in nocodazole-treated cells, we
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Figure 5. BFA-induced tubule formation from the TGN is inhib-
ited by ITD. Clone 9 cells were washed in MEM (without serum),
pretreated with varying concentrations of ITD, and then subse-
quently incubated with BFA (5 ug/ml) in the continuous presence
or absence of ITD as appropriate for 15 min at 37°C. Cells were then
fixed and processed for immunofluorescence localization of the
CI-M6PR. Quantitative results show the percentage of cells with
extensive TGN tubules. Results show the mean = 1 SD (n = 3).

observed that the Golgi complex became increasingly frag-
mented in longer ITD incubations, e.g., compare control cell
in Figure 4A with those treated with nocodazole and ITD for
1 h in Figure 4D. This observation is interesting because
previous studies found that PLA, antagonists by themselves
caused interconnected Golgi ribbons to become separated
into large fragments, which were nevertheless composed of
normal, stacked cisternal elements (de Figueiredo et al.,

Contral +I|TD 15’

+ ITD 30’

+ITD 30’

+ITD 1 h +ITD 1 h
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1999). Those and other experiments led to the conclusion
that the normal steady-state architecture of the interphase
Golgi complex requires the continuous formation of PLA,-
mediated membrane tubules.

To determine if ITD also fragments the Golgi complex,
cells were treated with ITD alone for various periods of time
and then examined by immunofluorescence and immuno-
electron microscopy using anti-Manll antibodies. For ap-
proximately the first 15 min in ITD (25 uM), the Golgi
complex appeared normal by immunofluorescence and con-
focal microscopy (Figure 6A and B). However, by 30 min in
ITD the Golgi complex became slightly fragmented and
misshapen (Figure 6C and D). After 1 h in ITD, the Golgi
was often clearly fragmented and the normally thin ribbons
became dilated (Figure 6, E and F). Although misshapen and
fragmented, the large Golgi fragments remained in the jux-
tanuclear region even after 2 h in ITD (our unpublished
data). When treated with 25 uM ITD for 1 h and then
washed free of the drug with MEM containing 10% fetal
bovine serum, the Golgi complex recovered its typical mor-
phology after ~1 h (our unpublished data). Finally, al-
though the morphology of the Golgi complex is critically
dependent on microtubules, and BFA-induced, tubule-me-
diated retrograde trafficking is greatly facilitated by micro-
tubules (Lippincott-Schwartz, 1998), we found that ITD
treatment alone (25 uM for 1 h) had no obvious effects on
microtubules as seen by immunofluorescence (our unpub-
lished data).

Electron microscopic observations of immunoperoxidase-
stained cells confirmed and extended these findings. Control
cells displayed typical stacks of Golgi cisternae, with one or

Figure 6. ITD alone causes fragmentation of the jux-
tanuclear Golgi ribbon. Clone 9 cells were washed with
MEM (minus serum) and then incubated for various
periods of time with 25 uM ITD. Cells were then fixed
and stained with anti-ManlI antibody and visualized by
immunofluorescence and confocal microscopy. (A) Un-
treated cells; (B) cells treated for 15 min; (C and D) cells
treated for 30 min; and (E and F) cells treated for 1 h.
Each micrograph represents the composite image ob-
tained from ~20, 0.2-um confocal slices.

Molecular Biology of the Cell



Figure 7. Immunoperoxidase localization
of ManlI at the electron microscopic level in
ITD-treated cells reveals dilated Golgi cis-
ternae. (A) Control cells with a Golgi com-
plex (Gc) consisting of stacks of flattened
cisternae. The electron-dense immunoreac-
tion product of ManlI staining is typically
found in one or two medial cisternae (ar-
row). (B) Cells treated with ITD (25 uM) for
1 h show extensively dilated cisternae that
contain immunoreaction product (arrows).
The dilated cisternae still appear to be
stacked together in clumps. Bars, 0.5 um.

two of the cisternae containing immunoperoxidase reaction
product (Figure 7A). Consistent with the immunofluores-
cence images, treatment with ITD (25 uM) for 1 h caused a
marked dilation of apparently all cisternae, which still ap-
peared to be connected into bunches of stacks (Figures 7B
and 8B). After 15 min of treatment, a time at which changes
were less obvious by immunofluorescence, cisternae were
often slightly dilated (Figure 8A). However, we could not
tell from this analysis if any particular region, i.e., cis, medial,
or trans, was more sensitive to ITD than others.

ITD Inhibits BFA-stimulated Tubulation of Endosomes

Previous studies have demonstrated that PLA, antagonists
also inhibit BFA-stimulated tubule formation from endo-
somes and the normal exit of transferrin (Tf) and Tf recep-
tors, i.e., endocytic recycling, from endosomes (de Figueir-
edo et al., 2001). These studies suggest that PLA, activity is
a general requirement for at least certain types of membrane
tubule formation. Therefore, we investigated the effects of
ITD on BFA-stimulated tubule formation from endosomes.
In untreated HeLa cells, Tf receptors are seen in numerous
punctate structures throughout the cytoplasm, representing
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various early and recycling endosomes (Figure 9A). Treat-
ment of cells with BFA (5 ug/ml for 15 min) resulted in
extensive tubule formation of Tf receptor-positive endo-
somes (Figure 8B), which was inhibited by pretreatment
with ITD (Figure 9C). Quantitation of dose-response exper-
iments showed that ITD inhibited BFA-stimulated endo-
some tubule formation with an IC5;, ~10 uM (Figure 9D).
Finally, it appeared that in ITD-treated cells, the Tf receptor-
positive endosomes were larger than their control counter-
parts (compare Figures 9, A and C).

DISCUSSION

Previous studies have provided evidence that membrane
tubule formation from the Golgi complex and endosomes
requires the generation of curve-inducing LPLs by the direct
action of a cytoplasmic Ca?*-independent PLA, enzyme on
membrane phospholipids (de Figueiredo et al., 1998, 1999;
Polizotto et al., 1999; Drecktrah et al., 2003). Here we provide
evidence for a previously unsuspected role for heterotri-
meric G-proteins in the regulation of PLA,-mediated mem-
brane tubule formation. These studies demonstrate that the
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Figure 8. Higher magnification views of Golgi complexes in ITD-
treated cells. (A) In cells treated with ITD (25 uM) for 15 min Golgi
complexes (Gc) were often fairly normal but with some dilated
cisternae (arrow), in this case, one that contains Manll immunore-
action product. (B) In cells treated for 1 h, all cisternae appeared to
be swollen, although they are still found within a stacked unit. Bars,
0.5 pm.

biscoclaurine (bisbenzyltetrahydroisoquinoline) alkaloid
ITD, which specifically inhibits heterotrimeric G-protein—
activated PLA, enzyme activities (Hashizume et al., 1991;
Akiba et al., 1995; Tsunoda and Owyang, 1995), is a general
inhibitor of BFA-stimulated tubule formation from the Golgi
complex, TGN, and endosomes. ITD also inhibits BFA-stim-
ulated retrograde trafficking from the Golgi to the ER and
normal constitutive retrograde trafficking from the Golgi to
the ER, as revealed by nocodazole-induced mini-stack for-
mation. Finally, ITD causes a reversible loss in the intercon-
nected architecture of the Golgi complex, in addition to
causing cisternal dilation.

ITD inhibition of Golgi, TGN, and endosome tubule for-
mation is similar to that exhibited by well-characterized
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PLA, antagonists (de Figueiredo et al., 1998, 2001). An ad-
ditional similarity is that ITD led to the fragmentation of
Golgi ribbons into physically separate stacks, consistent
with previous studies which concluded that the steady-state
architecture of the interconnected Golgi complex requires
the dynamic formation of PLA,-mediated membrane tu-
bules (de Figueiredo et al., 1999). However, ITD differs from
PLA, antagonists because it also caused noticeable cisternal
dilation. Why ITD should cause dilation is unclear, but ITD
could affect unknown G-protein-dependent processes in the
Golgi that influence cisternal structure. Keep in mind, how-
ever, that ITD significantly inhibited tubule formation
(within 10 min) well before the dilation effect was obvious
(~30 min). Therefore, it seems unlikely that ITD’s inhibitory
effects on tubulation are related to cisternal dilation.

ITD also inhibited endosome tubule formation with a
resultant enlargement of Tf receptor-positive endosomes,
similar to that previously observed with PLA, antagonists
(de Figueiredo et al., 2001). In the case of PLA, antagonists,
endosome enlargement appeared to result from the inhibi-
tion of receptor and membrane export from endosomes.
Thus, we suspect that the enlargement of endosomes by ITD
is different from the dilation of Golgi cisternae (seen in
long-term ITD treatment). Indeed, preliminary studies
strongly suggest that ITD inhibits endocytic recycling of Tf
and TfR receptors from both early sorting and later recycling
endosomes (our unpublished data).

ITD (1R,1'S-isotetrandrine) and its isomer, tetrandrine
(1S,1'S-tetrandrine) are naturally occurring plant alkaloids
(ITD from Stephania tetrandra and Berberis vulgaris) that have
been reported to have numerous effects on animals and cells,
including immunomodulatory and vasculature effects (Li et
al., 2001; Lai, 2002). Tetrandrine has been much more widely
studied than ITD and their effects are not identical, so mak-
ing general conclusions about the actions of these two com-
pounds is difficult. But, for example, tetrandrine has been
reported to induce cell-cycle arrest and to inhibit the acqui-
sition of multidrug resistance in tumor cells (Fu et al., 2002;
Oh and Lee, 2003). On the other hand, both ITD and tetran-
drine have been reported to inhibit agonist-induced Ca®*
transport (Takemura et al., 1995; Shuttleworth, 1996; Chen et
al., 2000). More directly relevant to our studies, both ITD and
tetrandrine appear to prevent G activation of PLA, activity
(Hashizume et al., 1991; Akiba et al., 1992). If fact, we found
that like ITD, tetrandrine inhibited BFA-stimulated tubule
formation and retrograde trafficking (our unpublished data).
Despite the various effects reported for tetrandrine and ITD,
their exact molecular target(s) are unknown. Therefore, cau-
tion should be exercised when interpreting results obtained
with these compounds. Nevertheless, compounds that have
multiple effects can still point to new avenues of investiga-
tion. Also, we should point out that ITD was used to exam-
ine relatively short-term effects, i.e., those exhibited within
10-60 min of treatment, that were completely reversible,
thus avoiding any possible long-term effects brought on
toxicity.

Finally, we should emphasize that ITD differs from PLA,
antagonists because ITD is not an enzyme inhibitor per se;
rather, it inhibits GB activation of PLA, activities (Akiba et
al., 1992; Tsunoda and Owyang, 1995). In these studies the
exact GB isoform was not identified; however, it may be
derived from a Gq complex. Moreover, these molecules
were identified in the context of PLA,-stimulated amylase
secretion from permeabilized pancreatic acini; therefore it
seems likely that a different set of ITD-inhibited G-proteins
will be used for Golgi tubulation events.

Molecular Biology of the Cell
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Figure 9. BFA-stimulated tubule formation from endosomes is
inhibited by ITD in a dose-dependent manner. HeLa cells were
washed with MEM (without serum) and preincubated with various
concentrations of ITD in MEM for 10 min, BFA (5 ug/ul) was added
(in the continuous presence or absence of ITD as appropriate), and
cells were further incubated for 15 min at 37°C. Cells were fixed and
stained by immunofluorescence to visualize Tf receptors. (A-C)
Immunofluorescence micrographs: (A) control, untreated cells; (B)
cells treated with BFA showing extensive membrane tubules; (C)
cells pretreated with 50 uM ITD before BFA treatment. (D) Quan-
titation of immunofluorescence experiments. Results show the
mean * 1 SD (n = 3 for all data points).
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Our results extend previous studies on membrane tubu-
lation in an important way by suggesting a novel connection
between PLA,-mediated membrane tubule formation and
regulation by heterotrimeric G-proteins. Moreover, our re-
sults are consistent with previous studies which found that
GTP~S stimulates BFA-induced Golgi tubule formation in a
permeabilized cell assay (Kano et al., 2000). Thus, as with
coated vesicles generated at the Golgi, TGN, and endo-
somes, membrane tubules may also be regulated by G-
proteins. As discussed in the Introduction, these results may
suggest new ways to think about the relationship between
vesicle and tubule formation. Whether or not regulation of
PLA,-mediated tubule formation by heterotrimeric G-pro-
teins can be generalized to situations other than BFA-stim-
ulation, e.g., those tubulation events stimulated by mutant
forms of GAIP or PKD, remains to be determined.
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