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It is well established that Rho-GTPases regulate
vesicle fusion and fission events at the plasma mem-
brane through their modulatory role on the cortical
actin cytoskeleton. In contrast, their effects on intra-
cellular transport processes and actin pools are less
clear. It was recently shown that cdc42 associates with
the Golgi apparatus in an ARF-dependent manner,
similarly to coat proteins involved in vesicle formation
and to several actin-binding proteins. We report here
that mutants of cdc42 inhibited the exit of basolateral
proteins from the frans-Golgi network (TGN), while
stimulating the exit of an apical marker, in two
different transport assays. This regulation may result
from modulation of the actin cytoskeleton, as GTPase-
deficient cdc42 depleted a perinuclear actin pool that
rapidly exchanges with exogenous fluorescent actin.
Keywords: cdc42/Golgi/protein transport

Introduction

It has become increasingly clear that the actin cytoskeleton
participates in protein trafficking. The generation of
endocytic vesicles and the docking and fusion of secretory
granules with the plasma membrane require a specific re-
organization of peripheral actin filaments mediated by
small GTPases of the Arf (Song ef al., 1998; Radhakrishna
et al., 1999) and rho (for review see Ellis and Mellor,
2000) families, and involves actin-based motors (for
review see X.Wu et al., 2000). Surprisingly, however,
there is little evidence for the involvement of actin in the
constitutive secretory pathway. Disruption of the actin
cytoskeleton failed to affect secretion in several constitu-
tively secreting cell lines (Griffin and Compans, 1979;
Genty and Bussereau, 1980; Salas et al., 1986) and did not
alter the kinetics of post-Golgi transport to the cell surface
when only this leg of the secretory pathway was analyzed
(Babia et al., 1999; di Campli et al., 1999). However,
since most of these studies focused on multi-step path-
ways, the negative data obtained could reflect opposite
roles of the actin cytoskeleton in individual steps of the
pathway. Indeed, recent evidence suggests that actin could
play key regulatory roles at various intracellular transport
steps in the secretory pathway. The discovery of actin-
binding proteins, notably spectrin, ankyrin and several
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myosins, at the Golgi and frans-Golgi network (TGN) has
led to the speculation that budding and fusion events at this
organelle are also regulated by an actin-based cytoskeleton
(De Matteis and Morrow, 1998; Heimann et al., 1999;
Valderrama et al., 2000). However, in contrast to cortical
actin microfilaments, Golgi-associated actin filaments
are not readily detectable when cells are probed with
phalloidin, suggesting that a Golgi-based actin network
might be highly dynamic.

In an attempt to characterize the nature of putative
Golgi-based actin microfilaments and their role in protein
transport, we searched for regulators of actin polymeriza-
tion at the Golgi. cdc42, a key modulator of cortical actin
at the plasma membrane, was a prime candidate since it is
the only rho-GTPase with a reported localization at the
Golgi apparatus (Erickson et al., 1996). cdc42 associates
with the Golgi complex in a brefeldin A (BFA)-dependent
manner characteristic of coat proteins that generate
transport vesicles (Robinson and Kreis, 1992). The actin-
binding proteins spectrin (Beck et al., 1994), ankyrin
(Godi et al., 1998) and myosin IIA (p200) (Narula et al.,
1992) display a similar BFA-sensitive association with the
Golgi apparatus, suggesting that vesicle formation from
the Golgi complex and actin filament dynamics might be
regulated in a concerted manner.

A recent report (Kroschewski et al., 1999) has impli-
cated cdc42 in the regulation of basolateral polarity in
Mardin Darby kidney (MDCK) cells. The authors
observed a reversal in the polarity of the targeting of the
basolateral protein vesicular stomatitis virus (VSV) G
coupled to green fluorescent protein (GFP) in cells micro-
injected with cDNAs of VSV G-GFP and a dominant-
negative mutant of cdc42. Although the mechanism for
this targeting defect is unknown, a possible role for cdc42
could be to regulate the generation of basolateral transport
vesicles from the most distal compartment of the Golgi,
the TGN, where sorting of apical and basolateral proteins
is thought to occur.

We studied protein transport in cells expressing
cdc42 mutants that are defective in nucleotide binding
(cdc42N17) or hydrolysis (cdc42Q61L or cdc42V12) and
established that cdc4?2 differentially regulates the exit of
apical and basolateral proteins from the TGN in MDCK
cells. Time-lapse fluorescence imaging of the apical marker
neurotrophin receptor p75 fused to GFP (p75-GFP)
showed a 4-fold accelerated exit from the TGN in the
presence of the GTPase-deficient cdc42 mutant, and
the release of p75-containing vesicles from the TGN was
stimulated in semi-intact cells expressing the activated
GTPase. In contrast, release of basolateral proteins from
the TGN was inhibited in the biochemical assay and
showed slower TGN exit kinetics in live imaging experi-
ments. The effects of activated cdc42 (cdc42V12) on
protein transport from the TGN were accompanied by
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changes in the organization of the actin cytoskeleton. A
highly dynamic pool of actin filaments that are concen-
trated in the perinuclear area was detected by the
incorporation of alexa 568-tagged G-actin in permeabil-
ized cells (Symons and Mitchison, 1991). This actin pool
disappeared in the presence of cdc42V12, with a con-
comitant enhancement of alexa 568—actin labeling in the
cortical actin network. The effect of cdc42V12 on the exit
of the basolateral marker neuronal cell adhesion molecule
(NCAM)-GFP from the TGN could be mimicked by
the actin filament-disrupting drug latrunculin B (LatB),
suggesting that the regulation of basolateral protein
transport from the TGN by cdc42 involves the actin
cytoskeleton.

Results

Mutant cdc42 selectively regulates the exit of
apical and basolateral vesicles from the TGN

To study the role of cdc42 in protein transport from the
TGN, we initially utilized a permeabilized cell vesicle
budding assay that measures the cytosol-dependent release
of apical and basolateral TGN-derived transport vesicles
in mechanically perforated cells (Miisch er al., 1996;
Yeaman et al., 1998; Supplementary figure 1, available at
The EMBO Journal Online). Briefly, we co-expressed the
apical marker p75 and the basolateral marker low density
lipoprotein receptor (LDLR) in MDCK cells by adeno-
virus-mediated gene transfer, and labeled them with
[3S]sulfate as they accumulated in the TGN during a
20°C block. We separated the transport vesicles released
during a 1 h incubation at 37°C in the presence of cytosol
and an energy-regenerating system by sedimentation of
the semi-intact cells, and quantified the amount of
radiolabeled p75 and LDLR in pellet and vesicle fractions.
Vesicle release was measured in MDCK cell lines
expressing myc-tagged recombinant cdc42V12 (GTPase-
deficient form) or cdc42N17 (nucleotide-free form) under
the control of a tetracycline-regulated repressor, which
allowed the induction of recombinant cdc42 proteins at
levels between 0.5- and 10-fold higher than endogenous
cdc4?2 in different clones (Figure 1A). Vesicle release was
studied in three clones with different expression levels of
each cdc42 mutant and compared with that in three clones
derived from the parental cell line, which expresses the
tetracycline-regulated repressor protein but no recombin-
ant cdc42 molecules.

The expression of cdc42V12 caused a significant
increase in cytosol-dependent vesicle release of p75
from the TGN, ~30% in all three clones, regardless of
the expression level, while the release of LDLR-contain-
ing vesicles from the same cells was inhibited by ~30% in
two of the three clones tested (Figure 1B). The lack of
effect of cdc42V12 on LDLR release in clone 3 did not
correlate with the lowest expression level for the cdc42
mutant, and is likely to represent a clonal peculiarity
(compare Figure 1A and B). In contrast, the nucleotide-
free mutant cdc42N17 caused an inhibition of LDLR
vesicle budding in the higher-expressing clones 1 and 3,
while the low-expressing clone 2 was not different from
the control clones (compare Figure 1A and B). We
observed no significant effect of cdc42N17 expression on
the release of p75-containing vesicles.
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We tested the possibility that the changes in TGN
release elicited by cdc42 mutants were the consequence of
effects on earlier steps in the secretory pathway that
resulted in altered transport to the Golgi compartment and
accumulation of cargo at 20°C. However, we found no
differences in the kinetics of O-glycosylation (a Golgi
function) of p75/LDLR in the cdc42V12- and cdc42N17-
expressing cell lines (Figure 1C). Taken together with
these data, the results obtained with the vesicle budding
assay indicate that cdc42 regulates differentially the exit of
apical and basolateral vesicles from the TGN.

The effects obtained with the in vitro vesicle budding
assay were statistically significant but moderate. We
reasoned that a regulatory role of cdc42 in TGN exit
pathways would be reflected better in an assay that
measures the kinetics of protein exit in vivo, rather than the
maximal amounts of vesicles released in vitro from the
TGN. Therefore, we studied the effect of constitutively
activated cdc42 on the exit kinetics of apical and baso-
lateral proteins from the TGN by time-lapse imaging of
C-terminal GFP-tagged markers, as previously described
for p75—-GFP (Kreitzer et al., 2000). We microinjected the
cDNA: s of the apical marker p75-GFP, or of NCAM-GFP,
a basolateral marker, into the nucleus of sub-confluent
cells, and allowed their accumulation in the TGN by
incubation for 1 h at 37°C followed by a 20°C block in
the presence of cycloheximide. Co-expression of either
activated cdc42 (cdc42Q61L) or nucleotide-free cdc42
(cdc42N17) did not interfere with the transport of the
markers to the Golgi (Figure 2B) and did not cause
changes in cell shape or Golgi morphology that could
influence the imaging (Figure 2B and data not shown). The
GFP tag attached to the C-terminus did not affect the
basolateral polarity of NCAM in confluent MDCK cells
(Figure 2A), or the apical polarity of p75 (Kreitzer et al.,
2000). We used NCAM-GFP rather than LDLR as a
basolateral marker in this assay, as preliminary experi-
ments showed that internalization of LDLR after delivery
to the plasma membrane interfered with the analysis of its
exit from the TGN.

We quantified the exit kinetics of the GFP fusion
proteins from the Golgi by measuring the redistribution of
Golgi-associated GFP to peripheral regions in the cell, as
described previously (Kreitzer ef al., 2000). Co-expression
of cdc42 mutants with the GFP fusion proteins dramati-
cally accelerated the exit of p75-GFP. Constitutively
activated cdc42 (cdc42Q61L) reduced the half-time of
TGN emptying from ~110 to ~20 min, while expression of
nucleotide-free cdc42N17 resulted in a half-time of
~40 min for the exit of p75-GFP (Figure 2C). In contrast,
the exit of NCAM-GFP from the Golgi was slowed
down by overexpression of cdc42Q61L and cdc42N17
(Figure 2D). The half-time of TGN emptying was
increased from ~20 to ~40 min (for cdc42Q61L) and
~32 min (for cdc42N17); these changes were statistically
significant (p <0.0001 and <0.01, respectively). These live
imaging results, together with the data obtained with the
in vitro vesicle budding assay, demonstrate conclusively
that cdc42 differentially controls protein exit pathways
emerging from the TGN. The exit of a model apical
protein is enhanced, whereas the exit of basolateral
proteins is slowed down by cdc42 mutants. The effect
of cdc42 mutants is clearly a kinetic one that causes
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Fig. 1. The release of p75-containing vesicles from the TGN in vitro is stimulated in cdc42N17- and cdc42V 12-expressing cells, while the release of
LDLR-containing vesicles is inhibited. (A) Regulated expression of cdc42 mutants in MDCK cells. A western blot probed with cdc42 antibodies of
cell lysates prepared from control cells and three clones of cdc42N17 and cdc42V12 grown in the presence (+tet) or absence (—tet) of doxycycline as
described in Materials and methods. The less mobile band represents myc-tagged recombinant cdc42; the lower band is endogenous cdc42. (B) Vesicle
budding from the TGN. The release of p75 (left panels) and LDLR (right panels) containing vesicles from the TGN in the presence of cytosol in
semi-intact cells as described in Materials and methods. Black bars, three clones of control cells; striped bars, three clones of cdc42N17-expressing
cells; gray bars, three clones of cdc42V12-expressing cells; clone numbers correspond to those in (A). The asterisk indicates a significant difference
compared with each of the control clones with p <0.001; data are from four experiments (for cdc42V12 and N17) and three experiments (for the
control clones) with samples in triplicates. (C) Kinetics of p75/LDLR transport to the late Golgi. p75 and LDLR were pulse labeled with [33S]cysteine
for 15 min and chased for 30, 60, 120 and 180 min in the presence of excess cysteine. The O-glycosylated protein can be resolved from its precursor
in PAGE due to its higher molecular weight. The graph depicts the percentage of O-glycosylated p75/LDLR of total marker. Data are from three
experiments in duplicates with SE.

drastically different half-times for the exit of a population transport from the TGN, suggesting an explanation for
of cargo proteins from the TGN, but eventually all of the why cdc42V 12, but not cdc42N17, stimulated p75 vesicle
GFP-tagged proteins are released from the Golgi even in budding in vitro.

the presence of cdc42 mutants. This may explain why the
changes in Golgi exit observed were considerably larger in

the live imaging experiments (55% to 5-fold) than in the Alexa 568-G-actin labels a perinuclear actin
budding assay (~30%), which measures the ‘endpoint cytoskeleton in permeabilized cells that is
situation’ of protein exit from the TGN. That the budding regulated by cdc42
assay revealed any effect of cdc42 mutants on protein exit Our data suggest a selective regulatory role of cdc42 in
from the TGN at all is most likely due to the fact that a constitutive protein transport at the level of the TGN.
kinetic disadvantage in vivo is translated into a diminished Since the signaling cascades of cdc42 often result in a
capacity of the semi-intact cells for protein transport re-organization of the cellular actin cytoskeleton, we were
in vitro. interested in the effects of cdc42V12 expression on the
The results obtained by time-lapse imaging indicate overall distribution of actin, with a particular focus on
further that the activated mutant of cdc42 is more actin in the perinuclear area. Although fluorescent phal-
efficient than the nucleotide-free form in altering protein loidin labels a diffuse perinuclear actin pool (Valderrama
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Fig. 2. The exit of p75-GFP from the TGN is accelerated in cdc42Q61L- and cdc42Y57-expressing cells, while the exit of NCAM-GFP is delayed.
(A) Targeting of NCAM-GFP to the lateral surface in confluent MDCK cells; cells were fixed in PFA and labeled with anti-ZO-1 (red); GFP
fluorescence in green; scale bar = 10 um. (B) Accumulation of NCAM-GFP (a, b, e and f) and p75-GFP (c, d, g and h) in the TGN after the 20°C
block in the presence of cdc42Q61L (a—d) or cdc42N17 (e-h ). Cells were fixed with methanol, and GFP fluorescence (a, c, e and g) was co-localized
by indirect immunofluorescence with a marker for the TGN (b, d, f and h); scale bar = 20 um. (C and D) Exit of p75-GFP (C) or NCAM-GFP (D)
from the TGN recorded in 15 min intervals over 4 h (C) or in 5 min intervals over 95 min (D). The amount of GFP fluorescence in the perinuclear
area was quantified for each time point and normalized to total cell fluorescence. Data are expressed as a percentage of the Golgi fluorescence at time 0
and plotted as a function of time after the temperature shift to 33°C with SE; n = number of cells analyzed for each condition with the number of
experiments in parentheses. Differences in p75—-GFP exit between control and cdc42Q61L/cdc42N17-expressing cells are significant at 30 min and all
subsequent time points (p <0.0001). Differences in NCAM-GFP exit between control and cdc42Q61L cells are significant at all time points between

10 and 60 min, and for cdc42N17 between 15 and 60 min (p <0.01).

et al., 1998), a putative Golgi-based actin cytoskeleton has
eluded detection under the light microscope.

As transient and highly dynamic microfilaments might
escape detection by standard phalloidin staining, we
adapted to our system a technique that measures the
incorporation of alexa 568-labeled G-actin into the barbed
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ends of free, elongating actin filaments at fibroblastic
lamellae (Symons and Mitchison, 1991). We briefly
exposed mechanically perforated MDCK cells to alexa
568-labeled actin monomers and antibodies against the
cytoplasmic domain of Golgi proteins, and fixed the cells
with glutaraldehyde. In control cells, alexa 568—G-actin
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Fig. 3. Alexa 568-G-actin labels a perinuclear actin cytoskeleton in permeabilized cells that is absent in cdc42V12-expressing cells. (A and

B) Mechanically permeabilized control cells (A) or cdc42V12-expressing cells (B) were incubated with alexa 568—G-actin and anti-Gos28 antibodies
for 5 min and then fixed as described in Materials and methods. (A) Optical slice in the Golgi region of a series of 0.5 wm optical sections through the
cell; the arrow points to actin at the cell cortex. (B) 3D reconstruction of 0.5 um optical sections through the cell; left panel, alexa 568—actin; middle
panel, Gos28; right panel, overlay with actin in red and Gos28 in green. (C and D) Control (C) or cdc42V12-expressing (D) cells were fixed with PFA
after a 45 s pre-extraction with 0.1% Triton X-100 on ice and labeled with FITC—phalloidin. Scale bar = 2.5 pm.

was readily incorporated into the cortical actin cyto-
skeleton, but in addition, labeled short filaments in the
cytoplasm, which were abundant and often appeared to
originate in the perinuclear area (Figure 3A, middle panel).
Many of these perinuclear actin filaments aligned closely
with Golgi elements (Figure 3A, left and right panels). In
contrast to control cells, neither perinuclear nor other
cytoplasmic actin filaments were visible in cdc42V12-
expressing cells; instead, these cells displayed an apparent
enhancement of alexa 568-actin fluorescence incorpor-
ation into the cortical actin cytoskeleton (Figure 3B).
Fluorescent phalloidin staining detected a decrease in
perinuclear and intracellular staining in cdc42V12-
expressing cells (Figure 3C and D), consistent with a
depletion of perinuclear actin rather than with a selective
block in the incorporation of G-actin into perinuclear

filaments by cdc42. Expression of cdc42N17 did not reveal
obvious differences in the distribution of alexa 568—actin
to control cells. This might correlate with the more
moderate effect of this cdc42 mutant on vesicle transport
from the TGN. The prominent redistribution of actin to the
cell cortex in cdc42V12-expressing cells occurred mainly
to the basal but not the apical pole of the cell (see Figure 3B,
which represents a reconstruction of all x—y planes through
the cell). This is in agreement with a previous observation
by Kroschewski et al. (1999). In contrast to these authors,
however, we did not observe the flattening of the cells that
they associate with the changes in the organization of
cortical actin filaments, but rather a rounding of the cells
(compare Figure 3A and B). This discrepancy could be due
to the different expression levels of the cdc42 mutants in
microinjected cells versus transfected cell lines.
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Fig. 4. LatB inhibits the exit of p75-CFP and NCAM-CFP from the TGN. (A and B) Individual optical slices from a series of 0.5 um sections
through p75—-CFP- and GalT-YFP- (a, b, e and g) or NCAM—-CFP- and GalT-YFP- (c, d, f and h) expressing cells. (A) Co-localization of GalT—
YFP (a and c) with p75—-CFP (b) or NCAM-CFP (d) after the 20°C block and LatB pre-treatment; scale bar = 2 um. (B) p75-CFP (e and g) or
NCAM-CFP (f and h) 30 min after the release from the TGN at 33°C in the absence (e and f) or presence (g and h) of LatB. (C) Quantitation of
NCAM/p75-CFP fluorescence that co-localized with GalT fluorescence in control and Lat-treated cells at the end of the 20°C block (time 0) and after
30 min at 33°C (time 30 min). The sum of either Golgi-associated or total cell fluorescence throughout all stacks was determined as described in
Materials and methods, and Golgi fluorescence was expressed as percentage of total cell fluorescence. Data are from 8—15 cells for each condition
from two experiments with SE. The asterisk indicates a significant difference compared with control; p <0.0001.

Disruption of actin microfilaments with LatB
delays the exit of both NCAM-CFP and p75-CFP
from the TGN

The selective effects of cdc42V12 on TGN exit pathways
and perinuclear actin filament pools prompted us to test
whether non-selective disruption of cellular actin filaments
by LatB would have similar effects on TGN exit to the
cdc42 mutant. Preliminary data indicated that LatB
effectively depolymerized the actin cytoskeleton of
MDCK cells after 15 min at 20°C (data not shown). As
actin depolymerization by LatB induced rounding of the
cells (Figure 4B), we carried out the analysis of protein
exit from the Golgi in 0.5 wm optical sections of fixed
cells and marked the position of the Golgi complex by
co-expressing yellow fluorescent protein (YFP)-tagged
1,4-B-galactosyltransferase (GalT-YFP), a marker for the
trans-Golgi and TGN (Taatjes et al., 1987), with cyan
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fluorescent protein (CFP)-tagged p75 (p75—CFP) or NCAM-
CFP. GalT-YFP completely co-localized with p75-CFP
and NCAM-CFP after the 20°C block (Figure 4A). When
we quantified the amount of p75-CFP or NCAM-CFP
remaining in the Golgi after the reversal of the 20°C block,
we found that under control conditions, 40% (p75) and
75% (NCAM) of the CFP fluorescence initially over-
lapping with GalT-YFP had exited within 30 min
(Figure 4B and C; Supplementary figure 2). LatB reduced
this rate to 20% for p75—CFP and 45% for NCAM-CFP
(Figure 4B and C). We did not analyze later time points
since progressive membrane blebbing in LatB-treated cells
made the distinction between surface and Golgi-associated
CFP fluorescence difficult. Our data demonstrate that the
actin cytoskeleton indeed regulates protein exit from the
TGN. Non-selective disruption of the actin cytoskeleton
mimicked the effect of cdc42 mutants on the exit of



basolateral proteins, suggesting an actin-dependent role
for cdc4?2 in basolateral transport from the TGN. Similar to
the effect of cdc42 mutants, complete actin filament
disruption had a kinetic effect on basolateral protein exit
from the Golgi, rather than blocking it completely. Thus,
although actin filaments may facilitate basolateral protein
transport from the Golgi, they do not appear to be
absolutely essential for this transport step. Importantly, the
exit kinetics of apical proteins from the TGN were
inhibited by actin filament disruption and stimulated by
expression of cdc42 mutants, suggesting that the modula-
tory effect of cdc42 is more subtle than just removing
perinuclear actin filaments from the Golgi area.

Discussion

Our experiments provide strong support for a regulatory
role of the rho family GTPase cdc42 in constitutive protein
exit from the TGN. Several groups had previously reported
the participation of cdc42 in vesicle transport events at the
cell cortex (Brown et al., 1998; Caron and Hall, 1998;
Gasman et al., 1999; Hong-Geller and Cerione, 2000).
Here, we demonstrate that the GTPase selectively regu-
lates the generation of different populations of transport
vesicles from the TGN. Expression of cdc42 mutants in
MDCK cells stimulated the exit of a GFP-tagged apical
cargo protein (p75—-GFP) from the TGN in vivo, and the
release of p75-containing TGN-derived transport vesicles
in vitro. In contrast, cdc42 mutants delayed the exit of the
basolateral protein NCAM-GFP from the TGN in intact
cells and reduced the amount of LDLR-containing vesicles
released in the in vitro assay.

This regulation of ‘constitutive’ exocytic traffic by
cdc42 may contribute to cell shape changes in developing
epithelia, as observed for cdc42-mediated basolateral
elongation in Drosophila disc epithelia (Eaton et al.,
1995), or to increased membrane delivery during directed
cell movements in wounded monolayers that involve
polarization of the Golgi complex and the secretory
machinery (Nobes and Hall, 1999).

Both activated and nucleotide-free forms of cdc42 had
qualitatively similar effects on protein exit, although the
activated mutant was more effective in eliciting changes in
protein transport. Similarly, we found both cdc42 mutants
reversed the basolateral polarity of LDLR without affect-
ing the apical polarity of p75 (D.Cohen, A.Miisch and
E.Rodriguez-Boulan, submitted). This implies that cycling
of cdc42 between the GTP-bound, GDP-bound and
nucleotide-free forms is essential for its function in protein
transport and polarity. This cycling, and not just the
activation of cdc42 upon GTP binding, has recently been
shown to be responsible for at least some of its functions
(Erickson et al., 1997; reviewed in Symons and Settleman,
2000).

Many known effects of cdc42 on plasma membrane
processes result from re-organization of the cortical actin
cytoskeleton. Strikingly, cdc42V12 induced dramatic
changes in microfilament organization in the perinuclear
region, where our experiments suggested a regulatory role
in protein transport. By incorporation of fluorescent
G-actin into perforated living cells, we selectively labeled
highly dynamic actin filaments with free barbed ends, and
excluded from staining the capped, more stable pool of
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microfilaments that would also label with phalloidin. This
technique revealed a prominent perinuclear pool of actin
filaments that overlapped with a marker for the Golgi
apparatus. The experiments demonstrate, at the light
microscope level, that the Golgi apparatus is embedded
in an actin network. These data complement the recent
demonstration of B/y actin on vesicles budding from the
Golgi by immunoelectron microscopy (Valderrama et al.,
2000), and biochemical studies showing that actin binds to
Golgi membranes in vitro (Miisch et al., 1997; Heimann
et al., 1999; Fucini et al., 2000). In the presence of
activated cdc42, the perinuclear microfilaments disappear
completely while the cortical belt of actin becomes
thicker. The accumulation of activated cdc42 at sites of
cell—cell adhesion is consistent with earlier observations in
MDCK cells (Kuroda et al., 1997, Kroschewski et al.,
1999) and Drosophila epithelia (Eaton et al., 1995).

The removal of perinuclear actin and the inhibition of
basolateral transport from the TGN by constitutively
activated cdc42 were mimicked by an actin-disrupting
drug, indicating that the regulation of basolateral transport
by cdc42 is mediated by the actin cytoskeleton. These data
are in agreement with a previous report that the residence
time of VSV G-GFP in the Golgi during its passage
through the secretory pathway was prolonged from 42
to 57 min when actin filaments were disrupted with
cytochalasin B (Hirschberg et al., 1998). Release of apical
transport vesicles from the TGN, in contrast, was inhibited
by non-selective actin filament disruption but was stimu-
lated by activated cdc42. This suggests either an actin-
independent role for cdc42 in apical transport from the
TGN or, alternatively, the regulation of a different actin
modulatory mechanism from that employed by basolateral
proteins. The concept of distinct roles for actin in the
formation of different classes of vesicles from the Golgi is
supported by in vitro studies that revealed different actin-
binding proteins on different Golgi-derived transport
vesicles (Heimann et al., 1999), by the characterization
of two biochemically distinct pools of actin on isolated
Golgi membranes (Fucini et al., 2000), and by our
previous finding that myosin ITA is specifically involved
in the release of basolateral but not apical transport
vesicles from the TGN (Miisch ef al., 1997).

What signaling cascades involving cdc42 could

be responsible for a re-organization of actin in
association with vesicle transport from the Golgi?
The association of cdc42 with the Golgi complex is ARF
dependent (Erickson et al., 1996), and ARF has emerged
as a key player for recruiting adapter and coat protein
complexes to the Golgi apparatus, and for regulating the
association of a scaffold of cytoskeletal elements with the
Golgi that includes spectrin/ankyrin, myosin and actin
(reviewed in Donaldson and Lippincott-Schwartz, 2000).
cdc42 could be participating in the ARF-dependent
coordination of cytoskeletal rearrangements with vesicle
formation by activating phospholipid-modifying enzymes
such as PLD and PI(3)K (Zheng et al., 1994; Han et al.,
1998). As a regulator of COPI activity (W.J.Wu et al.,
2000), cdc42 could indirectly affect the composition of
distal compartments of the Golgi complex that receive and
recycle vesicles from the more proximal stacks, where
COFPI is thought to mediate retrograde and anterograde
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protein traffic. Alternatively to directly participating in
vesicle formation at the Golgi, cdc42 could also regulate
the recycling of transport factors from the cell surface to
the TGN, a prerequisite for the continuity of exocytosis.
Recent evidence by Kroschewski et al. (1999) had
suggested a role for cdc42 in endosomal sorting.

Finally, it needs to be considered that the effect of cdc42
on protein exit from the TGN could be the result of
diverting actin monomers away from the Golgi toward
cdc42-induced structures at the plasma membrane. Under
this assumption, other proteins that promote a re-organ-
ization of actin structures could regulate protein transport
from the TGN, even if they do not reside in the Golgi. It
will be interesting, therefore, to assess the role of other
members of the rho family of GTPases in the dynamics of
perinuclear actin filaments and apical and basolateral
transport from the TGN.

Materials and methods

cDNA constructs

c¢DNA encoding chicken NCAM-180 (Edelman et al., 1987) was cloned
into pPEGFP-N1 and pEBFP vectors. cDNA encoding GALT-GFP was
provided by J.White (Harvard University, Cambridge, MA) and sub-
cloned into pEYFP-N1 (Clontech).

Cell lines, cell culture and infections

The cdc42V12- and cdc42N17-expressing cell lines were generated by
T.-S.Jou and W.J.Nelson (Stanford University, Stanford, CA) from the
MDCK cell line MDCK-Tet-OFF, which expresses the tetracycline
repressor protein [stably transfected with the pTet-OFF plasmid
(Clontech)]. The authors generously made these cell lines available to
us before publication. The parental MDCK cell line MDCK-Tet-OFF was
provided by K.Mostov (University of California, San Francisco, CA).
Three clones from this cell line were generated by transfection with a
plasmid providing hygromycin resistance (equivalent to a mock
transfection) and served as controls for all experiments with the
¢dc42V12- and cdc42N17-expressing clones.

MDCK Tet-OFF cell lines were passaged in Dulbecco’s modified
Eagle’s medium (DMEM) with 10% fetal calf serum (FCS) and 20 ng/ml
doxycycline. For expression of the recombinant cdc42 mutants, cells
were plated at confluency on polycarbonate filters in the absence of
doxycycline for 48 h.

Infection with the recombinant adenoviruses that express human
NTRp75 (generated by M.Chao, New York University, NY) and human
LDLR (generated by J.Wilson) has been described in Yeaman et al.
(1998). The propagation of the adenoviruses in 293 fibroblasts was
performed as described in Falck-Pedersen (1998).

For microinjection experiments, MDCK cells were grown on
coverslips as described in Kreitzer et al. (2000).

Immunolabeling techniques and alexa 568-actin labeling
For indirect immunofluorescence experiments, cells were fixed with 2%
freshly prepared paraformaldehyde (PFA) in phosphate-buffered saline
(PBS) for 15 min. The following primary antibodies were used for immuno-
fluorescence or western blotting: a polyclonal antibody against hcdc42
(Santa Cruz); an antibody against the myc epitope (monoclonal CE9;
Calbiochem); a polyclonal antibody against the Golgi SNARE Gos28
(provided by T.Soellner, Sloan Kettering Hospital, New York); a
monoclonal antibody against ZO-1 (Chemicon); a monoclonal anti-chicken
NCAM antibody (clone Se; Developmental Studies Hybridoma Bank).

For labeling of permeabilized MDCK cells with G-actin-alexa
Fluor568 conjugate from rabbit muscle (Molecular Probes, Eugene,
OR) we followed the protocol described by Symons and Mitchison (1991)
with the following modifications: cells were grown on coverslips pre-
coated with Alcian Blue (Aldrich) and the apical membrane was removed
by gently pressing a nitrocellulose filter on top of the cells and lifting it up
(Simons and Virta, 1987). After the mechanical perforation, cells were
immediately incubated with G-actin and anti-Gos28 antibody for 5 min
before fixation.

For labeling with fluorescein isothiocyanate (FITC)—phalloidin, cells
were pre-extracted in buffer A (138 mM KCI, 3 mM MgCl,, 2 mM
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EGTA, 0.32 M sucrose, 10 mM MES pH 6.1) with 0.1% Triton X-100
for 45 s on ice before fixation with 4% PFA in buffer A.

Images were acquired on a Nikon E-600 microscope equipped with a
back-illuminated cooled CCD camera (CCD 1000-PB; Roper Scientific)
and a z-axis stepper motor (Prior) for serial sectioning. Images were
transferred to a computer workstation running MetaMorph imaging
software (Universal Imaging Corp.) for processing and quantitative
measurements.

Live imaging and quantitation of fluorescence
Expression, accumulation in the TGN, time-lapse imaging and analysis of
TGN exit rates for GFP-tagged markers were performed as described in
Kreitzer et al. (2000) (Supplementary figures). All cDNAs were diluted to
10 pg/ml in HKCI injection buffer (10 mM HEPES, 140 mM KCl
pH 7.4) prior to intranuclear microinjection. The cdc42Q61L construct is
triple HA-tagged and was provided by J.Erickson and R.Cerione (Cornell
University, Ithaca, NY). The cdc42N17 construct is myc-tagged and was
provided by M.Symons (Picower Institute for Medical Research,
Manhasset, NY). Expression of p75-GFP and NCAM-GFP always
coincided with the expression of the cdc42 construct when cDNAs were
co-injected, as determined by indirect immunofluorescence with an HA
antibody (clone 12CAS; Boehringer) or myc (clone 9E10; Santa Cruz).
Actin depolymerization by LatB (Figure 4) induced morphological
changes in overall cell shape, which prevented measurements of total
fluorescence in a single focal plane. Thus, we co-expressed a late Golgi/
TGN marker, GalT-YFP, with the CFP-tagged secretory proteins to
ensure accurate definition of Golgi and TGN fluorescence, and modified
the quantitative method: fixed cells were optically sectioned along the
z-axis at 0.5 um intervals using a 60X lens (plan apochromat, 1.4 NA)
and CFP and YFP filter cubes (Chroma). No bleed-through from the
yellow into the cyan channel was detected. Image stacks were either
analyzed without processing or subjected to 3D blind deconvolution
using Autodeblur (AutoQuant, Watervliet, NY) to remove out-of-focus
fluorescence while maintaining relative fluorescence intensities (Wang,
1998). Both methods gave comparable results. The total Golgi CFP
fluorescence of all planes that co-localized with the GalT-YFP
fluorescence was measured and expressed as a percentage of the total
cell CFP fluorescence in all planes.

Vesicle budding assay in semi-intact cells, in vivo transport
assays
The vesicle budding assay from the TGN in semi-intact cells was
performed as described in Miisch et al. (1996) with the following
modifications: cells were grown on polycarbonate filters instead of plastic
dishes. The labeling of p75 and LDLR occurred with carrier-free
[*S]sulfate (1 mCi/ml; NEN) in sulfate-free medium during the
accumulation of the markers in the TGN at 20°C (Yeaman et al.,
1998). Immunoprecipitation of p75 and LDLR was performed with
the antibodies against the cytoplasmic domain of LDLR (clone 4A4;
hybridoma from the ATCC Hybridoma bank) and with antibodies against
the ectodomain of p75 (clone ME 20.4; hybridoma provided by M.Chao,
New York University).

PAGE gels were exposed on Phosphorlmager screens and the
radioactivity quantified with the IQMac-program of Molecular
Dynamics.

Statistical analysis
The significance of differences in the mean between samples was
determined by two-paired #-test analysis. All samples were normally
distributed with a normality coefficient calculated by Shapiro—Wilk of at
least 0.9.

The exit rates of GFP-tagged proteins from the Golgi in Figure 2C and
D were fitted by polynomial regression with R? values >0.995, and the 75,
was calculated from the fitted curves.

Analysis was carried out with the Software Analyse-it for Microsoft
Excel, Leeds, UK (see http://www.analyse-it.com/).

Supplementary data
Supplementary data for this paper are available at The EMBO Journal
Online.
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