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and LAMP-3 (Fig. 5 D), markers for lysosomes, revealed
little or no labeling of any of these markers in ARF6-posi-
tive vesicles. Furthermore, the ARF6-positive vesicles did
not colocalize with y-adaptin and other Golgi and endo-

D’Souza-Schorey et al. ARF6 Targets Recycling Vesicles to the Plasma Membrane

Figure 4. (A and B) Trans-
ferrin receptors localize to
ARF6 and ARF6(T27N)
vesicles. CHO cells (A) or
HEK 293 cells (B) expressing
ARF6 (A) and ARF6(T27N)
(A, inset and B) were fixed
and processed for cryoim-
munogold labeling. Sections
were labeled first with the
anti-ARF6 antibody followed
by protein A-gold (A4, 15 nm;
B, 10 nm) and then with the
anti-Tfn-R antibody followed
by protein A-gold (A4, 10 nm;
B, 5 nm). ARF6 and Tfn-R
labeling is seen on the same
vesicle (arrows) or on vesi-
cles in near proximity of each
other. Arrowhead indicates a
clathrin-coated pit. ¢, centri-
ole; p, plasma membrane. Bar,
200 nm.

plasmic reticulum markers (data not shown). Taken to-
gether, these findings indicate that intracellular ARF®6 lo-
calizes to the perinuclear endosomal recycling compartment
in CHO cells.
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Figure 5. ARF6 colocalizes with cellubrevin but not with MPR or Lamp. CHO cells expressing wild-type ARF6 were doubled labeled
with an anticellubrevin antibody (15 nm gold), followed by anti-Tfn-R antibody (A, 10 nm), or with an anti-ARF6 antibody (5 nm gold)
followed by an anticellubrevin antibody (B, 10 nm gold). Arrows show clear examples of labeling for cellubrevin on ARF6-containing
vesicles. HEK-293 cells expressing ARF6 (T27N) were double labeled with antibodies against ARF6 (5 nm gold) followed by labeling
with antisera against MPR (C, 10 nm gold), or with anti-ARF6 antibody (10 nm gold) followed by anti-Lamp-3 antibody (D, 5 nm gold).
MPR and Lamp-3 labeling was done in 293 cells due to low cross-reactivity in CHO cells. ¢, centriole. Bar, 200 nm.

Comparative Intracellular Distribution of ARF6 and
Endocytosed HRP

We have compared the distribution of ARF6 and its mu-
tants, relative to that of the endocytic tracer, HRP. HRP
has been extensively used as a morphological and bio-
chemical marker in endocytosis assays. Swanson et al.
(1987) have shown that HRP is taken up by clathrin-
dependent endocytosis in activated peritoneal macro-
phages. In BHK fibroblasts, most of the internalized HRP
was shown to be delivered to lysosomes, while a small pro-
portion recycled back to the cell surface (Griffiths et al.,
1989). To analyze the distribution of endocytosed HRP,
CHO cells were incubated with serum-free media contain-
ing HRP, quickly rinsed, fixed, and then processed for im-
munogold labeling with antibodies against HRP. With 5
min of HRP uptake, numerous early endocytic structures
along the cell periphery that varied from tubular elements
to large vesicles and that ranged from 50 to 400 nm in di-
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ameter were loaded with HRP (data not shown). HRP la-
beling was also detected in clathrin-coated vesicles, indi-
cating that in CHO cells HRP was being internalized via
clathrin-dependent in addition to clathrin-independent path-
ways. With 60 min of continuous HRP uptake, gold label-
ing became apparent in large vacuoles (<1 pM in diame-
ter), some of which contained internal membrane and
resembled multivesicular late endosomal and lysosomal
compartments (Fig. 6). In addition, smaller vesicles in the
perinuclear region that were ~50-60 nm in diameter were
also labeled for HRP (Fig. 6). These latter vesicles may be
recycling endocytic vesicles that regurgitate HRP back to
the extracellular environment. Analysis by confocal immu-
nofluorescence microscopy of the distribution of Tfn-Rs
relative to fluorescein-conjugated HRP revealed that only
a subpopulation of these makers (<15%) was colocalized
at the perinuclear compartment (data not shown).

To determine the subcellular distribution of ARF6 rela-
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tive to HRP under conditions of both short and more pro-
longed exposure to the tracer, cells expressing either wild-
type ARF6 or its mutants defective in either GTP binding
or hydrolysis were incubated with HRP for 5 or 60 min,
fixed, processed for cryoimmunoelectron microscopy, and
then labeled with antibodies directed against ARF6 and
HRP. In cells expressing wild-type ARF6, no colocaliza-
tion between these markers was observed with 5 min of
HRP uptake (Table II), and ARF6-positive vesicles were
clearly distinct from the numerous early endocytic struc-
tures that labeled with HRP. This strongly suggests that
ARF6-positive vesicles were not early endosomes. On more
prolonged exposure to HRP however, <10% of ARF6-
positive vesicles were also labeled with HRP (Fig. 7). In
cells expressing ARF6(Q67L), the GTPase-defective mu-
tant, HRP label appeared to be significantly lower and ex-
hibited <50% of gold labeling compared with control
cells, thus indicating that the amount of HRP internalized
into these cells was significantly reduced. This is similar to
what was observed previously for the internalization of
transferrin in CHO cells on expression of ARF6(Q67L;
D’Souza-Schorey et al., 1995). The reduced efficiency of
endocytosis in these cells may most likely be due to the
dramatic alterations at the plasma membrane induced on
expression of the GTPase-defective mutant. Labeling for
HRP was restricted to small 80-100-nm vesicles at the pe-
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Figure 6. HRP distribution
in CHO cells. Cells mock in-
. fected with the vector virus,
e’ were incubated with HRP for
60 min, fixed and processed
for ultrathin cryosections.
Sections were labeled with
an anti-HRP antibody fol-
lowed by protein A conju-
gated to gold particles (5
nm). The figure shows HRP
labeling in the trans-Golgi
region of the cell on small
and multivesicular endocytic
structures (e). Bar, 200 nm.

riphery (Fig. 8 A), and on occasion, some label was also
seen “entrapped” in membrane invaginations, but in 95%
of these cells the ARF6-positive plasma membrane struc-
tures were devoid of HRP labeling. In cells expressing the
GTP binding—defective mutant, ARF6(T27N), similar to
what was observed with wild-type ARF6, no colocalization
between the ARF6-positive and HRP-positive vesicles
was observed with a short 5-min exposure to HRP (see Ta-
ble IT). However, after 60 min of HRP uptake, ~10-15%
of ARF6-positive vesicles that accumulate at the pericen-
triolar region of the cell also labeled for HRP (Fig. 8 B).
Vesicles that label for ARF6(T27N), but not HRP, may be
preformed vesicles or vesicles that are not accessible to
HRP. These findings indicate that at some step after inter-
nalization, most likely at the recycling endosome, a small
proportion of HRP has access to ARF6-positive vesicles.
Based on the these observations and the findings de-
scribed above on the colocalization of ARF6 with Tfn-Rs
and cellubrevin, we propose that ARF6 localizes to and
regulates the transport of recycling vesicles at the pericen-
triolar region of CHO cells to the plasma membrane.

Discussion

In this study we have undertaken a characterization of mem-
brane rearrangements induced on expression of wild-type
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ARF6 and its mutant derivatives defective in either GTP

binding [ARF6(T27N)] or hydrolysis [ARF6(Q67L)]. Pre-
viously, we have shown that ARF6 localizes to the plasma
membrane and intracellular compartments (D’Souza-
Schorey et al., 1995; Peters et al., 1995). Now we show that
at relatively low levels of expression, ARF6 in CHO cells,
is localized almost exclusively to an intracellular pericen-
triolar compartment. This compartment is morphologi-
cally reminiscent of a recycling endosomal compartment
that has been previously described (Yashimoro et al., 1984;
Griffiths et al., 1989; Connolly et al., 1994; Ghosh and
Maxfield, 1995). The recycling compartment appears as a
collection of vesicles and tubules at the pericentriolar re-
gion of the cell and is distinct from the larger sorting endo-
somes and the Golgi complex and is enriched in recycling
receptors such as the transferrin and LDL receptor. The
transfer of recycling membrane from the pericentriolar re-
gion to the plasma membrane is likely to involve the for-
mation of fusogenic recycling intermediates, although these
have not been characterized. The colocalization of ARF6
with Tfn-Rs in vesicles and tubules in the pericentriolar re-
gion suggests that most of the intracellular ARF6 resides
in the recycling endosomal compartment. The recycling
compartment has also been characterized as a tubular net-
work located around the pericentriolar region of other cell
types including AtT20 cells and HEp2 cells (Hopkins et al.,
1990; Tooze and Hollinshead, 1991). Whether such a com-
partment serves as a passive vehicle for the transport of
molecules to the cell surface, or whether there may be
other functions associated with the recycling compartment
has been a subject of investigation. The isolation of a CHO
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Figure 7. ARF6 colocalize
with HRP only on prolonged
exposure to the tracer. Cells
expressing wild-type ARF6
were incubated for 60 min
with HRP, fixed, and then
processed for cryoimmu-
nogold labeling. Samples
were labeled with an anti-
ARF6 polyclonal antibody
followed by protein A-gold
particles (10 nm) and then
with an anti-HRP antibody
followed by protein A-gold
particles (5 nm). With pro-
longed exposure to HRP
some colocalization (<10%)
with ARF6-positive vesicles
was observed (arrow, inset at
higher magnification). e, en-
dosomes; m, mitochondria; n,
nucleus; ne, nuclear enve-
lope; p, plasma membrane.
Bar, 200 nm.

mutant cell line (12-4) in which the exit of receptors from
the recycling compartment is delayed and that of bulk
membrane is normal, suggests that the recycling compart-
ment may have a sorting function (Presley et al., 1993).
Furthermore, there is mounting evidence for communica-
tion between the TGN and the recycling endosomal com-
partment (Geuze and Morre, 1991; Futter, 1995; Leitinger et
al., 1995; Sariola et al., 1995; Ulrich, 1996).

Our findings on the subcellular distribution of ARF6 in
CHO cells are in marked contrast to observations made by
Cavenagh et al. (1996), who reported that ARF6 was lo-
calized exclusively to the plasma membrane of CHO cells.
In their study, early endosomes were identified by endocy-
tosis of HRP for 10 min. We have compared the intracellu-
lar distribution of ARF®6 relative to that of HRP. Interest-
ingly, when we determined the distribution of HRP after a
short 5-min exposure to the ligand and that of wild-type
AREF®6, no colocalization was observed indicating that ARF6
was not present on newly endocytosed vesicles. With a
more prolonged exposure however, HRP does appear to
have access to only a small proportion of ARF6-positive
vesicles around the pericentriolar region of the cell that
likely represent recycling vesicles that are destined toward
the plasma membrane. Based on our findings, it is unlikely
that ARF6-positive compartments would be loaded with
HRP under the experimental conditions used by Cave-
nagh et al. (1996), and even if it did, the fraction of ARF6-
positive vesicles that contain HRP is so minor that it may
have escaped detection by Western blot analysis. Further-
more, the latter study used sucrose density gradients and
free flow electrophoresis for separation of endosomes
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Figure 8. (A and B) HRP distribution in cells expressing
ARF6(Q67L) and ARF6(T27N). Cells expressing ARF6(Q67L)
(A) and ARF6(T27N) (B) were incubated with HRP for 60 min,
fixed, and then processed for ultrathin cryosections. Sections
were first labeled with anti-ARF6 antibody followed by protein
A-conjugated gold particles (10 nm) and then with an anti-HRP
antibody followed by protein A—gold particles (5 nm). (A) Typi-
cally, in ARF6 (Q67L)-expressing cells, HRP labeling was re-
stricted to small vesicles at the periphery (e). Membrane invagi-
nations were observed even at very low levels of ARF6(Q67L)
expression, implicit by low numbers of gold particles on the mem-
brane. (B) A small population of ARF6(T27N)-positive vesicles
were also labeled with HRP (arrows). i, invaginations; e, endo-
somes; p, plasma membrane. Bar, 200 nm.

from Golgi complex, ER, and plasma membrane fractions.
It is possible that recycling endocytic vesicles that fuse
with the plasma membrane may cofractionate with the
plasma membrane fraction, when using a separation pro-
cedure based on the electrophoretic mobility of mem-
branes.

The colocalization of ARF6 with Tfn-Rs and cellubrevin
at the pericentriolar region, strongly supports the conten-
tion that ARFG6 localizes to the recycling endosomal com-
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Table 1l. Quantitation of HRP Label in Pericentriolar
ARF6-positive Vesicles Relative to Other Small Vesicles
(<200-nm Diameter)

Small vesicles
(<200 nm)

ARF6-positive
vesicles

Minutes post uptake

Cells transfected with 5 60 5 60
ARF6 34 173 0 12
ARF6(Q67L) 21 112 0 0
ARF6(T27N) 59 189 0 28
Vector 89 342 - -

CHO cells on monolayers expressing ARF6 wild-type or mutant proteins were incu-
bated with HRP as described in Materials and Methods. Monolalyers were quickly
rinsed, fixed, and processed for cryoimmunogold labeling and doubled-labeled with
antibodies directed against ARF6 followed by protein A—10-nm gold and against HRP
followed by protein A—5-nm gold as described in Materials and Methods. The data
represents an average of 5-nm gold particle count obtained from 25 cells for each con-
dition.

partment. Cellubrevin has been localized to Tfn-containing
vesicles in fibroblasts (McMohan et al., 1993). In addition,
tetanus toxin cleavage of cellubrevin decreases the rate of
Tfn release in CHO cells (Galli et al., 1994), a phenotype
shared by the dominant negative mutant of ARF6, ARF6
(T27N). The presence of peripherally distributed Tfn-R— and
cellubrevin-positive compartments that are devoid of the
ARF®6 label may likely represent Tfn-R endosomes on the
inward leg of the Tfn cycle. We also attempted to compare
the distribution of Rab4 and Rabl1 with ARF6; unfortu-
nately we were not able to localize endogenous Rab pro-
teins. It would be interesting to determine whether ARF6
would function downstream of Rab 11 in the endosomal
recycling pathway. Also of interest are the striking differ-
ences in the morphological characteristics of the ARF6
(T27N) compartment in the different cell types examined.
The distinct “coat” structure seen on the cytoplasmic
phase of the ARF6(T27N)-containing vesicle in HEK 293
cells was not as apparent in CHO cells. Why such differ-
ences exist between cell types is unclear at present. The
ARF6(T27N)-coated vesicles do not label with antibodies
directed against clathrin or 3-COP (Peters et al., 1995).
The presence of 100-nm nonclathrin-coated buds on Tfn-
R-—positive endosomes also have been described in A431
cells (Stoorvogel et al., 1996). The recycling of coated vesi-
cles and its subsequent fusion with the plasma membrane
would require “uncoating,” a process that may be trig-
gered by activation/nucleotide exchange of ARF6. In this
regard, studies in sec7 mutant Saccharomyces cerevisiae
cells have indicated that in individual ARFs may perform
distinct functions in vesicular coat dynamics, namely coat
recruitment (budding) and vesicle uncoating, which pre-
cede vesicle docking and fusion (Deitz et al., 1996).

More recently, ARF6 has been shown to cofractionate
along with chromaffin granules in adrenal chromaffin cells
and has been implicated in regulated exocytosis (Galas et al.,
1997), although a detailed morphological characterization
of ARF6 in these cells has not been reported. Hence, it ap-
pears that the subcellular localization of ARF6 may be cell
type specific. Therefore, the question that arises is what is
the underlying function of ARF6 in various cell types. It
is possible that ARF6 serves to regulate the outward flow
of membrane traffic and thereby modulate the shape and
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Figure 9. Model for the ARF6:GTP/GDP cycle in CHO cells.
Nucleotide exchange on ARF6 drives the transport and subse-
quent fusion of recycling vesicles with the plasma membrane. Hy-
drolysis of bound GTP at the cell surface allows the internaliza-
tion of ARF6 via membrane vesicles inaccessible to HRP or the
release of ARF6 from the membrane into the cytosol. Cytosolic
ARF6 would have to be recruited back onto the recycling com-
partment (R.C.) for another nucleotide cycle to ensue.

structural organization of the plasma membrane. In CHO
cells, using quantitative fluorescence microscopy it has been
demonstrated that C6-NBD-SM (N-[N- (7-nitro-2,1,3-ben-
zoxadiolol-4)-e-aminihexanoyl] sphingosyl phosphorycho-
line), a bulk plasma membrane marker, transits the endocytic
system in a manner that is kinetically and morphologically
identical to that of recycling receptors (Mayor et al., 1993).
Thus, in these cells, ARF6 may also serve to regulate the
exit of bulk membrane. Conceivably, the rates of such a
process would be dramatically altered during cellular pro-
cesses that would require a remodeling of the plasma mem-
brane such as diapedesis, cell spreading, and metastasis.

Based on our observations, it is tempting to speculate how
ARF6 could control membrane recycling via its nucleotide
cycle (Fig. 9). We propose that nucleotide exchange on
AREF®6 drives the uncoating/transport and subsequent fu-
sion of ARF6-positive intracellular recycling vesicles with
the plasma membrane. At the surface, the hydrolysis of
bound GTP would allow either (@) the internalization of
membrane-bound ARF6 via the endocytic pathway or (b)
the release of ARF6 from the membrane into the cytosol.
In the latter case, cytosolic ARF6:GDP would have to be
recruited onto the recycling endosomal compartment and
with subsequent nucleotide exchange on ARF6, another
cycle follows. Although we did not observe any colocaliza-
tion of ARF6 with HRP loaded early endocytic structures,
at this point we cannot rule out the possibility that ARF6
could indeed localize to incoming vesicles that are not ac-
cessible to HRP and that later on by the process of endo-
some fusion become HRP and Tfn-R positive.

The model described above explains the phenotypes ob-
served by expression of ARF6 mutants. On expression of
ARF6(T27N), the mutant defective in nucleotide exchange,
an accumulation of vesicles at the perinuclear region of the
cell and an inhibition of recycling of ligands to the cell sur-
face was observed (D’Souza-Schorey et al., 1995). On ex-
pression of ARF6(Q67L), the mutant defective in GTP
hydrolysis, an accumulation of membrane at the cell sur-
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face was observed along with the depletion of intracellular
endosomal compartments (Peters et al., 1995; this study).
The lack of coated vesicle formation along the ARF6-
induced membrane invaginations may explain, in part, the
decrease in efficiency of clathrin-dependent endocytosis
observed in these cells. Reconstitution of transferrin recy-
cling in streptolysin O—permeabilized CHO cells has shown
that fusion of recycling endosomal vesicles with the plasma
membrane does not require GTP hydrolysis, is brefeldin A
insensitive, and is stimulated by GTP+ys at suboptimal con-
centrations of cytosol (Martys et al., 1996). Furthermore, it
has been reported that Tfn-R—positive recycling vesicles in
the perinuclear region of the cell do not exhibit a tubular
morphology on treatment with the drug brefeldin A, as do
the early endosomal compartments from which they are
derived (Daro et al., 1996). These reports are consistent
with our observations that ARF6 distribution is brefeldin
A insensitive (Peters et al., 1995) and that its redistribu-
tion to the plasma membrane does not require GTP hy-
drolysis. The stimulation of vesicle fusion with the plasma
membrane by GTPyS, besides endosomal membrane recy-
cling, is also characteristic of regulated secretion (Gomp-
erts et al., 1990). The lack of requirement of GTP hydrolysis
for fusion of endosomal recycling vesicles and of secretory
vesicles during regulated secretion with the plasma mem-
brane distinguishes these processes from constitutive exo-
cytosis from the TGN to the cell surface since the latter is
inhibited by GTPyS (Miller and Moore, 1991). It is possi-
ble that ARF6 could promote the generation of fusogenic
lipids at the plasma membrane. ARF6 had been shown to
stimulate phospholipase D (PLD) activity in vitro (Mas-
senburg et al., 1995). PA a product of PLD metabolism
stimulates the synthesis of phosphatidyl inositol 4,5,bis-
phosphate (PIP2; Loyens and Anderson, 1996). Thus, via
its effects on phospholipid metabolism, the maintenance
of ARF®6 in the GTP state would result in the accumula-
tion of charged lipids such as PIP2 at the cell periphery.
PIP2 has also been shown to stimulate actin polymeriza-
tion; indeed actin polymerization at the cell surface is in-
duced on expression of ARF6(Q67L), the GTP-bound mu-
tant of ARF6 (Radhakrishna et al., 1996; D’Souza-Schorey
et al., 1997). We are currently establishing in vitro assays
to investigate these possibilities.

It is clear from our studies that ARF6 localizes to an in-
tracellular tubulovesicular membrane recycling compart-
ment in CHO cells. Furthermore, our findings indicate that
the ability of ARF6 to cycle between its GTP- and GDP-
bound conformation is critical for maintaining the integ-
rity of peripheral membrane organization and trafficking.
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