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ADP-ribosylation factors (Arf), a family of small GTP-binding proteins, play important roles in intracellular trafficking in
animal and yeast cells. Here, we investigated the roles of two Arf homologs, Arfl and Arf3 of Arabidopsis, in intracellular
trafficking in plant cells. We generated dominant negative mutant forms of Arf 1 and Arf3 and examined their effect on
trafficking of reporter proteins in protoplasts. Arfl[T31N] inhibited trafficking of H*-ATPase:green fluorescent protein
(GFP) and sialyltransferase (ST):GFP to the plasma membrane and the Golgi apparatus. In addition, Arf1[T31N] caused
relocalization of the Golgi reporter protein ST:GFP to the endoplasmic reticulum (ER). In protoplasts expressing Arf1[T31N],
ST:red fluorescent protein remained in the ER, whereas H'-ATPase:GFP was mistargeted to another organelle. Also, ex-
pression of Arfl[T31N] in protoplasts resulted in profound changes in the morphology of the ER. The treatment of
protoplasts with brefeldin A had exactly the same effect as Arfl[T31N] on various intracellular trafficking pathways. In
contrast, Arf3[T31N] did not affect trafficking of any of these reporter proteins. Inhibition experiments using mutants with
various domains swapped between Arfl and Arf3 revealed that the N-terminal domain is interchangeable for trafficking
inhibition. However, in addition to the T31N mutation, motifs in domains II, III, and IV of Arfl were necessary for inhibition
of trafficking of H"-ATPase:GFP. Together, these results strongly suggest that Arfl plays a role in the intracellular

trafficking of cargo proteins in Arabidopsis, and that Arfl functions through a brefeldin A-sensitive factor.

In eukaryotic cells, a large number of proteins are
transported to their final destination after translation
by a process called intracellular trafficking. The
mechanism of intracellular trafficking has been ex-
tensively studied in animal, plant, and yeast cells.
Based on numerous studies, the general mechanism
of intracellular trafficking is thought to be similar in
various organisms (Rothman, 1994; Jahn and Stidhof,
1999; Bassham and Raikhel, 2000), implying that the
fundamental aspects of intracellular trafficking be-
tween the endoplasmic reticulum (ER), Golgi appa-
ratus, vacuole, and plasma membrane are similar in
plant cells as well. In fact, many plant proteins have
been shown to complement mutations in correspond-
ing proteins in yeast cells (Bassham et al., 1995;
Takeuchi et al., 1998). Also, proteins such as clathrin,
coatomer subunits of coat protein I (COPI) vesicles,
and many small GTP-binding proteins have been
identified in plant cells (Memon et al., 1993; Regad et
al., 1993; Lebas and Axelos, 1994; Blackbourn and
Jackson, 1996; Contreras et al., 2000), although in
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most cases, the exact biological roles of these proteins
have not been directly addressed. However, differ-
ences in trafficking also exist between plant and an-
imal cells. It has recently been shown that plant cells
have at least two different types of vacuoles: the lytic
and storage vacuoles (Paris et al., 1996; Neuhaus and
Rogers, 1998; Jauh et al., 1999). The lytic vacuole is
thought to be similar to the vacuole of yeast cells or
the lysosome of animal cells, whereas an organelle
similar to the storage vacuole is absent in yeast and
animal cells, implying that transportation of cargo
molecules to the storage vacuole is likely unique to
plant cells (Matsuoka et al., 1990; Bednarek and
Raikhel, 1991; Neuhaus et al., 1991; Chrispeels and
Raikhel, 1992; Schroeder et al., 1993; Saalbach et al.,
1996; Frigerio et al., 1998). Interestingly, precursor-
accumulating vesicles have been shown to transport
proteins to the storage vacuole directly from the ER
in pumpkin seeds (Hara-Nishimura et al., 1998). In
addition, storage proteins such as vicilin have been
shown to be sorted to the storage vacuole at the
cis-Golgi (Hillmer et al., 2001). Although the presence
of these unique pathways in plant cells has been
demonstrated, proteins involved in these pathways
are largely unknown.

To understand regulation of trafficking in plant cells,
we investigated possible roles of ADP-ribosylation
factors (Arfs), 20-kD guanine nucleotide-binding pro-
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teins that are members of the small ras-like GTPase
superfamily. Numerous studies have demonstrated
the pivotal role of Arfs on various steps of intracel-
lular trafficking pathway in various organisms (Balch
et al.,, 1992; Dascher and Balch, 1994; Gaynor et al.,
1998; Goldberg, 1998; Pacheco-Rodriguez et al., 1998;
Spang et al., 1998; Lanoix et al., 1999; Zhao et al.,
1999; Jackson and Casanova, 2000). Among various
steps of intracellular trafficking, Arfl has been shown
to be specifically involved in retrograde trafficking
from the Golgi apparatus to the ER and from the
trans-Golgi network to the endosome (Dascher and
Balch, 1994; Ooi et al., 1998; Goldberg, 1999; Poon et
al., 1999; Roth, 1999; Jackson and Casanova, 2000).
During retrograde trafficking, Arfl has been shown
to be involved in the formation of COP1 vesicles
(Wieland and Harter, 1999). Also, Arfl has also been
proposed to be involved in the sorting of cargo pro-
teins (Lanoix et al., 1999; Goldberg, 2000). However,
it is not known whether Arf plays a role in intracel-
lular trafficking in plant cells. Highly homologous
proteins such as Arabidopsis Arfl and Arf3 have
been found in plants (Regad et al., 1993; Memon et
al., 1993; Lebas and Axelos, 1994). Also, the fact that
brefeldin A (BFA) inhibits intracellular trafficking in
plants in much the same way as in animal and yeast
cells (Gomez and Chrispeels, 1993; Boevink et al.,
1999) suggests that these Arf homologs may also play
roles in intracellular trafficking. This notion was fur-
ther supported by a recent report showing that Arfl
is localized at the Golgi apparatus (Pimpl et al., 2000),
as in the case of animal cells (Balch et al., 1992;
Dascher and Balch, 1994; Roth, 1999).

In this study, we asked whether Arabidopsis Arf
proteins play any role in intracellular trafficking in
vivo. To address this question in Arabidopsis, we
co-expressed various green fluorescent protein (GFP)
reporters and Arf mutants as cargoes and regulators
of intracellular trafficking, respectively, and then ex-
amined the effect in protoplasts prepared from Ara-
bidopsis leaf tissues.

Here, we present evidence that Arfl plays a critical
role in the trafficking of H"-ATPase and sialyltrans-
ferase (ST):GFP to the plasma membrane and the
Golgi apparatus, respectively.

RESULTS

In Vivo Functional Assay for Intracellular
Trafficking in Protoplasts

In this study, we developed a new functional assay
for intracellular trafficking using protoplasts of Ara-
bidopsis as a model system. The assay consists of two
important components, reporter and effector pro-
teins. To monitor intracellular trafficking in the pro-
toplasts using a fluorescent microscope, we used re-
porter proteins tagged with GFP (Davis and Vierstra,
1998) or red fluorescent protein (RFP; Heikal et al.,
2000). We have previously used H"-ATPase:GFP and
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ST:GFP as a reporter for trafficking to the plasma
membrane and the Golgi apparatus, respectively
(Kim et al., 2001). Also, we used a GFP fusion protein
with chaperon BiP to use as a marker for the ER. As
shown in Figure 1A, H"-ATPase:GFP was present at
the plasma membrane (Fig. 1A, a and d), and BiP:
GFP was present as numerous networks with blots
(Fig. 1A, b). ST:GFP gave punctate staining patterns
(Fig. 1A, c). Also, we generated similar fusion pro-
teins with RFP—ST:RFP, BiP:RFP, and H*-ATPase:
RFP—and compared localization of these RFP fusion
proteins with that of corresponding GFP forms. As in
the case of ST:GFP, ST:RFP gave punctate staining
patterns (Fig. 1A, ¢ and d). When we directly com-
pared localization between ST:GFP and ST:RFP by
cotransforming into protoplasts, the green and red
punctate stains closely overlapped each other (Fig.
1B, a—c), indicating that both the green and red forms
of ST fusion proteins are targeted to the Golgi appa-
ratus. Also, an RFP fusion form of H"-ATPase, H*-
ATPase:RFP, was targeted to the plasma membrane
as in the case of H"-ATPase:GFP (data not shown).
These results suggest that the tetramer formation of
RFP (Heikal et al., 2000) per se may not affect local-
ization of these reporter proteins. Another important
issue we addressed was efficiency of cotransforma-
tion. In this assay, it is essential that both effector and
reporter plasmids are expressed in the same proto-
plasts. Therefore, we first examined the efficiency of
cotransformation using two reporter proteins. The
efficiency of cotransformation was over 95% when
two reporter proteins, BiP:RFP and H*-ATPase:GFP,
were used (Fig. 1C). Even with three constructs, the
cotransformation efficiency was over 90% (Fig. 1C).
These results strongly suggest that the cotransforma-
tion approach is a very efficient method of introduc-
ing multiple plasmid DNAs into protoplasts.

Arf1[T31N] May Cause Fusion of the Golgi
Membranes to the ER

To understand the biological roles of Arfl and Arf3,
we examined the effect of the GDP-binding dominant-
negative mutants Arfl[T31N] and Arf3[T31N] on intra-
cellular trafficking by expressing them transiently in
protoplasts derived from leaf tissues of Arabidopsis.
The dominant negative mutant form is thought to
compete with the wild-type proteins for effector pro-
teins such as guanine nucleotide exchange factor
(GEF), thereby inhibiting the activity of the wild-type
proteins. In animal cells, Arf1[T28N] causes reloca-
tion of Golgi-resident proteins to the ER through the
disassembly of the Golgi apparatus (Dascher and
Balch, 1994; Peters et al, 1995). We investigated
whether Arabidopsis Arfl[T31N] can cause disas-
sembly of the Golgi apparatus as in animal cells. To
address this, we examined localization of Golgi-
resident proteins in the presence of Arfl[T31N]. As a
marker protein for the Golgi resident proteins, we
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Figure 1. Establishment of an in vivo functional assay for intracellular trafficking in protoplasts. A, Targeting of various
reporter proteins. Protoplasts were transformed with various reporter constructs and examined 12 to 48 h after transforma-
tion. Transformation efficiency varied from 5% to 40%. Green and red images are GFP and RFP signals, respectively.
Autofluorescence of chlorophyll is depicted in blue. CH, Chloroplast. Bar = 20 um. B, Colocalization of ST:GFP and ST:RFP.
Two constructs, ST:GFP and ST:RFP, were introduced into protoplasts and localization of green and red fluorescent signals
were examined 24 to 48 h after transformation. Note that the autofluorescence of chlorophyll is depicted in blue. CH,
Chloroplast. Bar = 20 um. C, Estimation of cotransformation efficiency. Equimolar amounts of plasmid DNAs (30 ug in total)
were mixed and introduced into protoplasts. To estimate cotransformation efficiency, images of more than 200 transformed
protoplasts were taken randomly from samples at 24 h after transformation. To avoid taking images from the same protoplasts
more than once, no more than 50 images were captured from each slide. Also, these images were carefully compared to
make sure they were not from the same protoplasts. Most of the protoplasts had unique patterns of chloroplasts and RFP or
GFP signals, which allowed us to distinguish individual protoplasts. The images were stored in a computer and analyzed for
double or triple transformation. Error bars indicate means = sp (n = 3). D and T indicate protoplasts cotransformed with two
plasmids (H*-ATPase:GFP plus BiP:RFP) and three plasmids (H" -ATPase:GFP plus BiP:RFP plus NLS:GFP; Pih et al., 2000),

respectively.

decided to use ST:GFP (Wee et al., 1998; Jin et al.,
2001; Kim et al., 2001).

First, we used the transient expression approach by
transforming protoplasts with ST:GFP together with
ArfI[T3IN]. As shown in Figure 2A, green fluores-
cent signals were present as punctate stains in the
protoplasts expressing Arfl (Fig. 2A, a; Kim et al,,
2001), indicating that ST:GFP was localized at the
Golgi apparatus. The percentage of transformed pro-
toplasts with punctate stains was more than 95% (Fig.
2B). In contrast, in the presence of Arf1[T31N], dif-
fuse GFP patterns (Fig. 2A, b) were observed in more
than 90% of transformed protoplasts (Fig. 2B), indi-
cating that Arfl[T31N] has a profound effect on the
localization of ST:GFP or the morphology of the
Golgi apparatus. However, Arf3[T31N] did not affect
the pattern of ST:GFP (Fig. 2, A and C). To confirm
that these Arf proteins were expressed in the proto-
plasts, we performed protein gel-blot analysis using
proteins obtained from the transformed protoplasts.
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In this case, the wild-type and mutant forms of Arfl
and Arf3 were tagged with the T7 epitope (Zheng et
al., 1999). As shown in Figure 2D, the wild-type and
mutant forms of Arfl and Arf3 were all expressed at
high levels when detected using a monoclonal T7
antibody. The expression levels of all four Arf pro-
teins appeared to be similar when the level was
normalized based on the level of co-expressed GFP.
This result strongly suggests that the differential ef-
fect of Arfl[T31N] and Arf3[T31N] on the localiza-
tion of ST:GFP is not due to the difference at the level
of these proteins but is likely caused by the func-
tional difference of the two Arf isoforms.

Next, we investigated the localization of the green
fluorescent signals of ST:GFP in the presence of
Arf1[T31N]. To address this question, we performed
colocalization of ST:GFP with BiP:RFP, the ER
marker protein. In contrast to the control protoplasts
(Fig. 3a), the diffuse green fluorescent signal of ST:
GFP closely overlapped the red fluorescent signal of
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Figure 2. The effect of Arf1[T31N] on localiza-
tion of transiently expressed ST:GFP in proto-
plasts. A, The effect of Arf1[T31N] on localiza-
tion of ST:GFP. Protoplasts were transformed
with various constructs and fluorescent images
were obtained 12 to 48 h after transformation.
Green and red images are GFP signals and
autofluorescence of chlorophyll, respectively. B
and C, The percentage of transformed proto-
plasts with punctate stains in the presence
of Arfl and Arf1[T31N] (B), and Arf3 and
Arf3[T31N] (C). Protoplasts were transformed
with ST:GFP plus Arfl (B, Arfl), ST:GFP plus
Arf1[T3TN] (B, Arf1[T31N]), ST:GFP plus Arf3

=

ST:GFP + Arfl
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(C, Arf3), or ST:GFP plus Arf3[T31N] (C, 100
Arf3[T31N]). Images of more than 200 trans-
formed protoplasts were analyzed as described
in Figure 1. Images were analyzed by more than
one person who did not know the experimental
setting. D, Protein gel-blot analysis of T7-tagged
Arf proteins. Total cellular extracts were pre-
pared from protoplasts transformed with T7:Arf
constructs. A GFP construct was cotransformed
to estimate transformation efficiency. Protein
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BiP:RFP in the presence of Arfl[T31N] (Fig. 3d), in-
dicating that ST:GFP was localized at the ER. In
addition, the morphology of the ER network was
profoundly changed in the presence of Arfl[T31N],
implying that Arfl[T31N] may also affect the mor-
phology of the ER (see below and Fig. 10). However,
this transient expression approach cannot clearly ad-
dress the question of relocation of ST:GFP from the
Golgi apparatus to the ER because trafficking of ST:
GFP from the ER to the Golgi apparatus may be
blocked at the ER by co-expressed Arfl[T31N].
Therefore, we carried out the relocation experiment
using protoplasts obtained from transgenic plants
expressing ST:GFP constitutively. As shown in Fig-
ure 4, ST:GFP in the transgenic plants was found as
punctate stains (Fig. 4a), as would be expected for
Golgi localization. Also, expression of Arfl did not
change the pattern of ST:GFP (Fig. 4b). In contrast,
when the protoplasts from the transgenic plants were
transformed with Arfl[T31N], green fluorescent sig-
nals were present as diffuse patterns (Fig. 4c) similar
to those seen with transiently expressed ST:GFP.
Next, we transformed protoplasts prepared from
transgenic plants with ArfI[T31IN] and BiP:RFP to
examine the localization of ST:GFP in the presence of
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Arf1[T31N]. The green fluorescent signals of ST:GFP
closely overlapped the red fluorescent signals of BiP:
RFP (Fig. 4, d—f) in the presence of Arfl[T31N]. These
results strongly suggest that the Golgi apparatus may
be disassembled in the presence of Arfl[T31N],
which results in fusion of the Golgi membranes to-
gether with Golgi resident proteins such as ST:GFP to
the ER in Arabidopsis protoplasts, as in animal cells
(Dascher and Balch, 1994; Peters et al., 1995). How-
ever, we cannot rule out the possibility that ST:GFP
that had been localized at the Golgi apparatus
may be turned over during incubation time with
Arf1[T31N] and that ST:GFP that was localized at the
ER in the presence of Arfl[T31N] may result from de
novo synthesis. To address this question, we exam-
ined the half-life of ST:GFP in the protoplasts in the
presence of cycloheximide, an inhibitor of protein
synthesis. As shown in Figure 5, in the presence of
cycloheximide, protein synthesis was nearly com-
pletely inhibited (Fig. 5, lane C). At this condition, the
amount of ST:GFP was nearly the same for up 36 h
when the protein level was normalized based on the
loading control, indicating that degradation of ST:
GFP is relatively minor for 36 h if there is any. Thus,
these results indirectly support the notion that ST:

Plant Physiol. Vol. 129, 2002
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Figure 3. Colocalization of ST:GFP and BiP:RFP in the presence of Arf1[T31N]. Protoplasts were transformed with ST:GFP,
BiP:RFP, and Arf1[T31N] and localization of reporter proteins was examined. Green and red images are GFP and RFP
signals, respectively. The blue signals in d indicate autofluorescence of chlorophyll. Bar = 20 um.

GFP localized at the Golgi apparatus is likely relo-
cated to the ER in the presence of Arf1[T31N], instead
of being turned over, during 24 h of incubation time.

Arf1[T31N], But Not Arf3[T31N], Inhibits Trafficking of
H"-ATPase:GFP to the Plasma Membrane

We next examined the effect of Arf1[T31N] on traf-
ficking of H"-ATPase:GFP to the plasma membrane.

ST:GFP ST:GFP + Arfl

ST:GFP + Arf1|T3IN]|

As shown in Figure 6A, H"-ATPase:GFP was cor-
rectly targeted to the plasma membrane in the pres-
ence of Arfl (Fig. 6A, b). However, when Arf1[T31N]
was co-expressed with the reporter protein, the green
fluorescent signal of H"-ATPase:GFP was present as
punctate stains or aggregates in the protoplasts (Fig.
6A, c1-c4, arrowheads) and not at the plasma mem-
brane. The targeting efficiency of H"-ATPase:GFP to
the plasma membrane was more than 95% in control

ST:GFP + BiP:RFP + Arf1|T3IN]|

RFP

Merged Bright field

Figure 4. The effect of Arf1[T31N] on the localization of constitutively expressed ST:GFP. Protoplasts obtained from
transgenic plants constitutively expressing ST:GFP were transformed with the constructs indicated. The effect of these Arf1
proteins on the localization of ST:GFP was examined 24 h after transformation. Green and red images are GFP and RFP
signals, respectively. The blue signals in a, b, and c indicate autofluorescence of chlorophyll. Bar = 20 um.

Plant Physiol. Vol. 129, 2002 1511



Lee et al.

C 0] 12 24
75kD — A wwe aa» STGFP
60 KD — . — — En

Figure 5. Stability of ST:GFP in protoplasts in the presence of cyclo-
heximide. Protoplasts were transformed with ST:GFP and incubated
for expression of ST:GFP for 12 h. At 12 h after transformation,
cycloheximide (100 pg mL™") was added and further incubated for
the indicated periods of time. The level of ST:GFP was examined
from protein extracts prepared from protoplasts by western-blot anal-
ysis using a monoclonal anti-GFP antibody. As a control (lane C),
cycloheximide was added to protoplasts right after transformation. En
indicates an endogenous protein that was detected by the monoclo-
nal anti-GFP antibody and used as a loading control for the western-
blot analysis.

protoplasts (Fig. 6B), whereas it dropped to less
than 5% in the presence of Arfl[T31N] (Fig. 6B),
indicating that co-expression of Arf1[T31N] resulted
in very efficient inhibition. In contrast, Arf3[T31N]
did not affect trafficking of H"-ATPase:GFP to the
plasma membrane (Fig. 6, C and D). Together, these
results suggest that Arfl, but not Arf3, plays a role
in the trafficking of H"-ATPase:GFP to the plasma
membrane.

In animal cells, BFA and the dominant negative
mutant of Arfl have been shown to have similar
effects on intracellular trafficking (Sata et al., 1998;
Morinaga et al., 1999). BFA has also been shown to
inhibit intracellular trafficking in plant cells (Gomez
and Chrispeels, 1993; Boevink et al., 1999). Therefore,
we investigated the effect of BFA on trafficking of
H*-ATPase:GFP to the plasma membrane in the pro-
toplast. As shown in Figure 7, a green fluorescent
signal was present as punctate stains around the
nucleus in the presence of BFA (Fig. 7c) as observed
in the presence of Arfl[T31N] (Fig. 6A, cl-c4), sug-
gesting that, as in animal cells, Arfl may play a role
in the trafficking of H"-ATPase:GFP to the plasma
membrane through a BFA-sensitive factor (Sata et al.,
1998; Morinaga et al., 1999).

To further understand the role of Arf1 in trafficking
in plant cells, we attempted to determine the local-
ization of H'-ATPase:GFP in the presence of
Arf1[T31N]. To address this question, H"-ATPase:
GFP and Arfl[T31IN] were transformed into proto-
plasts together with BiP:RFP. As shown in Figure 8A,
the green fluorescent signals were present as a few
punctate stains that did not overlap the red fluores-
cent signals of BiP:RFP (Fig. 8A, d—f), indicating that
H*-ATPase:GFP is not localized at the ER. Interest-
ingly, it appeared that the behavior of H"-ATPase:
GFP was different from that of ST:GFP in the presence
of Arfl[T31IN]. To confirm this notion, protoplasts
were cotransformed with H'-ATPase:GFP, ST:RFP,
and Arfl[T31N], and localization of these reporter pro-
teins was examined. As shown in Figure 8B, H"-
ATPases:GFP did not overlap ST:RFP in protoplasts
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transformed with H"-ATPase:GFP, ST:RFP, and
Arfl[T31N]. Together, these results suggest that H'-
ATPase:GFP was not present at the ER but at some
other organelle.

Motifs in the Middle and C-Terminal Regions Are
Necessary for Inhibition of Trafficking by Arfl

Arf has been shown to be regulated by various
effector molecules such as GEFs and GTPase-
activating proteins (Kahn et al., 1994; Goldberg, 1998,
1999). These proteins are known to interact with spe-
cific domains of Arfl, such as switches 1 and 2 (Gold-
berg, 1998, 1999). To define which domains of Arfl
are necessary for its role in intracellular trafficking,
we made Arfl and Arf3 mutants with swapped do-
mains. The Arf molecules were divided into four
domains as shown in Figure 9, A and B. Domain I
(amino acid residues 1-61) is the N-terminal region
and includes the P-loop motif (P) of the GTP-binding
domain. Domains II (amino acid residues 62-95) and
III (amino acid residues 96-130) include the second
(G') and third (G) GTP-binding motifs, respectively.
Finally, domain IV (amino acid residues 131-181 for
Arfl and 131-182 for Arf3) is the C-terminal region
downstream of the third GTP-binding motif. These
domains were exchanged to make hybrid mutants. In
addition to domain exchanges, all these constructs
had the dominant-negative mutation [T31N] at the
P-loop.

The effects of these mutants on trafficking of H™-
ATPase:GFP were examined in protoplasts after
transformation. As shown in Figure 9C, the mutant
L[T3INJILIILIV,, consisting of domain I of Arf3
[T3IN] and domains II, III, and IV of Arfl, com-
pletely inhibited trafficking of H*-ATPase:GFP to the
plasma membrane (Fig. 9C, d). This indicates that the
first N-terminal domain of Arf3 can functionally re-
place that of Arfl. However, the opposite mutant
I, [T31IN]IL;II;IV;,, consisting of domain I of Arf1[T31N]
and domains II, III, and IV of Arf3 did not inhibit
trafficking (Fig. 9C, c), which suggests that the T31 N
mutation and additional motif(s) in the downstream
region of Arfl are necessary for inhibition of traffick-
ing. When constructs I;[T3IN]II;II,1V; (Fig. 9C, e)
and I3[T3INJIIILIV, (Fig. 9C, g) were introduced
into protoplasts, they did not inhibit trafficking, in-
dicating that domain II of Arfl is critical for inhibi-
tion. Next, we examined the effect of the domain III
on the inhibition using I3[T31N]II1III3IV1 (Fig. 9C, f1
and f2). When I3[T31N]II,11I5IV,; was introduced to-
gether with H'-ATPase:GFP, green fluorescent sig-
nals of H"-ATPase:GFP were present at the plasma
membrane (Fig. 9C, f1) and in the cytosol as punctate
stains (Fig. 9C, £2), indicating that the trafficking of
H"-ATPase:GFP was partially inhibited. These results
suggest that domain III is necessary for complete in-
hibition. Finally, we examined the effect of domain IV
on the trafficking using mutants I;[T31IN]IIIILIV,

Plant Physiol. Vol. 129, 2002
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Figure 6. The effect of Arf1 and Arf3 mutants on trafficking of H*-ATPase:GFP to the plasma membrane. A, The effect of
Arf1 mutants on trafficking of H"-ATPase:GFP. Protoplasts were transformed with the constructs indicated, and localization
of H"-ATPase:GFP was examined at 12 to 36 h after transformation. Arrows indicate green fluorescent signals at the plasma
membrane and arrowheads indicate punctate stains in the protoplasts. CH, Chloroplasts. Bars = 20 um. B and C, Targeting
efficiency of H*-ATPase:GFP in the presence of various forms of Arfs. To determine a targeting efficiency estimate, images
of more than 200 transformed protoplasts at each time point were analyzed based on the GFP patterns of H*-ATPase:GFP
as described in Figure 2. The patterns shown in A, a, were considered to indicate that H*-ATPase:GFP was targeted to the
plasma membrane. The patterns shown in A, c-1 to c-4, were considered to indicate that the protein was not targeted to the
membrane. D, The effect of Arf3 mutants on the trafficking of H*-ATPase:GFP. Protoplasts were transformed with
H*-ATPase:GFP alone (a), Arf3 plus H"-ATPase:GFP (b), and Arf3[T31N] plus H*-ATPase:GFP (c), and localization of
reporter protein was examined between 12 and 36 h after transformation. The green and red images indicate GFP signals
and autofluorescence of chlorophyll, respectively. Arrows indicate green fluorescent signals at the plasma membrane in the
protoplasts. CH, Chloroplasts. Bars = 20 pm.
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- BFA

+ BFA

GFP/chlorophyll

b

Figure 7. The effect of BFA on the targeting of H"-ATPase:GFP. Targeting of H"-ATPase:GFP was examined in protoplasts
in the presence (+BFA) and absence (—BFA) of 30 g mL~' BFA. BFA was added right after transformation. Green and red
images are GFP and chlorophyll, respectively. N and CH indicate nucleus and chloroplast, respectively. Arrows indicate

H*-ATPase:GFP.

(Fig. 9C, hl and h2) and L;[T31N]IL I, IV, (Fig. 9C, il
and i2). When these mutants were expressed in pro-
toplasts, green fluorescent signals were present at the
plasma membrane (Fig. 9C, hl and il) and in the
cytosol as punctate stains (Fig. 9C, h2 and i2), indicat-
ing a partial inhibition by these mutants. These results
indicate that domain IV is also necessary for complete
inhibition. Therefore, it is likely that protein-binding
motifs in domains II, III, and IV may interact with
Arfl-specific effector proteins.

Arf1[T31N] Affects Morphology of the ER

Throughout this study, we noticed that red fluo-
rescent signals of BiP:RFP were present as diffuse
patterns around the nucleus in protoplasts when
Arf1[T31N] was co-expressed. One possibility is that
the morphology of the ER might have been changed
due to expression of Arfl[T31N]. To address this
question, we compared the morphology of the ER in
the presence of Arfl and Arfl[T31N] in protoplasts
using BiP:GFP as a reporter for the ER. As described
previously, the red fluorescent signals of BiP:GFP
were present as numerous networks with blobs
throughout the protoplast in the presence of co-
expressed Arfl (Fig. 10). In contrast, protoplasts ex-
pressing Arfl[T31N] gave diffuse patterns of Bil:
GFP, clearly indicating that this pattern was caused
by Arfl[T31N]. Boevink et al. (1999) has reported a
similar observation; namely, the ER network is trans-
formed into large lamellae or sheets in the presence
of BFA in tobacco (Nicotiana tabacum) cells. In yeast,
mutations at Arfl also caused exaggeration of the ER
membrane (Yahara et al.,, 2001). Thus, one possible
explanation is that in the presence of Arfl[T31N],
fusion of the Golgi membranes to the ER and inhibi-
tion of anterograde trafficking may cause expansion
of the ER networks, which results in profound
changes in the ER morphology as shown here.

DISCUSSION

In animal and yeast cells, involvement of Arf in
retrograde trafficking from the Golgi apparatus to
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the ER has been extensively characterized (Balch et
al., 1992; Haun et al., 1993; Kahn et al., 1994; Moss
and Vaughan, 1998; Spang et al., 1998; Lanoix et al.,
1999; Poon et al., 1999; Zhao et al., 1999). Use of the
dominant negative mutant of Arfl and BFA, an in-
hibitor of Arfl, has been instrumental in elucidating
the role of Arfl. In the presence of the dominant
negative mutant or BFA, the Golgi structure is disas-
sembled and fused to the ER, thereby resulting in
relocation of the Golgi-resident proteins to the ER
and eventually inhibiting anterograde trafficking. In
this study, we used similar approaches using a dom-
inant negative mutant of Arfl, Arfl[T31N], and ex-
amined the effect of Arfl[T31N] on trafficking of
ST:GFP and H"-ATPase:GFP to their final destina-
tions. In the presence of Arfl[T31N], ST:GFP was
present at the ER as a diffuse pattern. In addition,
Arfl1[T31IN] caused relocation of ST:GFP from the
Golgi apparatus to the ER, suggesting that Arf1[T31N]
may cause disassembly of the Golgi apparatus in
plant cells as in animal cells. The behavior of ST:GFP
is very similar to the known effect of the dominant
negative mutant of Arfl in animal and yeast cells.
However, interestingly, the inhibition pattern of H"-
ATPase:GFP by Arf1[T31N] was quite different from
that of ST:GFP. In the presence of Arf1[T31N], H*-
ATPase:GFP was not targeted to the plasma mem-
brane, indicating that Arf1[T31N] inhibits trafficking
of H'-ATPase:GFP to the plasma membrane. How-
ever, in contrast to ST:GFP, it was not present in the
ER but instead present at an unidentified organelle as
punctate stains.

It has been shown that certain cargo molecules can
take alternative pathways and be transported to
other organelles when the normal trafficking path-
way is inhibited. In Bright-Yellow 2 cells, sporamin is
secreted into media when trafficking of sporamin to
the central vacuole was inhibited by wortmannin
(Matsuoka et al., 1995). Also, in yeast cells with mu-
tations in both AP3-u and VPS45 genes, vacuolar
alkaline phosphatase is transported via an alternate
intracellular route and present as punctate stains in
the cell instead of being transported to the vacuolar

Plant Physiol. Vol. 129, 2002
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Figure 8. Localization of H"-ATPase:GFP in the
presence of Arf1[T31N]. A, Localization of H"-

H*-ATPase:GFP/BiP:RFP/Arf1[T3IN]

ATPase. Protoplasts were transformed with three
sets of constructs, either H"-ATPase:GFP, BiP:
RFP, and Arfl (a—c) or H'-ATPase:GFP, BiP:
RFP, and Arf1[T31N] (df). Localization of green
fluorescent signals was examined 12 to 36 h
after transformation. Arrows and arrowheads in-
dicate H*-ATPase:GFP and BiP:RFP, respec-
tively. B, Protoplasts were transformed with H™ -
ATPase:GFP, ST:RFP, and Arf1 or H*-ATPase:
GFP, ST:RFP, and Arf1[T31N], and localization
of reporter proteins was examined.

Mer

H*-ATPase:GFP/ST:RFP/Arf1

ed

RFP

H*-ATPase:GFP/ST:RFP/Arf1[T3IN]

Mcr|cd

RFP

membrane (Stepp et al., 1997). At the moment, the
route for trafficking of H"-ATPase:GFP to the plasma
membrane is not known in plant cells. One possible
route for trafficking of H"-ATPase:GFP is from the
ER to the plasma membrane through the Golgi ap-
paratus, although we were not able to see colocaliza-
tion of H"-ATPase:GFP with the Golgi marker, ST:
RFP (data not shown). This could be because H*-
ATPase:GFP is present at the Golgi apparatus only

Plant Physiol. Vol. 129, 2002

Mcr|cd

for short time and does not accumulate there in high
enough level to be detected. Thus, it is possible that
H*-ATPase:GFP may be mistargeted to other or-
ganelles in the presence of Arfl[T31N] because of
blocking of the normal trafficking pathway through
the Golgi apparatus. It has recently been shown that
BFA treatment resulted in accumulation of plasma
membrane H'-ATPase at the BFA-induced intracel-
lular compartment in Arabidopsis root cells (Geldner
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Figure 10. The effect of Arf1[T31N] and BFA on morphology of the ER. Protoplasts were transformed with either Arf1 plus
BiP:RFP or Arf1[T31N] plus BiP:RFP and examined between 12 and 36 h after transformation. a and c are representative
fluorescent images of protoplasts, and b and d are bright-field images of a and c, respectively. Red images are RFP signals
of BiP:RFP. Autofluorescence of chlorophyll is depicted in blue. N and CH indicate the nucleus and chloroplast,

respectively.

et al., 2001). Thus, it is possible that in the presence of
Arf1[T31N] H"-ATPase:GFP accumulates at a com-
partment similar to the BFA-induced intracellular
compartment. In addition to the inhibition of normal
intracellular trafficking of ST:GFP and H"-ATPase:
GFP, Arfl[T31N] caused profound changes in ER
morphology, which is likely due to fusion of the
Golgi membranes to the ER and inhibition of antero-
grade trafficking.

BFA treatments had the same effect on trafficking
of these reporters as Arfl[T31N], indicating that
Arfl[T31N] may play a role in intracellular traffick-
ing through a BFA-sensitive factor. BFA has been
shown to inhibit Arfl function by stabilizing the
transitory complexes of Sec7 domain-Arfl1-GDP (Sata
et al., 1998; Morinaga et al., 1999; Robineau et al.,
2000). Thus, it is likely that similar GEF proteins may
also be present in plant cells. One possible role of
Arfl in intracellular trafficking is that Arfl may also
be involved in the formation of COPI vesicles at the
Golgi apparatus as proposed in animal cells (Lanoix
et al., 1999; Roth, 1999; Wieland and Harter, 1999). In
fact, Arfl has recently been shown to be localized at
the Golgi apparatus in plant cells (Pimpl et al., 2000).
Also, the presence of coatomer subunits of COPI
vesicles in plant cells has been reported (Contreras et
al., 2000).

To further investigate the role that Arfl plays in
intracellular trafficking, we carried out inhibition
studies using various mutants with swapped do-

mains between Arfl and Arf3. These studies revealed
that the N-terminal regions of Arfs were interchange-
able. However, interestingly, I;[T31N]ILIIIV,; and
L,[T31IN]ILII,;IV, did not inhibit trafficking of H'-
ATPase:GFP to the plasma membrane at all. These
results demonstrated the importance of domain II for
the function of Arfl in intracellular trafficking. One
of the protein interaction domains of Arfl, named the
switch 2 (amino acid residues from 70-80), is located
in the region designated as domain II in this study
and has been shown to be involved in interaction with
effector proteins, such as GEFs and GTPase-activating
proteins (Moss and Vaughan, 1998; Goldberg, 1999).
However, the fact that mutants I3[T31N]II1II3IV1,
L[T3IN]JILII;IV,, and I[T3IN]ILIILIV; gave only
partial inhibition of trafficking of the H"-ATPase:GFP
to the plasma membrane suggests that motifs in do-
mains III and IV of Arfl are also necessary for the
function of Arfl. Domain III of Arfl defined in this
study contains the third GTP-binding motif. How-
ever, it is possible that domain III may contain addi-
tional motifs involved in interaction with effector
protein for the function of Arfl. Domain IV contains
the C-terminal Arf consensus motif, TCAT (Kahn et
al., 1994). Thus, the inhibition experiments using var-
ious domain-swapped mutants clearly demonstrated
the functional difference between Arfl and Arf3. The
difference probably resulted from the difference in
the interaction of Arf isoforms with effector proteins.
The motif in each domain may be involved in inter-

Figure 9. Trafficking of H*-ATPase:GFP in the presence of various hybrid mutants between Arf1[T31N] and Arf3[T31N]. A,
Sequence alignment of Arfl and Arf3 isoforms of Arabidopsis. P, G’, and G indicate the three GTP-binding motifs. Vertical
arrows indicate the boundary of the domains. B, Schematic presentation of various hybrid constructs between Arf1[T31N]
and Arf3[T31N]. The first (1), second (II), third (Il1), and fourth (IV) domains are regions containing amino acid residues from
1to 61, 62 to 95, 96 to 130, and 131 to 181, respectively. The subscripts 1 and 3 in the names of the constructs indicate
domains derived from Arfl and Arf3, respectively. Ns in the diagrams indicate T31 N mutations. P, G’, and G indicate the
three GTP-binding motifs. C, H"-ATPase:GFP was transformed into protoplasts together with various hybrid constructs. The
trafficking of H-ATPase:GFP was examined 20 to 30 h after transformation. a through i represent protoplasts transformed
with constructs a through i, respectively, in B. Green and red fluorescent signals are GFP and chlorophyll, respectively. At
least three independent transformation experiments were carried out for each condition. Arrows indicate the green
fluorescent signals of H"-ATPase:GFP. CH, Chloroplast.
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action with isoform-specific effector proteins. How-
ever, it is also possible that the motif in domain II of
Arf isoforms may play a major role in interaction
with an Arf isoform-specific effector protein, and
motifs in domains III and IV may increase binding
affinity of the Arf isoform-specific effector bound to
the motif of domain II. Thus, depletion of the Arfl-
specific effector protein by the dominant negative
mutant of Arfl may result in inhibition of intracellu-
lar trafficking.

In conclusion, although Arfl and Arf3 isoforms of
Arabidopsis are highly homologous to each other,
only Arfl but not Arf3 was shown to be involved in
the intracellular trafficking pathways we examined.
Similarly, in yeast and animal cells, multiple iso-
forms of Arfs have been found, but only certain
isoforms have been shown to play roles in intracel-
lular trafficking (Jackson and Casanova, 2000). How-
ever, we cannot rule out the possibility that Arf3 may
also be involved in other steps or other routes of
intracellular trafficking that we did not address in
this study. In animal cells, Arf6 has been shown to be
involved in endocytosis and membrane recycling at
the plasma membrane (D’Souza-Schorey et al., 1998).
Another possibility is that Arf3 may be involved in
other biological process, as in the case of Arf6 in actin
polymerization in animal cells (Al-Awar et al., 2000).
Further studies are necessary to define the biological
role of the Arf3 isoform in Arabidopsis.

MATERIALS AND METHODS
Growth of Plants

Arabidopsis (ecotype Columbia) was grown on soil at 20°C to 25°C in a
greenhouse with a 16/8-h light/dark cycle. Leaf tissues were harvested
from the plants and immediately used for protoplast isolation.

Generation of Various Constructs

Arfl (accession no. M95166) and Arf3 (accession no. X77385) cDNAs were
PCR amplified from a lambda cDNA library using gene-specific primers
(Arfl-5, TTGGACGACCATCGGCGTITAAG; Arfl-3; TCCATCTATGCCTT-
GCTTGCGA; Arf3-5, CCAATCGAAGAAGAAGATGGGA; and Arf3-3, CCT-
TATGGGGAATATTAAGTGA). The nucleotide sequences of both cDNAs
were confirmed through DNA sequencing. Point mutants of Arfl and Arf 3
were generated by PCR. The primers used were: Arfl[T31N], GGTAAGAA-
CACTATCCTCTACAAGC and GATAGTGTTCTTACCAGCAGCATCG;
Arf3[T31N], GGAAAAAACACAATCCTATATCGGC and GATTGT-
GTTTTTTCCAGCATTGTCG. To generate mutants with swapped domains,
common restriction sites were introduced into the two Arf isoforms by PCR
using primers that did not change the amino acid sequence. The primer
sequences used were: ArflF62HindIll, CATAAGCTTCACCGTGTGGGA;
ArflR62HindIll, GCGAAGCTTATGTTCTTGTATTCAAC; Arf1F95Xhol,
GACTCGAGTGATCGTGACCGTGTTG; ArflR95XI, GCCTCGAGTCCA-
CAACAAAGATAAG; Arf3R62HIII, GCGAAGCTTATATTGTTGTATTG-
CAC; Arf3F62HIII, CGCAAGCTTTCAGGTCTGGGATTT,; Arf3F130BgII,
ATAGATCTTCCCGGTGCACT, and Arf3R130BHI, GCGGATCCTGCTT-
GTTTGCAA. The sequence of all of the PCR products was confirmed through
DNA sequencing. These fragments were then fused using the common re-
striction sites after restriction digestion. Finally, these constructs were intro-
duced into an expression vector that has the cauliflower mosaic virus 355
promoter and the nopaline synthetase terminator. To add the T7 epitope tag
to the N termini of wild types and dominant negative mutants of Arfl and
Arf3, BamHI and Xhol fragments encoding Arfl, Arfl[T3IN], Arf3, and
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Arf3[T31N] were ligated into the BamHI and Xhol sites of pET21a (+) (No-
vagen, Madison, WI). Xbal and Xhol fragments encoding the T7-Arf clones
were subsequently isolated and placed downstream of the cauliflower mosaic
virus 35S promoter.

Generation of Transgenic Plants

A binary vector, pST:GFP, was constructed by replacing the
B-glucuronidase coding region of pBI121 with ST:GFP and transformed into
Agrobacterium tumefaciens by electroporation. Arabidopsis was then trans-
formed according to the vacuum-infiltration method (Clough and Bent,
1998). Transgenic plants were selected on Murashige-Skoog plates contain-
ing 50 mg L~ kanamycin.

Transient Expression of Arf Constructs and in Vivo
Targeting of Reporter Proteins

For expression in protoplasts, all of the chimeric GFP fusion constructs
were placed under the control of the 35S promoter in a pUC vector. Plas-
mids were purified using Qiagen (Valencia, CA) columns according to the
manufacturer’s protocol. The plasmids were introduced into Arabidopsis
protoplasts that had been prepared from leaf tissues by polyethylene glycol-
mediated transformation (Jin et al., 2001; Kim et al., 2001; Lee et al., 2001).
Expression of the fusion constructs was monitored at various time points after
transformation and images were captured with a cooled CCD camera and a
Zeiss (Jena, Germany) Axioplan fluorescence microscope. The filter sets used
were XF116 (exciter, 474AF20; dichroic, 500DRLP; and emitter, 510AF23),
XF33/E (exciter, 535DF35; dichroic, 570DRLP; and emitter, 605DF50), and
XF137 (exciter, 540AF30; dichroic, 570DRLP; and emitter, 585ALP; Omega,
Inc., Brattleboro, VT) for GFP, RFP, and auto-fluorescence of chlorophyll,
respectively. Data were then processed using Adobe Photoshop software
(Adobe Systems, Mountain View, CA) and presented in pseudo-color format.
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