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Prenylated Rab acceptor1 (PRA1) functions in the recruitment of prenylated Rab proteins to their cognate organelles.
Arabidopsis (Arabidopsis thaliana) contains a large number of proteins belonging to the AtPRA1 family. However, their
physiological roles remain largely unknown. Here, we investigated the physiological role of AtPRA1.F4, a member of the
AtPRA1 family. A T-DNA insertion knockdown mutant of AtPRA1.F4, atpra1.f4, was smaller in stature than parent plants
and possessed shorter roots, whereas transgenic plants overexpressing HA:AtPRA1.F4 showed enhanced development of
secondary roots and root hairs. However, both overexpression and knockdown plants exhibited increased sensitivity to high-
salt stress, lower vacuolar Na+/K+-ATPase and plasma membrane ATPase activities, lower and higher pH in the vacuole and
apoplast, respectively, and highly vesiculated Golgi apparatus. HA:AtPRA1.F4 localized to the Golgi apparatus and assembled
into high-molecular-weight complexes. atpra1.f4 plants displayed a defect in vacuolar trafficking, which was complemented by
low but not high levels of HA:AtPRA1.F4. Overexpression of HA:AtPRA1.F4 also inhibited protein trafficking at the Golgi
apparatus, albeit differentially depending on the final destination or type of protein: trafficking of vacuolar proteins, plasma
membrane proteins, and trans-Golgi network (TGN)-localized SYP61 was strongly inhibited; trafficking of TGN-localized SYP51
was slightly inhibited; and trafficking of secretory proteins and TGN-localized SYP41 was negligibly or not significantly
inhibited. Based on these results, we propose that Golgi-localized AtPRA1.F4 is involved in the exit of many but not all
types of post-Golgi proteins from the Golgi apparatus. Additionally, an appropriate level of AtPRA1.F4 is crucial for its
function at the Golgi apparatus.

Newly synthesized proteins destined for various
endomembrane compartments are first cotranslation-
ally targeted to the endoplasmic reticulum (ER) and
subsequently transported from the ER to their final
destination via vesicle trafficking (Rothman and

Wieland, 1996; Schekman and Orci, 1996; Hawes et al.,
1999; Kirchhausen, 2000; Lee et al., 2002). These tar-
geting and trafficking processes are mediated by an
extremely large number of proteins that ensure specific
targeting of proteins to their final destination. Among
the large number of proteins involved in protein traf-
ficking, Rab proteins are key players at almost every
step of all trafficking pathways involving endomem-
brane compartments (Novick and Zerial, 1997; Somsel
RodmanandWandinger-Ness, 2000;Waters andHughson,
2000; Pfeffer, 2001; Segev, 2001; Ueda and Nakano, 2002;
Sohn et al., 2003). Rab proteins are members of the small
GTPase family, and their roles have been studied exten-
sively at the biochemical, molecular biological, and cell
biological levels (Chavrier and Goud, 1999; Pereira-Leal
and Seabra, 2000). These studies have shown that Rab
proteins undergo cycling between GDP-bound and GTP-
bound forms and that they also cycle betweenmembrane-
bound and soluble forms. The GDP-bound form remains
in the cytosol, whereas the GTP-bound form is bound to
organellarmembranes. In their target organelles, Rabs are
involved in the fusion of incoming vesicles to target or-
ganelles or the generation of specific vesicles from
organellar membranes (Chavrier and Goud, 1999;
Pereira-Leal and Seabra, 2000). All eukaryotic cells, in-
cluding plant cells, contain a large number of Rab iso-
forms, which are distributed in various endomembrane
compartments (Lazar et al., 1997; Pereira-Leal and Seabra,
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2000; Zerial and McBride, 2001; Vernoud et al., 2003;
Colicelli, 2004; Saito-Nakano et al., 2005; Zhang et al.,
2007).
Rab protein function depends on specific targeting to

its cognate organelle, but it is not fully understood how
this process occurs. Rab proteins are posttranslationally
modified with prenyl groups at their C termini, and
these hydrophobic appendages function as lipid
membrane anchors (Seabra et al., 1992; Glomset and
Farnsworth, 1994). Prenylated Rab acceptor1 (PRA1),
which functions as a GDP dissociation inhibitor dis-
placement factor, is thought to play a role in targeting
prenylated Rab proteins to their cognate organelles
(Sivars et al., 2003, 2005). The first PRA1 familymember
was identified in yeast as Ypt1-interacting protein
(Yip1; Yang et al., 1998). Numerous Yip-related pro-
teins have since been identified in yeast and mammals,
including the Yip1-interacting factor Yif1 (Calero et al.,
2002) that is a member of the Yip/PRA1 family (Pfeffer
and Aivazian, 2004). In yeast andmammals, Yip/PRA1
familymembers are reported to facilitate the delivery of
Rab GTPases to their cognate organellar membranes by
mediating the dissociation of the Rab GDP dissociation
inhibitor complex (Sivars et al., 2003).
Similar to animal cells and yeast, plant cells also

contain a large number of small membrane proteins
that share varying degrees of amino acid sequence ho-
mology with animal and yeast Yip/PRA1 proteins. In
Arabidopsis (Arabidopsis thaliana), 19 PRA1 homologs
(AtPRA1s) have been identified and characterized in
terms of their expression and subcellular localization
(Alvim Kamei et al., 2008). AtPRA1.B6 localizes to the
ER and Golgi apparatus and plays a role in the trafficking
of cargo proteins destined for various endomembrane
compartments (Jung et al., 2011; Lee et al., 2011). An
Arabidopsis PRA1-related protein has been reported to
interact with the cauliflower mosaic virus (CaMV)
movement protein (Huang et al., 2001). A PRA1 homolog
in rice (Oryza sativa), OsPRA1, interacts with OsRab7 and
localizes to the prevacuolar compartment (PVC). OsPRA1
is believed to play a role in protein trafficking to the
vacuole at the PVC (Heo et al., 2010).
In this study, we investigated the physiological role

of the AtPRA1.F4 isoform of AtPRA1. The exact func-
tions of most AtPRA1 isoforms have not been eluci-
dated. This is partly due to the large number of isoforms
present and thehighdegree of sequencehomology shared.
In this work, to elucidate the physiological role of AtPRA1.
F4, we examined the phenotypes of AtPRA1.F4 knock-
down mutant (atpra1.f4) plants and transgenic plants
overexpressing AtPRA1.F4 tagged at the N terminus with
a small hemagglutinin (HA) epitope at both the cellular
andwhole-plant levels. Comparedwith wild-type plants,
transgenic plants overexpressingHA:AtPRA1.F4 exhibited
altered morphology, including increases in the number
and length of secondary roots and root hairs. However,
both variants showed hypersensitivity to high concen-
trations of NaCl and KCl as well as alterations in the
vacuolar and apoplastic pH. At the cellular level, both
HA:AtPRA1.F4-overexpressing and atpra1.f4 knockdown

mutant plants displayed highly vesiculated Golgi appa-
ratus and defective vacuolar trafficking.

RESULTS

AtPRA1.F4 Knockdown Mutant Plants Display Growth
Defects and Low Seed Yield

The At3g13710 locus encodes AtPRA1.F4 as part of a
bicistronic gene together with At3g13700, which en-
codes an RNA recognition motif-containing protein
(Thimmapuram et al., 2005). We identified a mutant
(GABI-114H12) with a T-DNA insertion between
At3g13710 andAt3g13700 (Supplemental Fig. S1, A and
B Supplementary Table S1; Supplementary Materials
and Methods S1). In this mutant, levels of At3g13710
and At3g13700 transcripts were reduced to 40% and
75%, respectively, compared with the corresponding
genes in wild-type plants (Supplemental Fig. S1B). This
indicates that the mutation has a more detrimental ef-
fect on the expression of AtPRA1.F4; hence, the muta-
tion was named atpra1.f4. We examined the phenotype
of atpra1.f4 plants, and growth defects were clearly
apparent. When grown in B5 medium or soil, atpra1.f4
plants were smaller than wild-type plants in terms of
leaf size and overall height (Fig. 1A). Mutant plants also
possessed shorter roots compared with wild-type
plants (Fig. 1B), and the seed yield was reduced to
40% (Fig. 1C). However, the germination rate was not
affected in atpra1.f4 plants (Fig. 1D).

Transgenic Plants Overexpressing HA:AtPRA1.F4 Display
Alterations in Secondary Root and Root Hair Development
and Salt Stress Responses

To further elucidate the physiological role of
AtPRA1.F4, we generated transgenic plants over-
expressing HA-tagged AtPRA1.F4 (HA:AtPRA1.F4) un-
der the control of the strong CaMV 35S promoter or an
empty vector as a control.HA:AtPRA1.F4 expression was
examined by western-blot analysis using anti-HA anti-
body. HA:AtPRA1.F4-overexpressing (AtPRA1.4 OX)
plants produced a strong band at the expected size of
22 kD thatwas absent in control plants (Supplemental Fig.
S2A). HA:AtPRA1.F4 OX plants also produced multiple
discrete bands and a smearing in the high-Mr region
(Supplemental Fig. S2B; Supplementary Materials and
Methods 1). To further investigate this apparent high-Mr
complex formation, HA:AtPRA1.F4 was immunopreci-
pitated with anti-HA antibody, and immunoprecipitated
proteins were analyzed by western blotting. Immuno-
precipitates clearly produced multiple bands corre-
sponding to HA:AtPRA1.F4 monomer, dimer, trimer,
and tetramer, even after denaturation with SDS, indicat-
ing that HA:AtPRA1.F4 forms highly stable high-Mr
complexes, most likely via homomeric interactions.

We examined the phenotype of HA:AtPRA1.F4 OX
plants at various stages of plant growth and develop-
ment. Overall, HA:AtPRA1.F4 OX plants did not show
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any significant morphological alterations compared
with control plants, except for significant increases in
the number and length of lateral roots and root hairs
(Supplemental Fig. S3, A–D). HA:AtPRA1.F4 OX plants
also showed a slight delay (223 d) in flowering
(Supplemental Fig. S3E). The phenotypes of HA:
AtPRA1.F4 OX and atpra1.f4 plants were examined
further by testing their responses to salt stress. Both
types of plants exhibited higher hypersensitivity to
100 mM NaCl and 100 mM KCl compared with control
plants harboring the empty vector pBIB (Fig. 2), indi-
cating that both high and low levels of AtPRA1.F4 ex-
pression are detrimental for plant stress responses to
high salt concentrations.

Both HA:AtPRA1.F4 OX and atpra1.f4 Plants Have Lower
Vacuolar Na+/K+-ATPase and Plasma Membrane
ATPase Activities

To elucidate the mechanisms underlying the hyper-
sensitivity of atpra1.f4 and HA:AtPRA1.F4 OX plants to
high concentrations ofNaCl andKCl, we firstmeasured
the activity of vacuolar Na+/K+-ATPase, which is

responsible for the sequestration of excess Na+ and K+

ions from the cytosol into the vacuole. VacuolarNa+/K+-
ATPase activity was measured in vacuoles isolated from
control, HA:AtPRA1.F4 OX, and atpra1.f4 plants, and it
was significantly lower in both HA:AtPRA1.F4 OX and
atpra1.f4 plants than in control plants (Fig. 3A). This
finding is consistent with the fact that both HA:AtPRA1.
F4 OX and atpra1.f4 plants were hypersensitive to high
concentrations of NaCl and KCl (Fig. 2).

Another important mechanism used to increase salt
tolerance involves pumping Na+ and K+ ions out of the
cytosol and into the apoplast. PM H+-ATPases play a
crucial role in this mechanism. Therefore, we examined
whether HA:AtPRA1.F4 OX and atpra1.f4 plants dis-
played detectable alterations in the pH of the apoplast
and rhizosphere (Fig. 3, B and C). The pH in both
apoplast and rhizosphere was much higher in HA:
AtPRA1.F4 OX and atpra1.f4 plants than in control
plants, indicating that both plants have lower PM
H+-ATPase activity. To confirm this result, we prepared
PM fractions from control, atpra1.f4, and HA:AtPRA1.
F4 OX plants and measured ATPase activity (Fig. 3D).
The ATPase activity was significantly lower in both
atpra1.f4 and HA:AtPRA1.F4 OX plants than in control

Figure 1. atpra1.f4 mutant plants show altera-
tions in development. A, atpra1.f4 plants in soil
adopt a smaller stature. B, Shorter root length of
atpra1.f4 plants. The root length was measured
fromwild-type (WT) and atpra1.f4 plants grown
on one-half-strengthMurashige and Skoog (MS)
plates for the indicated time periods. Error bars
represent SD (n = 6). Bar = 1 cm. C, Seed yield of
atpra1.f4 plants. D, Germination rate of atpra1.
f4 plants. Asterisks indicate statistically signifi-
cant differences at P#0.001 (***) between WT
and atpra1.f4.
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plants, consistent with their higher apoplastic and rhi-
zosphere pH values. These results suggest that PM H+-
ATPase activity is lower in both atpra1.f4 and HA:
AtPRA1.F4 OX plants, which, in turn, results in a
failure to pump excess N+ and K+ ions out of the cy-
tosol and into the apoplast, thereby leading to hyper-
sensitive responses to high concentrations of NaCl
and KCl.

HA:AtPRA1.F4 Localizes to the Golgi Apparatus

PRA1 family members function in protein trafficking
(Liu et al., 2006; Heo et al., 2010; Lee et al., 2011).
Therefore, we hypothesized that the altered pheno-
types observed in HA:AtPRA1.F4 OX plants could be
related to a defect in protein trafficking. To test this
hypothesis, we first examined the subcellular localiza-
tion of HA:AtPRA1.F4 in transgenic plants by per-
forming immunohistochemical analysis with anti-HA
antibody. Previous studies showed that AtPRA1 family
members localize to various endomembrane compart-
ments when expressed as GFP fusions (Alvim Kamei
et al., 2008). The HA-tagged form of a close homolog of
AtPRA1.F4, namely AtPRA1.B6, localizes to the ER and

Golgi apparatus (Jung et al., 2011; Lee et al., 2011). Our
results showed that HA:AtPRA1.F4 produced a punc-
tate staining pattern in root tissues of HA:AtPRA1.F4
OX plants (Fig. 4A).

Next, we compared the localization of HA:AtPRA1.
F4 with that of g-COP and AtRabF2a. Endogenous
g-COP and AtRabF2a were detected by immunohisto-
chemistry using anti-g-COP and anti-AtRabF2a anti-
bodies, respectively. The results showed that g-COP, a
component of the COPI coatomer complex, localized to
the Golgi apparatus and AtRabF2a localized to the PVC
(Lee et al., 2004). HA:AtPRA1.F4 closely overlapped
with g-COP in the punctate foci in roots (Fig. 4B) but
did not overlapwith AtRabF2a (Fig. 4C), indicating that
HA:AtPRA1.F4 localized to the Golgi apparatus. This
result is not in agreement with the findings of a pre-
vious study showing that AtPRA1.F4 labeled with a
C-terminal GFP localized to vesicular structures often
associated with a network of ER strands (Alvim Kamei
et al., 2008). Certain PRA1 proteins contain a targeting
signal at their C terminus (Abdul-Ghani et al., 2001;
Liang et al., 2004; Jung et al., 2011). This suggests that
the C-terminal GFP moiety may have disrupted the
proper localization of AtPRA1.F4 in the previous
study.

Figure 2. HA:AtPRA1.F4 OX and atpra1.f4
mutant plants show hypersensitivity to high
concentrations of NaCl and KCl. A to C, Effects
of HA:AtPRA1.F4 overexpression and AtPRA1.
F4 knockdown mutation on the responses to
high concentrations of NaCl and KCl. Plants
were grown on one-half-strength MS plates
supplemented with or without 100 mM NaCl or
100 mM KCl. Images were taken 29 d after
planting. D, Fresh weight of whole plants from
29-d-old plants grown on one-half-strength MS
plates supplemented with 100 mM KCl. Three
independent experiments were performed on
51 plants. Error bars represent SD (n = 51). As-
terisks indicate significant differences at P ,
0.01 (**) or P , 0.001 (***) as calculated using
Student’s t test. WT, Wild type.
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To obtain supporting evidence for HA:AtPRA1.F4
localization, protoplasts from transgenic plants express-
ing ST:GFP or RFP:AtRABF2b were transformed with
HA:AtPRA1.F4, and HA:AtPRA1.F4 localization was
compared with that of ST:GFP or RFP:AtRABF2b.
HA:AtPRA1.F4 was detected by immunostaining with
anti-HA antibody, whereas ST:GFP and RFP:AtRABF2b
were observed directly. ST:GFP, a chimeric protein
consisting of full-length rat sialyltransferase (ST) and

GFP, localized to the trans-Golgi, whereas RFP:
AtRABF2b localized primarily to the PVC, with aminor
portion localized at the Golgi apparatus (Kim et al.,
2001; Sohn et al., 2003; Kotzer et al., 2004). HA:AtPRA1.
F4 closely overlapped with ST:GFP in the punctate foci
in roots (Fig. 4E) and also closely overlapped with RFP:
AtRABF2b in a small proportion of punctate foci in
roots (Fig. 4F). These combined results confirm that
HA:AtPRA1.F4 localizes to the Golgi apparatus.

Figure 3. HA:AtPRA1.F4 OX and atpra1.f4 plants have lower vacuolar Na+/K+-ATPase and plasma membrane (PM) ATPase ac-
tivities. A, Effects of HA:AtPRA1.F4 overexpression and AtPRA1.F4 knockdown mutation on vacuolar Na+/K+-ATPase activity.
Vacuolar membrane proteins were prepared from isolated vacuoles and used to measure Na+/K+-ATPase activity as described in
“Materials andMethods.” Control plants harbor the empty pBIB vector. Asterisks indicate statistically significant differences at P#
0.001 (***) between pBIB and HA:AtPRA1.F4 OX plants and at P # 0.05 (*) between wild-type (WT) and atpra1.f4 plants. Error
bars represent SD (n = 3). B, Effects of HA:AtPRA1.F4 overexpression and AtPRA1.F4 knockdown mutation on apoplastic pH.
Apoplastic fluid samples were prepared and pH was measured as described in “Materials and Methods.” Error bars represent SD
(n = 3). Asterisks indicate statistically significant differences at P # 0.01 (**) between pBIB and HA:AtPRA1.F4 OX plants and
between wild-type and atpra1.f4 plants. C, Effects of HA:AtPRA1.F4 overexpression and AtPRA1.F4 knockdown mutation on
rhizosphere pH. Ten-day-old seedlings grown on one-half-strength MS plates were incubated in one-half-strength liquid MS
medium supplemented with 0.005% Bromocresol Purple for 2 d, and the pH of the incubation medium was measured as de-
scribed in “Materials andMethods.” Error bars represent SD (n = 3). Asterisks indicate statistically significant differences at P# 0.1
(*) between pBIB and HA:AtPRA1.F4 OX plants and at P # 0.001 (***) between wild-type and atpra1.f4 plants. D, Effects of
HA:AtPRA1.F4 overexpression and AtPRA1.F4 knockdown mutation on PM ATPase activity. Inside-out vesicles of PM factions
were used to measure PM ATPase activity. Asterisks indicate statistically significant differences at P # 0.001 (***) between pBIB
and HA:AtPRA1.F4 OX plants and at P # 0.05 (*) between wild-type and atpra1.f4 plants. Error bars represent SD (n = 3).
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The degree of overlap was analyzed using Pearson
(rp) and Spearman (rs) correlation coefficients (French
et al., 2008), which were as follows: rp = 0.88 and rs =
0.83 forHA:AtPRA1.F4 and g-COP; rp = 0.82 and rs = 0.7
for HA:AtPRA1.F4 and ST:GFP; rp = 0.35 and rs = 0.19
for HA:AtPRA1.F4 and RabF2a; and rp = 0.56 and rs =
0.3 for HA:AtPRA1.F4 and RFP:AtRABF2b. Therefore,
HA:AtPRA1.F4 closely colocalized with anti-g-COP
and ST:GFP but not with AtRabF2a and RFP:AtRABF2b.
These results confirm that HA:AtPRA1.F4 localizes to the
Golgi apparatus, in particular to the trans-Golgi.

HA:AtPRA1.F4 Overexpression Does Not Affect the
Targeting of Golgi-Localized Proteins

The Golgi localization of HA:AtPRA1.F4 suggests a
role in protein trafficking that involves the Golgi ap-
paratus. The observed reduction in vacuolar Na+/K+-
ATPase and PM ATPase activities, and the increased
apoplastic pH inHA:AtPRA1.F4 OX plants, suggest the
possibility that high levels of HA:AtPRA1.F4 expres-
sion cause a defect in protein trafficking to the tonoplast
or PM. Previous studies showed that high levels of

Figure 4. HA:AtPRA1.F4 localizes to
the Golgi apparatus. A to C, Localiza-
tion of HA:AtPRA1.F4 in HA:AtPRA1.
F4 OX plants. Root tissues of HA:
AtPRA1.F4 OX plants were fixed and
immunostained with anti-HA antibody
(A) followed by fluorescein isothiocya-
nate (FITC)- or tetramethylrhodamine
(TRITC)-labeled anti-rat IgG or anti-
g-COP antibody (B) or anti-AtRabF2a
antibody (C) followed by TRITC- or
FITC-labeled anti-rabbit IgG. To quan-
tify the colocalization in B and C,
30 independent cells were analyzed
using the Pearson and Spearman corre-
lation coefficient colocalization plug-in
of ImageJ software. The results are
shown as scatterplots (right-most im-
ages). SE, Stable expression in trans-
genic plants. Bars = 20 mm. D to F,
AtPRA1.F4 localization in protoplasts.
HA:AtPRA1.F4 was transformed into
protoplasts prepared from transgenic
plants expressing ST:GFP or RFP:
AtRabF2b, and HA:AtPRA1.F4 locali-
zation was examined by immunostain-
ing with anti-HA antibody. ST:GFP and
RFP:AtRabF2b were observed directly.
TE, Transient expression in protoplasts;
WT, wild type. Bars = 10 mm.
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AtPRA1.B6 inhibit protein trafficking at the ER. There-
fore, we tested whether high levels of HA:AtPRA1.F4
expression inhibit anterograde trafficking of proteins to
various endomembrane compartments. First, we intro-
duced ST:GFP, which localizes to the trans-Golgi (Wee
et al., 1998; Kim et al., 2001), into protoplasts together
with HA:AtPRA1.F4 or R6 and examined ST:GFP local-
ization to the trans-Golgi. ST:GFP produced a punctate
staining pattern in protoplasts overexpressing HA:
AtPRA1.F4, suggesting that HA:AtPRA1.F4 overexpression
does not inhibit the targeting of ST:GFP to the trans-Golgi.
To further confirm its localization at the biochemical
level, we examined its glycosylation pattern.N-Glycans
are modified to a complex type at the trans-Golgi and,
thereby, were rendered resistant to endoglycosidase H
(Endo H) activity. ST:GFP was cotransformed into
protoplasts together with HA:AtPRA1.F4 or the empty
R6 vector as a control. Subsequently, protein extracts
were prepared from protoplasts, treated with Endo H,
and analyzed by western blotting using anti-GFP anti-
body. In both samples, Endo H treatment did not
change the localization/migration pattern of ST:GFP
(Fig. 5), indicating that ST:GFP in both samples contains
Endo H-resistant N-glycans. These results confirm that
HA:AtPRA1.F4 overexpression does not affect ST:GFP
localization to the trans-Golgi.

Both High and Low Levels of AtPRA1.F4 Inhibit Vacuolar
Trafficking at the Golgi Apparatus

Next, we examined the role of AtPRA1.F4 in protein
trafficking. We used Spo:GFP, a chimeric protein con-
sisting of the N-terminal region of sporamin, a storage
protein of sweet potato (Ipomoea batatas), and GFP (Kim
et al., 2001) as a reporter protein for vacuolar traffick-
ing. Spo:GFP was cotransformed into wild-type and
atpra1.f4 protoplasts, and protein extracts of protoplasts
were analyzed by western blotting using anti-GFP
antibody. The ratio of processed forms to the total
amount of expressed protein was used to estimate the

trafficking efficiency, and this was decreased signifi-
cantly in atpra1.f4 protoplasts compared with wild-type
protoplasts (Fig. 6A). Next, we examined whether the
defect in vacuolar trafficking could be complemented
by coexpression of AtPRA1.F4 in atpra1.f4 protoplasts.
Spo:GFP was cotransformed with different amounts
(0.125 mg) of HA:AtPRA1.F4 in atpra1.f4 protoplasts,
and a low amount (0.1 mg) rescued the defect in vacu-
olar trafficking of Spo:GFP, confirming that the defect is
caused by low levels of AtPRA1.F4 in atpra1.f4 plants.
However, a higher amount (125 mg) of AtPRA1.F4
inhibited the vacuolar trafficking of Spo:GFP (Fig. 6B),
indicating that the AtPRA1.F4 level is critical for its
function in vacuolar trafficking.

Next, we further examined the effect of HA:AtPRA1.
F4 overexpression on the trafficking of vacuolar pro-
teins using the reporter proteins Spo:GFP and AALP:
GFP, a fusion protein of Arabidopsis aleurain-like
protein (AALP) and GFP (Sohn et al., 2003). These
constructs were cotransformed into wild-type proto-
plasts together with HA:AtPRA1.F4 or R6. Protein ex-
tracts from protoplasts were analyzed by western
blotting using anti-GFP antibody. The trafficking effi-
ciency of these proteins decreased significantly with
coexpression of HA:AtPRA1.F4 compared with that
of the control (Fig. 6, C and D), indicating that HA:
AtPRA1.F4 overexpression inhibits the trafficking of
vacuolar proteins. This result is similar to that of a pre-
vious study showing that overexpression of AtPRA1.B6,
another AtPRA1 isoform, inhibits vacuolar trafficking
(Lee et al., 2011). To corroborate this finding, we tested
whether the trafficking of stably expressedAALP:GFP in
transgenic plants is inhibited by HA:AtPRA1.F4 over-
expression. We generated transgenic plants harboring
AALP:GFP under the control of a dexamethasone-inducible
promoter. Protoplasts from AALP:GFP-overexpressing
plants were transformedwithHA:AtPRA1.F4 orR6 and
then treated with dexamethasone to induce AALP:GFP
expression. Protein extracts were prepared at various
time points after transformation, and AALP:GFP traf-
ficking was examined by western-blot analysis using

Figure 5. HA:AtPRA1.F4 overexpression does not inhibit ST:GFP trafficking to the Golgi apparatus. A, Lack of an effect of HA:
AtPRA1.F4 on the glycosylation pattern of ST:GFP. ST:GFP was cotransformed with HA:AtPRA1.F4 (10 mg) or R6 (empty vector)
into protoplasts prepared from wild-type plants. Protein extracts from protoplasts were treated with Endo H and analyzed by
western blotting using anti-GFP and anti-HA antibodies. Gly, Glycosylated form; un-gly, unglycosylated form. B, Trafficking
efficiency of ST:GFP to the Golgi apparatus. Trafficking efficiency was determined from the ratio of the Endo H-resistant form
versus the total amount of expressed ST:GFP. TE, Transient expression in protoplasts. Error bars represent SD (n = 3).
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anti-GFP antibody. Once again, HA:AtPRA1.F4 over-
expression reduced the trafficking efficiency of AALP:
GFP compared with that of the controls (Supplemental
Fig. S4).
Next, we examined the trafficking of membrane

proteins to the tonoplast. AtbFruct4, VAM3, VAMP711,
and TPK1 were fused to GFP or YFP, and the resulting
constructs were examined for their trafficking in proto-
plasts under HA:AtPRA1.F4 overexpression. AtbFruct4:
GFP is trafficked to the tonoplast as amembrane protein,
where it is proteolytically processed to yield soluble GFP
in the vacuolar lumen (Jung et al., 2011). Once again,HA:
AtPRA1.F4 overexpression significantly reduced the
trafficking of AtbFruct4:GFP compared with that of the
control (Supplemental Fig. S5). In the cases of GFP:
VAM3, GFP:VAMP711, and TPK1:YFP, trafficking was
determined by GFP or YFP fluorescence patterns. In

control protoplasts, these proteins produced ring pat-
terns with occasional punctate foci, indicating that they
are largely targeted to the tonoplast (Supplemental Fig.
S6, A, E, and I). By contrast, in HA:AtPRA1.F4 OX pro-
toplasts, these proteins produced heavily punctate
staining patterns, indicating that HA:AtPRA1.F4 over-
expression inhibits the trafficking of these proteins to the
tonoplast. The punctate staining patterns may reflect
protein accumulation in the Golgi apparatus. This was
tested by cotransformingGFP:VAM3,GFP:VAMP711, or
TPK1:YFP into protoplasts of HA:AtPRA1.F4 OX plants
together with KAM1DC:mRFP and comparing the lo-
calization patterns. VAM3:GFP, VAMP711:GFP, and
TPK1:YFP closely overlapped with KAM1DC:mRFP at
the punctate foci. The same results were obtained with
wild-type protoplasts when these constructs were
cotransformed with the two additional constructs,

Figure 6. HA:AtPRA1.F4 overexpression and
AtPRA1.F4 knockdown inhibit the trafficking of
Golgi-dependent vacuolar proteins at the Golgi
apparatus. A, Inhibition of vacuolar trafficking
in atpra1.f4 plants. Spo:GFP was transformed
into protoplasts from wild-type (WT) and
atpra1.f4 plants, and their trafficking was ex-
amined at various time points by western-blot
analysis using anti-GFP antibody. Trafficking
efficiency was quantified from the ratio of the
processed form versus the total amount of
expressed protein. Error bars represent SD (n =
3). Asterisks indicate statistically significant
differences at P # 0.05 (*) between wild-type
and atpra1.f4 plants. B, Complementation of
the defect in vacuolar trafficking of Spo:GFP in
atpra1.f4 protoplasts. Spo:GFP was cotrans-
formed with different amounts of HA:AtPRA1.
F4 (0.1, 1, and 5 mg) into atpra1.f4 protoplasts,
and the trafficking of Spo:GFP was examined
at 36 h after transformation by western-blot
analysis using anti-GFP antibody. C and D, In-
hibition of vacuolar trafficking in HA:AtPRA1.
F4 OX plants. Spo:GFP (C) and AALP:GFP (D)
were transformed into protoplasts from HA:
AtPRA1.F4 OX plants, and their trafficking was
examined at various time points by western-
blot analysis using anti-GFP antibody. Traffick-
ing efficiency was quantified from the ratio of
the processed form versus the total amount of
expressed protein. Error bars represent SD (n =
3 in C and n = 2 in D). Asterisks indicate sta-
tistically significant differences at P # 0.05 (*)
or P # 0.01 (**) between R6 and HA:AtPRA1.
F4. TE, Transient expression in protoplasts.
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HA:AtPRA1.F4 and KAM1DC:mRFP (Supplemental Fig.
S6). These results indicate that stable or transient HA:
AtPRA1.F4 expression in transgenic plants or proto-
plasts, respectively, inhibits the trafficking of vacuolar
membrane proteins and causes them to accumulate at
theGolgi apparatus. These results are consistentwith the
results showing that Na+/K+-ATPase activity is lower in
HA:AtPRA1.F4 OXplants comparedwith that in control
plants.

HA:AtPRA1.F4 Overexpression Differentially Affects the
Trafficking of Trans-Golgi Network-Localized SNAREs

The results shown in Figure 6 and Supplemental
Figures S4 to S6 prompted us to test the effect of
AtPRA1.F4 overexpression on the trafficking of addi-
tional post-Golgi proteins, and we selected trans-Golgi
network (TGN)-localized proteins because many
SNARE proteins, such as SYP41, SYP51, and SYP61,
localize to the TGN. These proteins were fused to GFP
and transformed into wild-type protoplasts together
with HA:AtPRA1.F4 or R6. The chimeric protein fusion
construct KAM1DC:mRFP, which localized to the trans-
Golgi (Tamura et al., 2005), was included in the trans-
formation as a Golgi marker. In control protoplasts, all
three GFP-fused SNAREs, GFP:SYP41, GFP:SYP51, and
GFP:SYP61, produced punctate staining patterns. GFP:
SYP41-positive and GFP:SYP61-positive punctate
stains did not show any overlap with KAM1DC:mRFP-
positive punctate stains. A small proportion of GFP:
SYP51-positive punctate stains overlapped with
KAM1DC:mRFP-positive punctate stains (Fig. 7, A–C,
top rows). These results confirm the TGN localization of
GFP-fused SYP41, SYP51, and SYP61. However, these
TGN-localized SYP proteins showed varying degrees of
colocalization with KAM1DC:mRFP in HA:AtPRA1.F4
OX protoplasts: GFP:SYP61, GFP:SYP51, and GFP:
SYP41 showed greater than 65%, 17%, and 4% overlap
with KAM1DC:mRFP at punctate stains, respectively
(Fig. 7, A–C, bottom rows, and D). Colocalization of
these SNAREs with KAM1DC:mRFP suggests that HA:
AtPRA1.F4 overexpression differentially inhibits traf-
ficking from the trans-Golgi to the TGN. To confirm
these results, GFP:SYP61 and KAM1DC:mRFP were
cotransformed into protoplasts from HA:AtPRA1.F4
OX plants. The number of punctate foci stained with
both GFP:SYP61 and KAM1DC:mRFP was increased in
HA:AtPRA1.F4 OX plants (Supplemental Fig. S7A)
compared with controls (Fig. 7C, top row). Addition-
ally, we determined the localization of endogenous
SYP61 and ectopically expressed HA:AtPRA1.F4 in the
roots of HA:AtPRA1.F4 OX plants using anti-SYP61
and anti-HA antibodies, respectively. SYP61 showed
close colocalization with Golgi-localized HA:AtPRA1.F4
(Supplemental Fig. S7B), confirming that HA:AtPRA1.
F4 overexpression inhibits SYP61 trafficking from
the Golgi apparatus to the TGN, thereby causing its
accumulation at the Golgi apparatus. However, the
fact that the three SYP proteins showed varying

degrees of overlap with KAM1DC:mRFP suggests that
high levels of HA:AtPRA1.F4 differentially inhibit the
exit of these TGN-localized SNAREs from the Golgi
apparatus.

HA:AtPRA1.F4 Overexpression Inhibits the Trafficking of
Membrane Proteins to the PM But Does Not Inhibit the
Trafficking of Secretory Proteins to the Apoplast

The Golgi apparatus plays a crucial role in the traf-
ficking of proteins to the PM and protein secretion out
of the cell. We examined the effect of HA:AtPRA1.F4
overexpression on these protein-trafficking pathways.
In control protoplasts, AHA2:GFP, a fusion between
PM-localized H+-ATPase and GFP, was efficiently tar-
geted to the PM, as reported previously (Kim et al., 2001).
However, HA:AtPRA1.F4 overexpression caused AHA2:
GFP to produce a punctuate staining pattern (Fig. 8A),
indicating that HA:AtPRA1.F4 overexpression inhibits
the trafficking of proteins to the PM. AHA2:GFP colo-
calized with KAM1DC:mRFP at the punctate foci (Fig.
8B), indicating that AHA2:GFP accumulated at the Golgi
apparatus. To further confirm this finding, we examined
the trafficking of another PM protein, PMP:GFP-gly, a
fusion protein containing the PM protein PMP and GFP
with a C-terminal N-glycan site (Lee et al., 2011). In
control protoplasts, PMP:GFP-gly produced the typical
ring-type PM pattern with occasional punctate foci, but
HA:AtPRA1.F4 overexpression caused a predominantly
punctate staining pattern (Supplemental Fig. S8A).
However, in both samples, the majority of PMP:GFP-gly
contained Endo H-resistant N-glycans (Supplemental
Fig. S8B), indicating that HA:AtPRA1.F4 overexpression
does not affect the trafficking of AHA2:GFP into the
Golgi apparatus but rather inhibits its exit from theGolgi
apparatus.

Next, we examined the effect of HA:AtPRA1.F4
overexpression on the trafficking of secretory proteins.
invertase:GFP, a fusion protein of apoplastic invertase
and GFP, is efficiently secreted into the incubation
medium of protoplasts (Kim et al., 2005). Transgenic
plants harboring invertase:GFP were generated and
crossed with HA:AtPRA1.F4 OX plants, and homozy-
gous plants for both invertase:GFP and HA:AtPRA1.F4
were screened from the F2 generation. In these homo-
zygous plants, GFP signals were detected at the apo-
plastic regions, similar to plants harboring only invertase:
GFP (Fig. 9A), indicating that HA:AtPRA1.F4 over-
expression does not inhibit invertase:GFP secretion into
the apoplast. To further confirm this, invertase:GFP was
cotransformed into wild-type protoplasts together with
HA:AtPRA1.F4 or R6, and invertase:GFP secretion was
examined. Protein extracts from protoplasts and the in-
cubation medium were analyzed by western blotting
using anti-GFP antibody. In both cotransformed samples,
most of the invertase:GFP was detected in the incubation
medium (Fig. 9B), confirming that HA:AtPRA1.F4 over-
expression does not inhibit invertase:GFP secretion. HA:
AtPRA1.F4 overexpression was confirmed by western
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blotting using anti-HA antibody. The fact that HA:
AtPRA1.F4 was detected only in protoplast extracts ex-
cludes the nonspecific contamination of protoplast pro-
teins in the medium.
To obtain supporting evidence for this finding, we

examined the trafficking of another secretory protein,
secretory GFP-gly (secGFP-gly), which is an artificial
protein generated by fusing the N-terminal ER-targeting
signal of binding protein with GFP containing a

C-terminal glycosylation site (Park et al., 2013). We in-
troduced secGFP-gly into wild-type protoplasts to-
gether with HA:AtPRA1.F4 or R6. In addition, HA:
AtPRA1.F4 OX protoplasts were transformed with
secGFP-gly. The amount of secGFP-gly detected in the
incubation medium was comparable among the three
different conditions (Fig. 9C), indicating that neither
transient nor stable HA:AtPRA1.F4 overexpression in-
hibits secGFP-gly secretion. The secretion efficiency

Figure 7. HA:AtPRA1.F4 overexpression dif-
ferentially inhibits the trafficking of TGN-
localized SNARE proteins at the Golgi apparatus.
A to C, Effects of HA:AtPRA1.F4 overexpression
on the localization of SYP41:GFP, SYP51:GFP,
and SYP61:GFP. The indicated SNARE and
KAM1DC:mRFP constructs were transformed
into wild-type protoplasts together with HA:
AtPRA1.F4 or R6 (empty vector), and the lo-
calization of SYP41:GFP (A), SYP51:GFP (B), or
SYP61:GFP (C) was examined. For colocaliza-
tion of SNAREs with KAM1DC:mRFP, images
(n = 35 and 30 for SYP41, n = 35 and 45 for
SYP51, and n = 21 and 30 for SYP61 without
and with HA:AtPRA1.F4, respectively) were
analyzed using the Pearson and Spearman
correlation coefficient colocalization plug-in
of ImageJ software. The results are shown as
scatterplots (right-most images). Bars = 10 mm.
D, Quantification of colocalization. The extent
of colocalization of the indicated SNARE pro-
teins with KAM1DC:mRFP was calculated and
presented in relative values. Error bars represent
SD (n = 37 and 53 for SYP41, n = 34 and 41 for
SYP51, and n = 19 and 20 for SYP61 without
and with HA:AtPRA1.F4, respectively). Aster-
isks indicate statistically significant differences
at P # 0.05 (*) or P # 0.001 (***) between R6
and HA:AtPRA1.F4. TE, Transient expression in
protoplasts.
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ranged from 55% to 60% during a 24-h incubation un-
der all three conditions. We confirmed that secGFP-gly
is secreted through the Golgi apparatus. Trafficking of
secGFP-gly was strongly inhibited at the ER by ex-
pression of the cotransformed Sar-1[H74L], a dominant-
negative Sar-1 mutant (Fig. 9C; Takeuchi et al., 2000;
Lee et al., 2011). Moreover, secGFP-gly protein in the
incubation medium was resistant to Endo H (Fig. 9D),
suggesting that secGFP-gly was transported through
the Golgi apparatus.

Next, we examined the trafficking of secretory pro-
teins in atpra1.f4 plants. invertase:GFP or secGFP-glywas
cotransformed into wild-type and atpra1.f4 protoplasts,
and their secretion was examined. Protein extracts
from protoplasts and incubation medium were ana-
lyzed by western blotting using anti-GFP antibody.
In both samples, most invertase:GFP was detected in
the incubation medium (Supplemental Fig. S9A).
Moreover, the amount of secGFP-gly detected in
the incubation medium of atpra1.f4 protoplasts was
comparable to that from wild-type protoplasts
(Supplemental Fig. S9B), indicating that knockdown
mutation of AtPRA1.F4 does not inhibit invertase:
GFP and secGFP-gly secretion. Furthermore, secGFP-
gly in the incubation mediumwas resistant to Endo H
(Supplemental Fig. S9C), similar to that in the incu-
bation medium of protoplasts transformed with HA:
AtPRA1.F4, indicating that secGFP-gly is transported
through the Golgi apparatus. These results raise the
intriguing possibility that multiple pathways exist
to transport PM and secretory proteins out of the
Golgi apparatus.

HA:AtPRA1.F4 Overexpression Does Not Inhibit the
Trafficking of Golgi-Independent Pathways

Two independent pathways exist for the trafficking
of tonoplast intrinsic proteins (TIPs) to the tonoplast in
Arabidopsis. GFP-TIP2;1 (GFP-d-TIP) traffics to the
tonoplast via Golgi-independent and Golgi-dependent
mechanisms in hypocotyls and roots, respectively
(Rivera-Serrano et al., 2012). In the case of TIP3;1, its
trafficking to the tonoplast occurs in a Golgi-independent
manner in leaf protoplasts (Park et al., 2004).We examined
the effect of HA:AtPRA1.F4 overexpression on Golgi-
independent trafficking pathways using d-TIP (TIP2;1).
Transgenic plants harboring YFP:d-TIPwere crossed with
HA:AtPRA1.F4 OX plants. YFP:d-TIP localization was ex-
amined in intact leaves and protoplasts of homozygous
plants for both YFP:d-TIP and HA:AtPRA1.F4. YFP:d-TIP
was detected at the tonoplast, similar to control plants not
overexpressing HA:AtPRA1.F4 (Supplemental Fig. S10A).
Next,we examined the trafficking ofVHA-c3,which also is
targeted to the tonoplast in a Golgi-independent manner
(Seidel et al., 2013). VHA-c3:YFP localized to the tonoplast
in both wild-type and HA:AtPRA1.F4 OX protoplasts
(Supplemental Fig. S10B). These results indicate that pro-
teins targeted to the vacuole by Golgi-independent path-
ways are not affected by HA:AtPRA1.F4 overexpression.

To corroborate these findings, wemeasured vacuolar
pH because correct trafficking of vacuolar H+-ATPase
subunits is crucial for the maintenance of proper vac-
uolar pH. The vacuolar H+-ATPase subunits Vha-a2
and Vha-a3 are targeted to the tonoplast via a Golgi-
independent pathway (Viotti et al., 2013). The vacuolar

Figure 8. HA:AtPRA1.F4 overexpression inhibits the trafficking of PMproteins at theGolgi apparatus.AHA2:GFPwas introduced
into wild-type protoplasts together with R6 or HA:AtPRA1.F4 (A) or both HA:AtPRA1.F4 and KAM1DC:mRFP (B), and the lo-
calization of PM proteins was examined. TE, Transient expression in protoplasts. Bars = 10 mm.
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pH in 6-d-old control and HA:AtPRA1.F4 OX seedlings
was measured using the fluorescein-based ratiometric
pH indicator BCECF-acetoxymethyl ester (Ozkan and
Mutharasan, 2002; Krebs et al., 2010). The vacuolar pH

in the roots of HA:AtPRA1.F4 OX plants was more
acidic than that of control plants (Fig. 10A). To obtain
supporting evidence for this finding, we measured the
ATPase activity of vacuolar membrane fractions.

Figure 9. HA:AtPRA1.F4 overexpression does not inhibit the trafficking of secretory proteins. A and B, HA:AtPRA1.F4 over-
expression does not inhibit invertase:GFP secretion. A, Plants harboring invertase:GFP were crossed with HA:AtPRA1.F4 OX
plants, and homozygous plants were screened in the F2 population. Localization of invertase:GFP was examined in leaf tissue
from homozygous plants expressing both invertase:GFP andHA:AtPRA1.F4. SE, Stable expression in transgenic plants; WT, wild
type. B, invertase:GFP was cotransformed into wild-type protoplasts with HA:AtPRA1.F4 or R6, and protein extracts from pro-
toplasts and incubation medium were analyzed by western blotting. C, Protoplasts; M, medium; TE, transient expression in
protoplasts. C and D, HA:AtPRA1.F4 overexpression does not inhibit secGFP secretion. C, secGFP was transformed into HA:
AtPRA1.F4 OX protoplasts alone or cotransformed into wild-type protoplasts together with HA:AtPRA1.F4 or R6. Subsequently,
protein extracts fromprotoplasts and incubationmediumwere analyzed at 24 h after transformation bywestern blotting. Asterisks
indicate statistically significant differences at P # 0.001 (***) between R6 and Sar-1[H74L]. D, Protein extracts from protoplasts
and incubation mediumwere prepared at 36 h after transformation, treated with Endo H, and analyzed by western blotting using
anti-GFP and anti-HA antibodies. Gly, Glycosylated form; processed, processed form; un-gly, unglycosylated form.
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Consistent with the vacuolar pH, the vacuolar ATPase
activity was higher in HA:AtPRA1.F4 OX plants than in
control plants (Fig. 10B). To confirm that the increased
activity of vacuolar ATPase is the underlying cause of
lower pH in the vacuole of HA:AtPRA1.F4 OX plants,
wild-type and HA:AtPRA1.F4 OX seedlings were
treated with concanamycin A (ConcA), a vacuolar
ATPase inhibitor (Robinson and Pimpl, 2014; Kriegel
et al., 2015). ConcA treatment significantly increased
vacuolar pH to the same values in both wild-type and
HA:AtPRA1.F4 OX plants (Fig. 10C), indicating that
higher vacuolar ATPase activity contributes to themore
acidic vacuolar pH in HA:AtPRA1.F4 OX plants. These
results raise the possibility that protein trafficking to the
TGN or tonoplast via Golgi-independent pathways
may be facilitated by the inhibition of Golgi-dependent
trafficking to these organelles, and this may be medi-
ated by HA:AtPRA1.F4 expression.

Both HA:AtPRA1.F4 Overexpression and AtPRA1.F4
Knockdown Cause Vesiculation of the Golgi Apparatus

To elucidate the underlying cause of the defect in
protein trafficking at the Golgi apparatus resulting
from HA:AtPRA1.F4 overexpression or low levels of
AtPRA1.F4, we examined whether HA:AtPRA1.F4
overexpression or AtPRA1.F4 knockdown has an effect
on Golgi apparatus morphology. Ultrathin sections of
leaf tissue were prepared, and the Golgi apparatus was
examined by transmission electron microscopy (TEM).
HA:AtPRA1.F4 OX and atpra1.f4 plants displayed ab-
normal Golgi apparatus, with a highly expanded and
vesiculated or circular morphology, in contrast to the
well-stacked Golgi apparatus in wild-type plants.
Quantification revealed that 82% of the Golgi apparatus
had a highly expanded and/or vesiculated morphology

in HA:AtPRA1.F4 OX plants, and this figure was 80% in
atpra1.f4 plants, whereas only 44% of the Golgi showed a
small degree of expanded or vesiculated morphology in
wild-type plants (Fig. 11). The two-dimensional sizes of
vesicles associated with the Golgi apparatus in the TEM
images were compared for HA:AtPRA1.F4 OX and
wild-type plants. The average vesicle sizes in HA:
AtPRA1.F4 OX, atpra1.f4, and wild-type plants were
5,444, 4,532, and 3,043 nm2, respectively. HA:AtPRA1.F4
OX and atpra1.f4 plants also contained extremely ex-
panded vesicles compared with those of wild-type
plants. These combined results indicate that both HA:
AtPRA1.F4 overexpression and AtPRA1.F4 knockdown
disrupt Golgi apparatus morphology.

DISCUSSION

We investigated the physiological role of AtPRA1.F4
using transgenic plants overexpressing HA-tagged
AtPRA1.F4 and atpra1.f4 plants in which AtPRA1.F4
was knocked down. Both HA:AtPRA1.F4 OX and
atpra1.f4 plants exhibited altered phenotypes at the
cellular and whole-plant levels. Of particular note, hy-
persensitivity to high concentrations of NaCl and KCl,
higher pH in the apoplast, and lower vacuolar Na+/K+-
ATPase and PM ATPase activities were shared by the
two types of plants. By contrast, other phenotypes, such
as an increase in the number of secondary roots and
root hairs and delayed flowering, were specific to HA:
AtPRA1.F4 OX plants, while atpra1.f4 plants were
smaller in stature, had shorter roots, and exhibited a
reduced seed yield. The difference in the phenotype
between the two types of plants, atpra1.f4 and HA:
AtPRA1.F4 OX, might have stemmed from the ectopic
expression of AtPRA1.F4:HA by the strong CaMV 35S
promoter. In Arabidopsis, a large number of AtPRA1

Figure 10. HA:AtPRA1.F4 OX plants display reduced vacuolar pH and higher levels of vacuolar ATPase activity. A, Vacuolar pH
in root epidermal cells of 6-d-old seedlings was measured as described in “Materials and Methods.” Three independent exper-
iments were performed with more than 50 cells from 15 seedlings in each experiment. The asterisk indicates a significant dif-
ference at P# 0.05 (Student’s t test). Error bars represent SD (n = 202 in pBIB and n = 195 in HA:AtPRA1.F4 OX plants). B, Effect of
AtPRA1.F4 overexpression on vacuolar ATPase activity. Vacuolar ATPase activity was measured using purified vacuolar proteins
prepared from 17-d-old seedlings as described in “Materials and Methods.” Wild-type activity was set to 100%. The asterisk
indicates a significant difference at P# 0.05 calculated using Student’s t test. Error bars represent SD (n = 3). C, Effect of ConcA on
vacuolar pH. Six-day-old seedlings of control plants and HA:AtPRA1.F4 OX plants were incubated in 1 mM ConcA or dimethyl
sulfoxide (DMSO) for 20 h beforemeasurement of pH. Asterisks indicate significant differences at P# 0.05 (*) and P# 0.01 (**) by
Student’s t test. Error bars represent SD (n = 3).
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isoforms exist with varying degrees of sequence iden-
tity. They show differential spatiotemporal expression
patterns. Moreover, these proteins form homodimers or
heterodimers depending on individual isoforms
(Alvim Kamei et al., 2008). Thus, HA:AtPRA1.F4 that
was expressed nonspecifically in many tissues might
have been be involved in nonspecific interactions with
other isoforms or AtPRA1-interacting proteins. Mor-
phological alterations in growth-related phenotypes are
not easily understood based on the proposed function
of PRA1 proteins. The defective trafficking of various
proteins could indirectly cause such developmental
and growth abnormalities. However, hypersensitivity
to high concentrations of NaCl and KCl and an increase
in apoplastic pH may be more easily understood based
on the proposed function of PRA1, which is the delivery
of prenylated Rabs to specific organelles for proper
trafficking through endomembrane compartments.
Consistent with the enhanced sensitivity to salt
stress, HA:AtPRA1.F4 OX plants displayed lower

vacuolar Na+/K+-ATPase and PM ATPase activities,
which might have been caused by the defect in protein
trafficking resulting from high levels of AtPRA1.F4. In-
deed, previous studies showed that overexpression of
PRA1 isoforms leads to the inhibition of protein traffick-
ing at the ER in both animals and plants (Ruggiero et al.,
2008; Lee et al., 2011). However, atpra1.f4 plants that had
lower levels of AtPRA1.F4 also displayed lower vacuolar
Na+/K+-ATPase and PM ATPase activities, similar to
HA:AtPRA1.F4 OX plants. Thus, these results strongly
suggest that appropriate levels of AtPRA1.F4 are criti-
cal for its normal function in protein trafficking.

PRA1 proteins are involved in delivering prenylated
Rabs to their specific target organelles (Abdul-Ghani
et al., 2001; Sivars et al., 2003; Seabra and Wasmeier,
2004). Therefore, the correct localization of PRA1 iso-
forms should be one of the key factors that allow them
to perform their physiological role. We showed that
HA:AtPRA1.F4 localized to the Golgi apparatus when
it was expressed either stably in transgenic plants or

Figure 11. HA:AtPRA1.F4 OX and atpra1.f4 plants display highly altered Golgi apparatus. A, Golgi morphology. Ultrathin
sections of leaf tissues from wild-type (WT), atpra1.f4, and HA:AtPRA1.F4 OX plants were examined by TEM. The inset in the
atpra1.f4 image shows a circular form of theGolgi apparatus. Bars = 0.5mm. B,Quantification of the vesiculatedGolgi apparatus.
The indicated numbers of Golgi apparatuses were grouped into two categories based on morphology. One group displayed
normal morphology (representative image shown at top in A); the other group displayed highly expanded and/or vesiculated
structures (representative image shown at bottom in A). Two or more of the Golgi-associated vesicles were larger than 3,000 nm2

(the size of the vesicle) and were considered to be an expanded form in the quantification. C, Effect of HA:AtPRA1.F4 over-
expression and AtPRA1.F4 knockdown mutation on vesicle size. The vesicle volume was calculated using ImageJ (values are
shown in the box plot). The horizontal line in each box represents the median value of the distribution. The boundaries of the box
represent the lower and upper quartile values. The whiskers extending vertically from the bottom and top portions of each box
represent the extent of the rest of the data. The number of Golgi apparatuses examined was 81, 85, and 97, respectively, for
control, atpra1.f4, and HA:AtPRA1.F4 OX plants.
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transiently in protoplasts. The Golgi localization of HA:
AtPRA1.F4 is consistent with the phenotype of HA:
AtPRA1.F4 OX plants, which showed defective traf-
ficking to both the PM and tonoplast. Moreover, elec-
tron microscopy analysis revealed that the Golgi
apparatus in HA:AtPRA1.F4 OX and atpra1.f4 plants
was highly vesiculated and/or expanded. The exact
reason why high or low levels of HA:AtPRA1.F4 cause
vesiculation of the Golgi apparatus is not currently
understood. It has been shown that proper trafficking
through the Golgi apparatus is crucial for maintaining
its structural integrity (Fujiwara et al., 1988; Ritzenthaler
et al., 2002). In addition, in animal cells, vesiculation of
the Golgi apparatus is caused by the suppression or
overexpression of certain types of Golgi-localized pro-
teins or loading the Golgi with high levels of cholesterol
(Dahan et al., 2005; Irannejad and Wedegaertner, 2010;
Sato et al., 2011), which subsequently affects protein
trafficking. In the case of vesiculation induced by high
levels of cholesterol, the cell surface-localized protein
VSVG still can be transported into, but not out of, the
vesiculated Golgi apparatus (Dahan et al., 2005). PRA1
proteins are thought to be involved in the recruitment
of Rabs; therefore, Golgi-localized AtPRA1.F4 may
be involved in the recruitment of Rabs to the Golgi
apparatus.

Multiple Rab proteins are known to be targeted to the
Golgi apparatus. In this study, we did not address
which Rabs are recruited to the Golgi apparatus by
AtPRA1.F4. It is likely that multiple Rabs may be af-
fected by AtPRA1.F4 overexpression or knockdown.
The observed morphological phenotypes and/or de-
fects in trafficking in HA:AtPRA1.F4 OX and atpra1.f4
plants are likely to be direct or indirect downstream
effects resulting from the perturbation of a number of
Rab proteins in these plants. Biochemical analysis
revealed that HA:AtPRA1.F4 in transgenic plants
formed a high-Mr complex, most likely via homomeric
interactions. Homomeric oligomerization of AtPRA1.F4
may be an important biochemical property of
AtPRA1.F4 function. This idea is supported by results
showing that both high and low levels of AtPRA1.F4
resulted in similar defects in vacuolar trafficking: high
levels of HA:AtPRA1.F4 may result in excessive oligo-
merization, whereas low levels of AtPRA1.F4 may re-
sult in insufficient complex formation, which in turn
may lead to a failure to recruit Rabs to the Golgi ap-
paratus or to release recruited Rabs to allow them to
interact with downstream effector proteins. Thus, in
either case, abnormal levels of AtPRA1.F4 may hamper
the normal trafficking of most, but not all, post-Golgi
proteins at the trans-Golgi, which in turn leads to ab-
normal Golgi structures with bigger vesicles. Currently,
how the abnormal levels of AtPRA1.F4 lead to the
generation of abnormally big vesicles or the accumu-
lation of vesicles around the Golgi is not understood.
However, in this condition, anterograde trafficking
from the ER to the trans-Golgi still occurs normally, as
observed with trafficking of ST:GFP and Kam1DC:
mRFP to the trans-Golgi. According to the cisternal

maturationmodel, no vesicles are involved in trafficking
from the trans-Golgi to the TGN (Bonfanti et al., 1998).
By contrast, this model proposes that vesicles pro-
duced at the trans-Golgi are involved in the retro-
grade trafficking of trans-Golgi-localized proteins to
earlier cisternae to give rise to the TGN (Glick and
Luini, 2011). Thus, it is possible that AtPRA1.4 plays a
role in the retrograde trafficking at the Golgi appa-
ratus. However, this idea should be further tested in
the future.

The Golgi apparatus plays a crucial role in protein
trafficking to various endomembrane compartments.
Vesiculation of the Golgi apparatus resulting from HA:
AtPRA1.F4 overexpression or knockdown may be the
underlying cause of inhibition in various post-Golgi
trafficking pathways. Indeed, similar to a previous
finding in animal cells (Dahan et al., 2005), proteins
could still be transported into, but not out of, a vesic-
ulated Golgi apparatus. Intriguingly, the failure of
proteins to exit from the vesiculated Golgi apparatus
appeared to varywith the type of cargo. For example, of
the TGN-localized SNAREs tested in this study (SYP41,
SYP51, and SYP61), trafficking of SYP61 from vesicu-
lated Golgi was essentially completely inhibited but
that of SYP51 and SYP41was onlymoderately inhibited
and not inhibited, respectively. The trafficking of both
soluble and membrane vacuolar proteins and PM pro-
teins from vesiculated Golgi was strongly inhibited.
However, the trafficking of secretory proteins was not
inhibited. It is generally thought that secretory vesicles
generated at the TGN carry both the PM and secretory
proteins. After the fusion of these secretory vesicles to
the PM, the secretory proteins within the vesicles will
end up at the apoplast and the PM proteins on the
vesicle membranes at the PM (Gu et al., 2001). Thus, one
possibility is that the differential effects were exerted at
the trans-Golgi but not at the TGN; secretory proteins
were somehow transported to the TGN and then to the
apoplast, whereas the trafficking of PM proteins was
blocked at the trans-Golgi. In fact, ap1m2 plants, which
have amutation at the gene encoding one isoform of the
two m-adaptins of adaptor protein complex 1, also have
an abnormal Golgi structure. These plants show a
strong defect in the trafficking of PM proteins but a
rather mild inhibition in the trafficking of secretory
proteins (Park et al., 2013).

The mechanism underlying the differential inhibition
of trafficking at the Golgi by HA:AtPRA1.F4 over-
expression is intriguing. It is generally accepted that
most proteins targeted to post-Golgi compartments are
delivered from the ER to the Golgi apparatus and then
sorted at the TGN, depending on their final destination
(Nakatsu and Ohno, 2003; Bowers and Stevens, 2005;
Newell-Litwa et al., 2007). The TGN, therefore, is the
crucial sorting place for trafficking to post-Golgi com-
partments. However, it is not clearly understood how
proteins are transported from the trans-Golgi cisternae
to the TGN. In general, the Golgi is closely associated
with the TGN, and they are transported together in the
cell (Dettmer et al., 2006). One hypothesis is that the
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TGN arises from the trans-Golgi cisternae via cisternal
maturation. Consistent with this hypothesis, Staehelin
and Kang (2008) used electron tomography to show
that the TGN in plants appears to arise from the trans-
Golgi cisternae via cisternal peeling. If this is the case,
no specific transport mechanism is necessary to trans-
port cargo from the Golgi apparatus to the TGN.
However, plant cells also contain Golgi-independent
TGN (Uemura et al., 2014), which may require a spe-
cific mechanism for the trafficking of cargo from the
Golgi apparatus to the TGN. A recent study showed
that the majority of GNOM ARF-GEFs localize with
GNL1 to distinct but partially overlapping Golgi sub-
domains (Naramoto et al., 2014), raising the possibility
that the Golgi apparatus may consist of distinct do-
mains that are involved in differential cargo trafficking.
Our results here provide compelling evidence that
trafficking from the trans-Golgi cisternae to the TGN
may occur via multiple mechanisms. We found evi-
dence for both AtPRA1.F4-dependent and AtPRA1.F4-
independent mechanisms. Indeed, the sorting of
specific cargo destined for the protein storage vacuole
in plants starts at the cis-Golgi and continues
throughout the Golgi apparatus (Hillmer et al., 2001;
Hinz et al., 2007). Some secretory cargo molecules such
as pectins and the cellulose synthase complex appear to
exit the Golgi stack before reaching the TGN (Moore
et al., 1991; Zhang and Staehelin, 1992; Crowell et al.,
2009). However, it is not clearly understood what un-
derlies these differential targeting pathways at the
Golgi apparatus. Specific sorting signals are required
for targeting vacuolar proteins to the vacuole (Matsuoka
and Neuhaus, 1999), and PM proteins also contain a
specific targeting signal (Barfield et al., 2009; Parmar
et al., 2014), whereas secretory proteins do not contain
any specific sorting signals and are transported out of the
cell by the bulk-flow mechanism (Wieland et al., 1987;
Denecke et al., 1990; Phillipson et al., 2001). One hy-
pothesis is that the sorting signals of cargo proteins may
play a role in the differential trafficking from the Golgi
apparatus to the TGN, consistent with our results in
plants overexpressing HA:AtPRA1.F4. However, we
cannot rule out other possibilities. One of them is that a
defect in the normal pathway may lead to alternative or
abnormal pathways of trafficking from the trans-Golgi
to the downstream compartments, which depends on
the types of cargo. In fact, this has been observed in
previous studies (Walworth et al., 1992; Geng et al., 2010;
van der Vaart et al., 2010). Further studies are necessary
to test the validity of these hypotheses and to determine
the specific mechanism in the future.

MATERIALS AND METHODS

Plant Materials and Culture

Arabidopsis (Arabidopsis thaliana ecotype Columbia) was grown on B5 plates
in a culture room under 70% relative humidity and a 16-h-light/8-h-dark cycle.
Leaf tissues obtained from 15- to 18-d-old plants were used immediately for
protoplast preparation (Jin et al., 2001).

Construction of 35S::HA:AtPRA1.F4 and Generation of
Transgenic Plants Expressing HA:AtPRA1.F4

Full-length AtPRA1.F4 (At3G13710) cDNA was isolated by PCR using
specific primers (59-CGCGGATCCGAATGGCGAACAACGACGAGATT-39
and 59-CCGCTCGAGTTAAGACGAAGGGTGTGA-39) and ligated into a pUC
vector containing the CaMV 35S promoter, an HA tag, a multiple cloning site,
and a NOS terminator to generate pUC-35S::HA:AtPRA1.F4. To generate
transgenic plants constitutively overexpressing AtPRA1.F4, the HA:AtPRA1.F4
fragment from the pUC-35S::HA:AtPRA1.F4 construct was inserted into a pBIB
binary vector using XbaI and KpnI restriction endonuclease sites. The resulting
construct was introduced into Agrobacterium tumefaciens and used to generate
transgenic plants by floral dipping (Clough and Bent, 1998).

Transient Expression, Immunofluorescence Staining,
and Microscopy

Plasmid DNA was purified using Qiagen columns and introduced into
Arabidopsis leaf cell protoplasts by polyethylene glycol-mediated transfor-
mation (Jin et al., 2001; Kim et al., 2001). Protoplasts were prepared from fresh
leaf tissues (Lee et al., 2002; Jung et al., 2011). The expression of these constructs
was monitored at various time points after transformation. Images of GFP
fluorescence were obtained from intact protoplasts placed on glass slides and
covered with a coverslip. For immunostaining, protoplasts on coverslips were
fixed with 4% (v/v) paraformaldehyde (Park et al., 2004). Fixed protoplasts
were labeled with anti-HA, anti-g-COP, anti-AtRabF2a, or anti-SYP61 antibody
as the primary antibody (Pimpl et al., 2000) followed by incubationwith TRITC-
labeled anti-rat or anti-rabbit IgG (Molecular Probes) for 3 h. Immunostained
protoplasts were mounted in medium (120 mM Tris, pH 8.4, and 30% glycerol)
containing Mowiol 4-88 (Calbiochem).

Images were captured using a Zeiss LSM 510META laser scanning confocal
microscopeandprocessedusing theLSM5 imagebrowserandAdobePhotoshop
7. The excitation wavelength/emission filters used for mesophyll protoplasts
and root tissues were 488 nm (argon ion laser)/505 to 530 bandpass for GFP/
FITC and 543 nm/560 to 615 bandpass for RFP/TRITC. Images were obtained
using a cooled CCD camera and a Zeiss Axioplan fluorescence microscope. The
filter sets used for GFP/FITC and RFP/TRITC were XF116 (exciter, 474AF20;
dichroic, 500DRLP; emitter, 510AF23) and XF33/E (exciter, 535DF35; dichroic,
570DRLP; emitter, 605DF50 [Omega]), respectively. Data were processed using
Adobe Photoshop software, and images were rendered in pseudocolor.

Measurement of PM ATPase Activity

Protoplastswere prepared from14-d-oldplants (Jin et al., 2001) suspended in
5 mL of homogenizing buffer (330 mM Suc, 50 mM Tris-HCl, pH 7, 5 mM EDTA,
5 mM DTT, 0.5 mM phenylmethylsulfonyl fluoride, and 0.2% BSA) in the pres-
ence of 0.6% (w/v) polyvinylpyrrolidone and gently homogenized by passing
through two layers of nylon filters (11-mm pore size; Millipore) three times.
Extracts were centrifuged at 10,000g for 20 min. Supernatants were ultra-
centrifuged at 100,000g for 1 h, and the resulting precipitates were resuspended
in suspension buffer (330 mM Suc, 5 mM potassium phosphate, pH 7.5, 5 mM

KCl, 1 mMDTT, and 0.1 mM EDTA). The suspension (2 mL) was added to 10mL
of an aqueous two-phase mixture with a final composition of 6.5% (w/v)
Dextran T500, 6.5% (w/v) PEG3350, 330 mM Suc, 5 mM potassium phosphate,
pH 7.8, and 5 mM KCl. After centrifugation at 1,000g for 5 min, the resulting
upper phase was mixed with dilution buffer (330 mM Suc, 5 mM Tris-Cl, pH 7.5,
and 5 mM KCl) and centrifuged at 100,000g for 1 h. The pellet (containing PM)
was resuspended in reaction buffer A (30 mM imidazole-HCl, pH 7.5, 50 mM

KCl, 4 mM MgCl2, and 0.05% Brij 58).
ATPase activity was measured in samples containing 10 to 20 mg of PM

proteins by generating inside-out vesicles using 0.05% Brij 58 (Sigma-Aldrich;
Johansson et al., 1995). The vanadate-sensitive ATPase activity was calculated
by subtracting the background signal in reaction buffer B (30 mM imidazole-
HCl, pH 7.5, 50 mM KCl, 4 mM MgCl2, 2 mM sodium orthovanadate, and 0.05%
Brij 580) from that in reaction buffer A. Sodium orthovanadate stock (100 mM)
was prepared as described previously (Surowy and Sussman, 1986). The re-
action mixture (1 mL) was incubated on ice for 1 h in the dark, and the reaction
was initiated by adding 4 mM Tris-ATP (Tris hydroxymethyl aminomethane
salt of ATP; Sigma-Aldrich). After a 10-min incubation at 23°C, the reaction was
stopped by adding 100 mL of 20% SDS. To measure the activity, the reaction
mixture (500 mL) was mixed with 500 mL of reagent A (3% ascorbic acid, 0.5 M

HCl, and 0.5% ammonium molybdate) and incubated on ice for 10 min to
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enhance the color. Subsequently, 500 mL of reagent B (2% sodiummeta-arsenite
and 2% trisodium citrate) was added to the reaction and incubated at 37°C for
10 min. The activity was measured spectrophotometrically based on the A850.
A850 values were converted to ATPase activity using a standard curve.

Measurement of Vacuolar Na+/K+-ATPase and Vacuolar
ATPase Activities

Vacuoles were prepared from protoplasts according to a previously pub-
lished method (Kim et al., 2005). Briefly, protoplasts were loaded onto a Ficoll
step gradient consisting of 12% and 15% Ficoll in 0.6 M mannitol and 20 mM

HEPES, pH 7.7, and subjected to ultracentrifugation at 150,000g for 2 h. The
uppermost and pellet fractions containing intact vacuoles and nonvacuolar
protoplasts, respectively, were collected separately. Vacuoles were pelleted
from the top fraction by centrifugation at 19,000g for 10 min and diluted in
buffer (5 mM HEPES-KOH, pH 7.5, 160 mM NaCl, and 1 mM EDTA). Purified
vacuoles were used for vacuolar Na+/K+-ATPase activity assays or subjected to
TCA precipitation for protein gel-blot analysis.

Vacuolar Na+/K+-ATPase activity was assayed according to a previously
published method (Sarkar, 2002) with minor modifications. Vacuolar proteins
(20 mg) were added to reaction buffer (30 mM imidazole-HCl, pH 7.4, 130 mM

NaCl, 20mMKCl, and 4mMMgCl2) with or without 1mM ouabain. The reaction
mixture was incubated on ice in the dark for 60 min, and the reaction was
initiated by adding 4 mM Tris-ATP (Sigma-Aldrich), followed by incubation at
37°C for 10 min. The total reaction volume was 1 mL. The reaction was stopped
by adding 100 mL of 20% SDS. For inorganic phosphate estimation, 500 mL of
reactionmixture (1.1-mL total volume)was quicklymixedwith 500mL of reagent
A (3% ascorbic acid in 0.5 M HCl and 0.5% ammoniummolybdate solution), and
tubes were incubated on ice for 10min. Subsequently, 500 mL of reactionmixture
was mixed with 500 mL of reagent B (2% sodium meta-arsenite, 2% trisodium
citrate, and 2% acetic acid) and incubated at 37°C. The A850 was measured at
10 min after the start of the incubation using a Beckman DU-800 spectropho-
tometer. Na+/K+-ATPase activity was calculated from the difference in inorganic
phosphate content between reaction mixtures with or without 1 mM ouabain.

Vacuolar ATPase activity was measured as described for PM H+-ATPase
activity measurement using vacuolar proteins. Brij 58, which was used to
generate inside-out vesicles, was omitted from the buffer for measurement of
PM ATPase activity.

Measurement of Vacuolar pH

Seedlings (526 d old) grown on one-half-strength MS agar plates supple-
mented with 1% Suc (pH 5.8) were transferred to liquid one-half-strength MS
medium (pH 5.8) supplemented with 1% Suc and 10 mM BCECF in the presence
of 0.02% pluronic acid and then incubated for 1 h at 22°C in the dark. Plants
were treated with ConcA (1 mM) or the equivalent amount of DMSO (ConcA
stock solution was prepared in DMSO) for the indicated times at room tem-
perature before BCECF application.

Measurement of Apoplastic pH

Apoplastic pH was measured according to a previously published method
(Cho et al., 2012; Villiers and Kwak, 2013). Leaves from 4- to 5-week-old plants
were collected and immersed in 50 mL of water and then vacuumed for 5 min.
The vacuum treatment was repeated four times. Subsequently, the leaf tissues
were quickly dried with a paper towel and placed in a syringe without a
plunger. The syringe was placed into a 1.5-mL conical tube, and the whole
assembly was placed in a 50-mL conical tube and centrifuged at 1,000g for
10 min at 4°C. Apoplastic fluids were collected, and 160 mL was placed on a
96-well plate and mixed with 40 mL of 100 mg mL21 8-hydroxypyrene-1,3,6-
trisulfonic acid trisodium salt solution (Invitrogen). The fluorescence signal was
measured at 510 nm after excitation at 460 nm using a plate reader (Tecan). The
solution pH was determined from a standard curve generated using Britton-
Robinson universal buffer (0.05 M H3BO3, 0.05 M H3PO4, and 0.05 M CH3COOH)
adjusted to pH values ranging from 4 to 6 (in 0.5-unit increments) with 1 MNaOH.

Measurement of Proton Extrusion from Root Tissues
(Rhizosphere pH)

Tomeasure H+ efflux, plants were grown vertically on one-half-strengthMS
agar plates for 10 d and then transferred to one-half-strengthMS liquidmedium

containing the pH indicator Bromocresol Purple (0.005%). At 2 d after the start
of the incubation, the absorbance of the incubation medium was measured at
590 nm. The pH of the solution was determined from a standard curve (pH
range ;5.2–5.8).

Endo H Digestion

For EndoH treatments, protein extractswere denatured by adding 100mL of
23 denaturation buffer (1% SDS and 2% b-mercaptoethanol) and boiled for
10 min. After cooling to 22°C, 100 mL of 23 reaction buffer (100 mM sodium
citrate, pH 5.5) was added. The sample (100mL) wasmixedwith 1mL of EndoH
(1 unit mL21). The reaction was incubated at 37°C for 1 h and terminated by
adding 13 SDS-PAGE loading buffer. Control samples were treated in the same
way but without Endo H.

Electron Microscopy

Leaf tissue from5-d-old seedlingswasfixedwith 2%paraformaldehyde- and
2% glutaraldehyde-containing sodium cacodylate buffer (50 mM sodium caco-
dylate, pH 7.2) at 4°C for 4 h. Samples were washed three times with sodium
cacodylate buffer followed by postfixation with 1% osmium tetroxide in
sodium cacodylate buffer at 4°C for 2 h. After washing briefly with distilled
water, samples were treated with 0.5% uranyl acetate at 4°C for 30 min, fol-
lowed by dehydration with a graded series of ethanol. Dehydrated samples
were infiltrated with a graded series of ethanol and Spurr’s resin mixture before
final embedding in 100% Spurr’s resin. Infiltrated samples were polymerized at
4°C for 24 h. Ultrathin sections were prepared with an ultramicrotome (MT-X;
RMC), stainedwith 2% uranyl acetate and Reynolds’ lead citrate, and examined
with a transmission electron microscope (JEM-1010; JEOL) at 80 kV. The two-
dimensional size of vesicles was calculated using ImageJ software, and data
were processed to yield a box plot with Fast Statistic version 2.0.4.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers AtPRA1.F4 (At3G13710), AtPRA1.F3
(At3G13720), Actin2 (At3G18780).
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The following supplemental materials are available.

Supplemental Figure S1. Identification of atpra1.f4 plants.

Supplemental Figure S2. HA:AtPRA1.F4 forms highly stable high-Mr
complexes.

Supplemental Figure S3. AtPRA1.F4 OX plants show alterations in root
hair development and flowering time.

Supplemental Figure S4. Trafficking of stably expressed AALP:GFP is
inhibited by HA:AtPRA1.F4 overexpression.

Supplemental Figure S5. Trafficking of AtbFruct4:GFP is inhibited by HA:
AtPRA1.F4 overexpression.

Supplemental Figure S6. HA:AtPRA1.F4 overexpression inhibits the
Golgi-dependent trafficking of vacuolar membrane proteins at the Golgi
apparatus.

Supplemental Figure S7. GFP:SYP61 accumulates at the Golgi apparatus
in HA:AtPRA1.F4 OX plants.

Supplemental Figure S8. HA:AtPRA1.F4 inhibits PMP:GFP-gly trafficking.

Supplemental Figure S9. AtPRA1.F4 knockdown does not inhibit the traf-
ficking of secretory proteins.

Supplemental Figure S10. HA:AtPRA1.F4 overexpression does not affect
the Golgi-independent trafficking of vacuolar proteins.

Supplemental Table S1.Nucleotide sequences of primers used for qRT-PCR.

Supplemental Materials and Methods S1.
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