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Abstract

p24 proteins are a family of type | membrane proteins localized to compartments of the early secretory pathway
and to coat protein | (COPI)- and COPII-coated vesicles. They can be classified, by sequence homology, into four
subfamilies, named p24a, p24f, p24y, and p246. In contrast to animals and fungi, plants contain only members of
the p24p and p246 subfamilies, the latter probably including two different subclasses. It has previously been shown
that transiently expressed red fluorescent protein (RFP)-p2465 (p2461 subclass) localizes to the endoplasmic reticu-
lum (ER) at steady state as a consequence of highly efficient COPI-based recycling from the Golgi apparatus. It is
now shown that transiently expressed RFP-p2489 (p2462 subclass) also localizes to the ER. In contrast, transiently
expressed green fluorescent protein (GFP)-p243 mainly localizes to the Golgi apparatus (as p24#2) and exits the ER
in a COPII-dependent manner. Immunogold electron microscopy in Arabidopsis root tip cells using specific antibodies
shows that endogenous p24689 localizes mainly to the ER but also partially to the cis-Golgi. In contrast, endogenous
pP24B3 mainly localizes to the Golgi apparatus. By a combination of experiments using transient expression, knock-
out mutants, and co-immunoprecipitation, it is proposed that Arabidopsis p24 proteins form different heteromeric
complexes (including members of the B and 8§ subfamilies) which are important for their stability and their coupled
trafficking at the ER-Golgi interface. Evidence is also provided for a role for p2485 in retrograde Golgi-ER transport
of the KDEL-receptor ERD2.
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Introduction

p24 proteins constitute a family of small (20-25kDa) type
I membrane proteins which localize to compartments of the
early secretory pathway and to coat protein I (COPI)- and
COPII-coated vesicles (for reviews, see Strating and Martens,
2009; Dancourt and Barlowe, 2010). All p24 proteins consist
of alarge luminal portion, which includes the GOLD (GOLgi
Dynamics) and coiled-coil domains, a single transmembrane
domain, and a short cytoplasmic C-terminus which con-
tains motifs for COPI and COPII binding (Supplementary

Fig. S1 available at JXB online). Whereas the transmem-
brane domain seems to recognize a single sphingolipid spe-
cies (Contreras et al., 2012), the luminal GOLD domain is
predicted to be involved in specific protein—protein interac-
tions and has been postulated to interact with putative cargo
proteins (Anantharaman and Aravind, 2002; Carney and
Bowen, 2004). The coiled-coil domain of p24 proteins ena-
bles intermolecular interactions between copies of the same
protein, but also between different p24 proteins. Indeed it

© The Author [2013]. Published by Oxford University Press [on behalf of the Society for Experimental Biology].
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/
by-nc/3.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial

re-use, please contact journals.permissions@oup.com


http://jxb.oxfordjournals.org/open_access.html
mailto:mariajesus.marcote@uv.es
http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert157/-/DC1
http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert157/-/DC1

3148 | Montesinos et al.

has been proposed that oligomerization is required for the
proper localization of p24 proteins (Fiillerkrug et al., 1999;
Gommel et al., 1999; Ciufo and Boyd, 2000; Emery et al.,
2000; Jenne et al., 2002; Langhans et al., 2008; Montesinos
etal., 2012).

p24 proteins have been proposed to play a role in quality
control of protein movement through the secretory path-
way (Wen and Greenwald, 1999; Belden and Barlowe, 2001),
cargo protein selection and packaging into transport vesicles
(Schimmoller et al., 1995; Muniz et al., 2000; Takida et al.,
2008; Castillon et al., 2011; Fujita et al., 2011), the formation
of COPI vesicles and retrograde Golgi—endoplasmic reticu-
lum (ER) transport (Aguilera-Romero ez al., 2008), the for-
mation of ER exit sites (ERES) (Lavoie ef al., 1999), and the
biogenesis and maintenance of the Golgi apparatus (Mitrovic
et al., 2008; Koegler et al., 2010). Therefore, p24 proteins are
one of the most interesting groups of proteins involved in
regulating the structure and function of the organelles of the
secretory pathway. In addition, several publications have pro-
posed a role for p24 proteins in early embryonic development
in mice (Denzel et al., 2000; Jerome-Majewska et al., 2010),
insulin biosynthesis and subsequent secretion in pancreatic
beta cells (Zhang and Volchuk, 2010), or amyloid precursor
metabolism and pathogenesis of Alzheimer disease (Chen
et al., 2006; Vetrivel et al., 2007; Hasegawa et al., 2010). p24
proteins have also been shown to interact with G protein-
coupled receptors (GPCRs), including protease-activated
receptors (PAR-1 and PAR-2), nucleotide P2Y receptors, and
p-opioid receptors (Luo et al., 2007, 2011).

Over the years, p24 proteins have been proposed to func-
tion as cargo receptors, to concentrate cargo within COPI or
COPII vesicles, but the trafficking of a putative cargo medi-
ated by p24 proteins has only recently been demonstrated in
mammals and yeast. In mammals, p24 proteins have been
shown to form hetero-oligomeric complexes that bind to
correctly remodelled glycosylphosphatidylinositol (GPI)
anchors to concentrate GPI-anchored proteins (GPI-APs) at
ERES for their efficient packaging into COPII vesicles and
transport to the Golgi (Fujita et al., 2011). In the Golgi, at a
lower pH, p24 complexes dissociate from GPI-APs, which are
transported to the cell surface, while p24 proteins are recycled
to the ER in COPI vesicles (Fujita ez al., 2011). In yeast, sort-
ing of GPI-APs appears to be independent of p24 proteins.
Instead, the p24 complex appears to act as an adaptor that
facilitates vesicle formation by recruiting COPII components
to specific ERES already enriched in GPI-APs (Castillon
etal.,2011).

Although there has been no general agreement regarding
the nomenclature of p24 proteins, it is now clear that they
can be classified into four different subfamilies by sequence
homology, named p24a, p24fp, p24y and p24d (Domiguez
et al., 1998; Strating et al., 2009). Whereas animals and fungi
have representatives in all four subfamilies, plants have only
members of the p249 (nine in Arabidopsis) and the p24f (two
in Arabidopsis) subfamilies (Strating et al., 2009). Following
this nomenclature, the Arabidopsis p24 proteins have been
named p2403 to p24911 (since the names p24d1 and 2 have
already been used) (Supplementary Fig. S1 at JXB online)

(Montesinos et al., 2012). Chen and Zheng (2012) have pro-
posed that the members of the delta subfamily belong to
two different subclasses (which correspond to the two main
branches of this subfamily), the &1 subclass (comprising
p246la—d; p2463-6 in the present study) and the 62 sub-
class (comprising p2452a—d; p2437-11 in the present study).
On the other hand, the two Arabidopsis p24 proteins of the
beta subfamily have been named p24(2 and p24f33 (since the
name p24f1 has already been used) (Supplementary Fig. S1)
(Montesinos et al., 2012).

Interestingly, all Arabidopsis p24 proteins of the delta
subfamily contain in their C-terminal tail a dilysine motif
in the -3,-4 position, which binds COPI subunits (Contreras
et al., 2004a), and a diaromatic/large hydrophobic motif in
the -7,-8 position, which binds COPII subunits but also
potentiates COPI binding by the dilysine motif (Contreras
et al., 2004b). As a consequence, it has been proposed that
p2490 proteins show higher affinity for COPI than for COPII
subunits (Contreras er al., 2004b). Indeed, it has been
shown that transiently expressed p2405 localizes mainly
to the ER at the steady state as a consequence of highly
efficient COPI-based recycling from the Golgi apparatus
(Langhans et al., 2008; Montesinos et al., 2012). A simi-
lar ER localization has been shown for other members of
the p2461 subclass (comprising p2403-p24066) (Chen and
Zheng, 2012; Montesinos et al., 2012). In contrast, mem-
bers of the p2482 subclass (comprising p2407-p24011)
have been proposed to localize to both the ER and Golgi
(Chen and Zheng, 2012).

Using specific antibodies, endogenous p2405 and p2464
have been localized to the ER and p24f2 to the Golgi appa-
ratus in Arabidopsis root tip cells by immunogold electron
microscopy (Montesinos et al., 2012). It has been shown that
whereas the dilysine motif in the cytoplasmic tail determines
the location of p2495 in the early secretory pathway, the lumi-
nal domain may contribute to its distribution downstream
of the Golgi apparatus (Montesinos et al., 2012). It has also
been shown that p2485 and p24f32 interact with each other
(via their coiled-coil domains) and exhibit coupled trafficking
at the ER-Golgi interface. It has been proposed that p2485
and p24p2 may interact with each other at ERES for ER exit
and coupled transport to the Golgi apparatus. Once in the
Golgi, p24985 interacts very efficiently with the COPI machin-
ery for retrograde transport back to the ER (Montesinos
etal.,2012).

In this study, the analysis has been extended to a second
member of the p249 subfamily (p2489, p2492 subclass) and
to the second member of the p24f subfamily (p2433). While
transiently expressed p2409 localizes to the ER at steady
state, p2433 mainly localizes to the Golgi apparatus and exits
the ER in a COPII-dependent manner. Immunogold elec-
tron microscopy in Arabidopsis root tip cells using specific
antibodies shows that endogenous p2409 localizes mainly
to the ER but also partially to the cis-Golgi. In contrast,
endogenous p24f3 mainly localizes to the Golgi apparatus.
By a combination of experiments using transient expres-
sion, knock-out mutants, and co-immunoprecipitation, it
is proposed that Arabidopsis p24 proteins form different
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heteromeric complexes for their coupled trafficking at the
ER-Golgi interface. Evidence is also provided for a role
for p2495 in retrograde Golgi—ER transport of the KDEL-
receptor ERD?2.

Materials and methods

Plant material

Arabidopsis thaliana ecotype Columbia (Col-0) and T-DNA mutant
plants were grown in growth chambers as previously described
(Ortiz-Masia et al., 2007). For immunogold electron microscopy,
seedlings were grown on MS (Murashige and Skoog) medium con-
taining 0.5% agar, and the roots were harvested after 5 d. To obtain
a membrane fraction from Arabidopsis roots, seedlings were grown
in liquid MS medium for 15 d. Arabidopsis thaliana cell suspension
cultures (LT87) (Axelos et al., 1992) were cultivated as described
(Ortiz-Zapater et al., 2006). Plants of Nicotiana tabacum cv. Petit
Havana were grown from surface-sterilized seeds on MS medium
with 2% (w/w) sucrose in a controlled room at 25 °C with cycles of
16h light and 8 h darkness. Wild-type Nicotiana benthamiana plants
were grown from surface-sterilized seeds on soil in a controlled room
at 22 °C with a 16 h daylength.

Recombinant plasmid production

The coding sequences of red fluorescent protein (RFP)-p24489, cyan
fluorescent protein/green fluorescent protein (CFP/GFP)-p2432, or
GFP/yellow fluorescent protein (YFP)-p2433 were synthesized com-
mercially de novo (Geneart AG), based on the sequences of GFP/
CFP/YFP/RFP and that of the Arabidopsis p24 proteins Atl1g26690
(p2489), At3g07680 (p24f2), and At3g22845 (p24p3). All RFP-
tagged proteins were tagged with monomeric RFP (mRFP) to
prevent oligomerization. Similarly, only mGFP5 was used for GFP-
tagged proteins. The sequence of the fluorophore was always located
behind the coding sequence of the p24 signal sequence and the 5
extreme end of the mature p24 coding sequence (Supplementary
Fig. S1 at JXB online). The coding sequences of RFP-p24389 or
XFP-p242/p3 were cloned into the pBP30 vector (carrying the 35S
promoter; Nebenfiihr ez al., 1999) through Bg/ll/Notl.

Transient gene expression

Mesophyll protoplasts from N. tabacum var. SR1 leaf cells were iso-
lated and transfected as previously described (Bubeck et al., 2008).
Unless otherwise stated, 1-50 pug of plasmid DNA was transfected
and expressed for 20 h. Protoplasts from A. thaliana (LT87) cell sus-
pension cultures were isolated as previously described (Axelos et al.,
1992). Where indicated, inhibitors (50 uM E-64, 100 pM MG-132)
were added to the protoplast medium 30min after electropora-
tion, before the 20h overnight incubation to allow for expres-
sion of the different constructs. Transient expression mediated
by Agrobacterium tumefaciens was performed in 4- to 6-week-old
tobacco plants (wild type, N. benthamiana) as described previously
(Lerich et al., 2011).

Plasmids encoding marker proteins were: GFP-p2432 and RFP-
p24065 (Langhans et al., 2008; Montesinos et al., 2012), Man1-RFP
and Man1-GFP (Nebenfiihr ez al., 1999), GFP-HDEL (Nebenfiihr
et al., 2000), ERD2-CFP/YFP (Brandizzi et al., 2002), 6kDa VP—
CFP (Wei and Wang, 2008), Sec12 (Pimpl ez al., 2003), ARF1(T31N)
(Lee et al., 2003), and ARF1(Q71L) (Pimpl ef al., 2003).

Generation of antibodies

Rabbit antibodies were generated by Eurogentec (Belgium, http://
www.eurogentec.com) using as antigens peptides correspond-
ing to the N-terminus of p2409 (LHFELQSGRT) or p24f33
(LSVTVNDEE).
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Confocal microscopy and immunofluorescence labelling

Imaging was performed using a Zeiss Axiovert LSM510 Meta con-
focal laser scanning microsope (CLSM). At the Metadetector, the
main beam splitters (HFT) 458/514 and 488/543 were used. The
following fluorophores (excited and emitted by frame switching in
the multitracking mode) were used: GFP (488 nm/496-518 nm),
CFP (458nm/464-486nm), YFP (514nm/529-550nm), and RFP
(543nm/593-636nm). Post-acquisition image processing was per-
formed using the Zeiss LSM 5 image Browser (4.2.0.121) and
CorelDrawX4 (14.0.0.567) or ImageJ (v.1.45m).

Immunogold electron microscopy

Root tips from Arabidopsis were high pressure frozen, freeze substi-
tuted, embedded, labelled, and post-stained as previously described
(Bubeck et al., 2008). Antibodies were used at the following dilu-
tions: Nt-p2433 (1:100) and Nt-p2489 (1:100). Micrographs were
taken with a JEM 1400 transmission elctron microscope operating at
80kV using a TVIPS F214 digital camera.

Preparation of membrane extracts, co-immunoprecipitation,
pull-down experiments, and western blotting

Membrane fractions were obtained from Arabidopsis cell suspen-
sion cultures (LT87), Arabidopsis roots, or tobacco protoplasts as
described previously (Montesinos et al., 2012). Protein extracts were
used for SDS-PAGE followed by western blot analysis, co-immuno-
precipitation, or pull-down experiments. Co-immunoprecipitation
experiments from Arabidopsis cultures were performed using mag-
netic beads (Dynal, Invitrogen), as described previously (Montesinos
et al., 2012). Pull-down experiments from tobacco protoplasts
expressing RFP-tagged proteins were performed using RFP-Trap
magnetic beads (Chromotek), following the recommendations of the
manufacturer. For western blot analysis, nitrocellulose membranes
were blocked with 5% non-fat dry milk/0.1 % Tween-20, incubated
for 1 h at room temperature with the primary antibodies, washed, and
incubated with peroxidase-labelled sheep anti-rabbit antibodies (GE
Healthcare) for 1h at room temperature. After washing, the immune
complexes were detected by the SuperSignal West Pico chemilumi-
niscent Substrate (Pierce, Thermo Scientific). The intensity of the
bands obtained after western blot was quantified using the Quantity
One software (Bio-Rad Laboratories). Western blot with an antibody
against the plasma membrane ATPase (Montesinos et al., 2012) was
used as a loading control. Antibodies against RFP and GFP were
obtained from Clontech and Life Technologies, respectively.

Mutant characterization

A line (Columbia, background) containing a T-DNA insertion in
p24610 (SALK_144586C, p24510-1) was identified from the SALK
T-DNA collection (http://signal.salk.edu/cgi-bin/tdnaexpress). It
was characterized by PCR as previously described (Ortiz-Masia
et al., 2007). The primers used for this mutant were the following:
5-CCGGTAACAATTACCATCACG-3" and 5-ACGAAGTACCC
AAGGTTCCAC-3". The T-DNA left border and Actin7 (ACT7,
At5g09810) primers used were described previously (Ortiz-Masia
et al., 2007). Reverse transcription-PCR (RT-PCR) analysis of
the p24610-1 mutant was performed as described (Ortiz-Masia
et al., 2007) to show the absence of p24610, and the primers used
were 5-CAAAGTGTATCGCCGAAGACATC-3" and 5-GCATCC
CTGCAACTCCTATGCAGA-3". p246,,;, p245s,, and p246485
mutant lines have been described previously (Montesinos et al., 2012).

Due to the lack of p24f2 and p2433 knock-out T-DNA inser-
tion mutants in mutant collections, artificial microRNAs (amiR-
NAs) were used to knock down the expression of the genes.
The p2-directed amiRNA construct was designed using a Web-
based program (http://wmd2.weigelworld.org) (Schwab et al.,
2006; Ossowski et al., 2008). The pRS300 plasmid was used
as a template to create the amiRNA (Ossowski er al., 2008).
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Primer sequences were the following: I, 5-ATAATCAGTGCA
AACGACGCGATCTCTCTTTTGTATTCC-3; 11, 5-GATCGCG
TCGTTTGCACTGATTATCAAAGAGAATC
AATGA-3; 111, 5-GATCACGTCGTTTGCTCTGATTTTCACAG
GTCGTGATATG-3"; and IV, 5-GAAAATCAGAGCAA-ACGAC
GTGATCTACATATATATTCCT-3". The final amiRNA PCR prod-
uct was digested at the Kpnl and BamHI sites flanking the sequence
encoding the amiRNA hairpin. The resultant product was ligated into
the pCHEF3 vector (Ortiz-Masia et al, 2007) using the Kpnl and BamHI
sites. The B3-directed amiRNA construct was purchased from Open
Biosystems (AMR4844-99730584). Transformation of Arabidopsis
was conducted according to the floral dip method (Clough and Bent,
1998). Transgenic plants were selected on half-strength MS medium
containing appropriate antibiotics. Transgenic lines segregating 3:1 for
antibiotic resistance were selected in the T, generation of each trans-
formation, and the T3 homozygous generation was used to character-
ize silencing by RT-PCR as above. Primer sequences for p2432 were
5-AGGGTACGATCGTATTACTAG-3" and 5-GACACGAGACA
TGCCGAGTTTGCG-3" and for p24f33 were 5-CGACAAGCGAA
GATCCATG-3" and 5-GACACAAGACCTCGCTCTGAGG-3".
For further studies, the homozygous lines amiR-p2432 and amiR-
p243 that showed the best silencing for p24p32 and p24f3, respec-
tively, were selected (Supplementary Fig. S6 at JXB online). RT-PCR
analysis showed no silencing of p2433 in the amiR-p24f32 line, while
20% p24p2 silencing was detected in the amiR-p24f33 line obtained
from the amiRNA construct purchased from Open Biosystems (data
not shown).

Results

Localization of endogenous p24 proteins of the delta
and beta subfamilies

The localization of endogenous p2465 and p2464 (p246 sub-
family) and p24p2 (p24f subfamily) in Arabidopsis root cells
was previously shown (Montesinos et al., 2012). The locali-
zation of p24d9, in a branch of the p24d subfamily differ-
ent from that of p2485 or p2464, and of p24f3, the second
member of the p24f subfamily in Arabidopsis, has now been
investigated. To this end, peptide antibodies were generated
against the N-terminus of both proteins, which, in contrast to
the C-terminus, shows a high variability among different p24
proteins (Supplementary Fig. S1 at JXB online). p24 proteins
were extracted from membranes of Arabidopsis cell suspen-
sion cultures or from Arabidopsis roots. As shown in Fig. 1,
antibodies against the N-terminus of p2409 recognized a
protein of the expected molecular weight (24kDa) in both
membrane extracts, while antibodies against the N-terminus
of p24p3 recognized a protein with an apparent molecular
weight of ~22kDa. Interestingly, p24p2 and p2433 showed
a slightly different electrophoretic mobility, which in addi-
tion was also different from that of p2495 and p24d9 (Fig. 1).
These differences in electrophoretic mobility were also obvi-
ous when the luminal N-terminal portion of both p2485 and
p24p2 with a C-terminal (His)s-tag was expressed in bacteria
(Supplementary Fig. S2 at JXB online). Bacterial extracts
were used to characterize further the specificity of the antibod-
ies. As shown in Supplementary Fig. S2, antibodies against
the N-terminus of p2489 did not recognize the N-terminus
of p2485 (in contrast to Nt-p2485 or His antibodies), while
antibodies against the N-terminus of p24f3 did not recog-
nize the N-terminus of p2432 (in contrast to Nt-p2432 or His
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Fig. 1. Characterization of antibodies against Arabidopsis p24
proteins. Protein extracts were obtained from membranes of
Arabidopsis cell suspension cultures (C) or Arabidopsis roots

(R), as described in the Materials and methods, and analysed by
SDS-PAGE (14% acrylamide) and western blotting with antibodies
against the p24989 N-terminus and p24$3 N-terminus, or with the
corresponding pre-immune sera. Western blotting with antibodies
against p2465 and p24p2 (Montesinos et al., 2012) is also shown.
Note the slightly different electrophoretic mobility of p2485/p2489,
p24p2, and p24p3.

antibodies). These antibodies were used to localize p2469 and
p24p3 by immunogold labelling on sections cut from cryo-
fixed Arabidopsis roots. As shown in Fig. 2A, the N-terminal
p2409 antibody mainly labelled ER membranes, as was found
previously for endogenous p2405 and p2464 (Montesinos
et al., 2012). Occasionally, some labelling was also seen on the
cis-Golgi. In contrast, the N-terminal p2433 antibody mainly
labelled the Golgi apparatus, although some labelling could
also be seen at ER membranes (Fig. 2B). This localization is
very similar to that previously shown for endogenous p2432
(Montesinos et al., 2012).

Trafficking properties of p24 proteins of the delta
subfamily

It was previously demonstrated that transiently expressed
RFP-p2465 localizes to the ER at steady state but cycles
between the ER and Golgi (Langhans ez al., 2008; Montesinos
et al., 2012). Arabidopsis p24 proteins of the delta subfamily
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Fig. 2. Localization of p2489 and p2433 by immunogold labelling on cryofixed Arabidopsis roots. (A) Labelling with antibodies against
Nt-p2489 at the ER. (B) Labelling with antibodies against Nt-p2433 at the Golgi apparatus and the ER. Arrowheads point to gold
particles. ER, endoplasmic reticulum; G, Golgi apparatus; MVB, multivesicular bodly.

have been suggested to belong to two different subclasses,
p2481 and p24062, with different localization and trafficking
properties (Chen and Zheng, 2012). In particular, members of
the p2481 subclass (which comprise p2483-p24956) localized
exclusively to the ER, while members of the p2492 subclass
(which comprisee p2407-p24811) localized to both the ER
and Golgi when transiently expressed in tobacco leaf epider-
mal cells (Chen and Zheng, 2012). Therefore, the trafficking
properties of RFP-p24065 (p2491 subclass) and RFP-p2469
(p24982 subclass) were compared. In marked contrast to the
data of Chen and Zheng (2012), it was found that transiently
expressed RFP-p2489 localizes exclusively to the ER, both
in tobacco protoplasts (Fig. 3A—F; Supplementary Fig. S3 at
JXB online) and in tobacco leaf epidermal cells (Fig. 3]-0).
In both cases, RFP-p2489 co-localized extensively with the

ER markers GFP/YFP-HDEL but not with the Golgi mark-
ers Manl-GFP/YFP. At low expression levels, it showed a
pattern nearly indistinguishable from that of RFP-p2485. At
higher expression levels, it partially localized to dots, or even
to ring-like structures, probably artefacts of overexpression.
However, none of these structures was found to co-localize
with the Golgi markers Manl-GFP/YFP (Supplementary
Fig. S3). Therefore, transiently expressed RFP-p2489 seems
to localize exclusively to the ER, like RFP—p2485 (Langhans
et al., 2008; Montesinos et al., 2012).

In order to investigate if transiently expressed RFP-p2489
also cycles between the ER and Golgi, as does RFP-p2435,
RFP-—p2409 was co-expressed with the GTP-restricted
ARF1(Q71L) mutant, which prevents COPI-mediated
Golgi-ER recycling (Pimpl ez al., 2003). This treatment has
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Fig. 3. Localization of RFP—-p2449. (A-l) Transient gene expression in tobacco mesophyll protoplasts. (A-C) RFP-p2469 (A) co-localizes
extensively with the ER marker GFP-HDEL (B) (merged image in C). (D-F) RFP—p2489 (D) does not co-localize with the Golgi marker
Man1-GFP (E) (merged image in F). (G-I) RFP—-p2469 (G) does not co-localize with the Golgi marker Man1-GFP (H) upon ARF1 (Q71L)
expression (merged image in l). (J-O) Transient gene expression in tobacco leaf epidermal cells. (J-L) RFP-p2469 (J) co-localizes
extensively with the ER marker YFP-HDEL (K) (merged image in L). (M-O) RFP—-p24489 (M) does not co-localize with the Golgi marker
Man1-YFP (N) (merged image in O). Scale bars=5 pm.
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ARF1-GDP

Fig. 4. Localization of YFP-p2433. (A-L) Transient gene expression in tobacco mesophyll protoplasts. (A-C) YFP-p243 (B)
co-localizes with the Golgi marker ERD2-CFP (A) in punctate structures (merged image in C). (D-F) YFP—-p2433 (E) and ERD2-CFP (D)
relocalized to the ER upon co-expression with the ARF1-GDP mutant (merged image in F). (G-I) YFP—p2433 (G) co-localizes partially
with the Golgi marker Manl-RFP (H) in punctate structures (merged image in I). (J-L) YFP-p243 (J) and Manl-RFP (K) relocalized to the
ER upon co-expression with the ARF1-GDP mutant (merged image in L). Scale bars=5 um.
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Fig. 5. ER export of p24 proteins of the beta subfamily is COPIl dependent. (A-l) Transient gene expression in tobacco mesophyll
protoplasts. (A-C) GFP-p24§2 (A) co-localizes with Manl-RFP (B) in the ER upon Sec12 overexpression (merged image in C). (D-F)
YFP—p24p3 (D) co-localizes with Manl-RFP (E) in the ER upon Sec12 overexpression, but also in punctate structures (merged image
in F). (G-l) YFP—-p2483 (H) co-localizes partially with the COPII/ERES marker 6 kDa VP-CFP (G) in punctate structures upon Sec12

overexpression (merged image in l). Scale bars=5 um.

been shown to redistribute RFP-p2485 partially to the Golgi
apparatus (Langhans ez al., 2008; Montesinos et al., 2012).
Interestingly, this treatment did not change the ER localiza-
tion of RFP—p2489 (Fig. 3G-1).

Trafficking properties and stability of p24 proteins of
the beta subfamily

The trafficking properties of (X)FP-p2433 were also inves-
tigated. Similar to GFP-p2432, YFP-p2483 showed a
punctate pattern, which partially co-localized with the

Golgi markers ERD2-CFP (Fig. 4A-C) or Manl-RFP
(Fig. 4G-I). When co-expressed with the GDP-restricted
ARFI1(T31N) mutant, which causes relocalization of Golgi
markers to the ER (Lee ¢f al., 2002), YFP—p2433 completely
redistributed to the ER, where it co-localized with both
ERD2-CFP (Fig. 4D-F) and Man I-RFP (Fig. 4J-L). This
was also the case for YFP-p2432 (Supplementary Fig. S4 at
JXB online). These data suggest that transiently expressed
p24p2 and p24p3 mainly localize to the Golgi apparatus,
as had been observed for the endogenous proteins. When
GFP-—p24p2 or YFP-—p2433 was co-expressed with Secl2,
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to inhibit COPII-dependent ER export, both proteins were
mainly localized to the ER, together with the Golgi marker
Man [-RFP (Fig. SA-F). This suggests that both proteins
exit the ER in a COPII-dependent manner. In contrast to
GFP-—p2432, co-expression of YFP—p2483 and Secl2 not
only led to a complete reticular pattern, but some dots were
also very obvious (Fig. 5SD-F). To test for the identity of
these dots, YFP—p2433 and Secl2 were co-expressed with
6kDa VP-CFP, a COPII/ERES marker (Lerich ez al., 2011).
As shown in Fig. 5G-I, many of the YFP-p2433 punctae
co-localized with 6kDa VP-CFP, suggesting that at least
a fraction of YFP—p24p33 may accumulate at ERES under
these conditions.

As had been observed with GFP—p2432 (Montesinos et al.,
2012), the signal obtained for YFP—p2483 in the CLSM
when expressed alone was relatively low. When the levels of
GFP-p2433 were analysed by western blotting, a relatively
low signal was also detected (Fig. 6, lane 2). The stability of
p24 proteins depends on their interactions with other fam-
ily members (Montesinos et al., 2012). Therefore, transiently
expressed individual proteins may be more susceptible to
protein degradation. To investigate the mechanisms involved
in the degradation of p24f2 and p24f33, both proteins were
expressed in the presence of MG-132, a proteasome inhibi-
tor, or E-64, an inhibitor of cysteine proteinases. Western blot
analysis shows that the levels of both p2432 and p243 sig-
nificantly increased in the presence of E-64 (Fig. 6, lane 4),
but not in the presence of MG-132 (Fig. 6, lane 3), suggesting

N
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Fig. 6. Stability of p24 proteins of the beta subfamily. Tobacco
mesophyll protoplasts were electroporated in the absence (-DNA)
or the presence of 30 ng of plasmid DNAs corresponding to
GFP-p2432 (upper panel) or GFP-p2433 (middle panel), in the
absence (Control) or the presence of MG-132 or E-64. At 24h
post-electroporation, protoplasts were washed and homogenized
to obtain a post-nuclear supernatant, which was then centrifuged
to obtain a total membrane fraction. Membranes were extracted
in Laemmli sample buffer and analysed by SDS-PAGE (12%
acrylamide) and western blot analysis with antibodies against
Ct-p2432 or GFP (to detect p24p3). A 30 ug aliquot of protein
was loaded for each of the extracts. Western blotting with an
antibody against the plasma membrane (PM) ATPase was used as
a loading control (lower panel).

- DNA

, Control
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that both proteins are mainly degraded by cysteine protein-
ases in acidic compartments.

Interactions between different members of the p24
family in Arabidopsis

p24 proteins are thought to form hetero-oligomeric com-
plexes, via their coiled-coil domains, which are essential
for their trafficking and localization. It has been previ-
ously shown that p2485 and p24f32 interact with each other,
probably at ERES, for their coupled transport to the Golgi
apparatus (Montesinos et al., 2012). This analysis has now
been extended to other members of the p246 and p24f sub-
families. As shown in Fig. 7A-C, when GFP—p2432 was co-
expressed with RFP—p24489, the signal of GFP—p2432 was
clearly more intense than when expressed alone, but still
localized to punctae. In addition, it was observed that RFP—
p2409 showed its typical ER pattern but also localized to the
same punctae under these conditions (see also Table 1A).
The punctae where both proteins co-localize overlapped
extensively with the Golgi marker ERD2-YFP (Fig. 8A-
H), but also with the COPII/ERES marker 6kDa VP-
CFP (Fig. 81-P). This suggests that GFP-p242 is able to
enhance the ER exit of RFP-p2489 and its transport to the
Golgi apparatus, as happens with RFP—p2485 (Montesinos
et al., 2012). This was also the case when GFP—p2432 and
RFP-p2489 were transiently co-expressed in tobacco leaf
epidermal cells: while RFP-p2489 localized exclusively to
the ER when expressed individually (Fig. 3J-0), it also
localized to punctae when co-expressed with CFP—p24{2.
Under these conditions, the punctae containing CFP—p2432
showed an almost complete co-localization with RFP-—
p2489 (Supplementary Fig. S5 at JXB online). Whether
GFP-p24p3 showed the same trafficking characteristics as
GFP-p24p2 was next investigated in co-expression experi-
ments. As shown in Fig. 7D-I, GFP-p2433 punctae showed
only a partial co-localization with either RFP-p2485 or
RFP-—p2489 (see also Table 1A). Strikingly, GFP-p24p3 did
not significantly change the ER localization of RFP-p2465
or RFP-p2449, in contrast to GFP—p2482 (Fig. 7D-I).
Triple or quadruple co-expression experiments were per-
formed next. First, the two p24f proteins (CFP-p24p32 and
YFP-p2433) were co-expressed with either RFP-p2485
(Fig. 9A-D) or RFP-p2489 (Fig. 9E-H) (triple co-expres-
sion). In both cases, there was a partial co-localization of
the three proteins in punctate structures. When CFP—p242,
YFP-p2433, RFP-p2485, and RFP-p2489 were expressed
together (quadruple co-expression) (Fig. 91-P), various
degrees of co-localization between these proteins were
obtained (see Table 1B). However, the most striking observa-
tion was that CFP—p2432 remained mostly punctate, while
in most of the protoplasts YFP-p2433 was clearly less punc-
tate and much more reticular. Under these conditions, RFP
fluorescence (including both RFP-p2485 and RFP-p2449)
was mostly reticular (Fig. 91-P). Finally, the two p24d pro-
teins (RFP-p2405 and RFP-p2489) were co-expressed with
either GFP—p2482 or GFP—p2433. Under these conditions,
GFP-—p2482 and RFP-p2405/9 extensively co-localized in


http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert157/-/DC1

3156 | Montesinos et al.

GFP-p24p2 | B

GFP-p24p3| E

GFP-p24p3 [ H

RFP-p2439 | C

RFP-p2435 | E

RFP-p2459

Fig. 7. Co-expression of p24 proteins of the beta and delta subfamilies (l). (A-l) Transient gene expression in tobacco mesophyll
protoplasts. (A-C) GFP-p24f2 (A) co-localizes extensively with RFP—p2489 (B) in punctate structures (merged image in C). (D-I) GFP-
p24p3 (D, G) partially co-localizes with RFP-p2465 (E) or RFP-p2469 (H) (merged images in F and I). Scale bars=5 pm.

punctate structures (Fig. 10A-F). In contrast, GFP-p24(33
was only partially punctate and significantly redistributed to
the ER, where it partially co-localized with RFP-p2455/9
(Fig. 10G-L).

To quantify whether the levels of GFP-—p24f3 proteins
might depend on their trafficking properties, protoplasts
were analysed by western blotting following the co-expres-
sion experiments shown above (Fig. 11). Since the N-terminal
p24Pp3 antibodies could not detect transiently expressed
GFP-p24p33 by western blotting, GFP antibodies, which
recognized both GFP-—p24p32 and GFP-p24p33, were used
instead. The results are summarized in Table 2. As has been

shown previously (Montesinos et al., 2012), the levels of
GFP-p2432 increased significantly upon co-expression with
RFP-p2455. It has now been found that the levels of GFP—
p24p2 also increased significantly when co-expressed with
RFP-p2459. On the other hand, the levels of GFP-p24(32
or GFP-p24(33 were not significantly increased when both
proteins were expressed together. In the case of GFP—p24f33,
its levels increased upon co-expression with RFP-p2465
or RFP-p24489, but increased much more in the quadruple
co-expression.

Previous studies where a single member of the p24 family
had been deleted or knocked down showed that the protein
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Table 1. Co-localization of RFP-p2465/69 and GFP-p2432/33 in co-expression experiments

A.
Combination of proteins Manders coefficient
A B M1 (A overlapping with B) M2 (B overlapping with A)

GFP-p2432 RFP-p2489 0.84+0.05 0.36+0.07

GFP-p2433 RFP-p2469 0.47+0.10 0.14+0.06

GFP-p2433 RFP-p2465 0.45+0.07 0.15+0.06
B.

Combination of proteins Co-localization (%)

RFP-p2485 RFP—p2489 YFP-p2433 CFP-p24p2 9.19+2.64
RFP-p2465 RFP-p2469 YFP-p24p3 - 16.06+2.82
RFP-p2465 RFP-p2469 - CFP-p2432 30.31+£3.71
- - YFP-p24B3 CFP-p24p2 44.44+3.31

In A, measurements were made on 10 separate cells upon double co-expression (Fig. 7), and calculated with Imaged 1.47i and the plugins
JACOP (Bolte S, Cordelieres FP 2006) and PSC Colocalization (French et al., 2008).
In B, measurements were made on 5-10 separate cells upon quadruple co-expression (Fig. 91-P), out of four independent experiments, and

calculated with ImagedJ 1.47i and the plugin ColocalizeRGB.

level of other family members was reduced, which prob-
ably reflects the fact that these p24 proteins interact with
each other in hetero-oligomeric complexes (Belden and
Barlowe, 1996; Marzioch et al., 1999; Denzel et al., 2000;
Vetrivel et al., 2007; Takida et al., 2008; Koegler et al.,
2010; Jerome-Majewska et al., 2010; Zhang and Volchuk,
2010). Therefore, the protein levels of p2404, p24945, p2499,
p24p2, or p24p3 were examined in knock-out/knock-down
mutants. T-DNA insertion knock-out mutants lacking
p2405 (p2465-1) and p2404 (p2464-1) had already been
characterized (Montesinos ef al., 2012). As no T-DNA
insertion knock-out mutant for p2489 (82 subclass) was
found in the Salk collection, a knock-out mutant for p24810
(82 subclass) was analysed (Supplementary Fig. S6 at JXB
online). Plants from the three lines resembled wild-type
plants under standard growth conditions (Supplementary
Fig. S6). As T-DNA insertion mutants for p24p2 or
p24p3 are not available in mutant collections, amiRNA
was used to knock down p24p2 or p24$3 (Supplementary
Fig. S6). No distinct phenotype was observed in amiR-
p24p2 or amiR-p2433 knock-down lines when compared
with wild-type plants under standard growth conditions
(Supplementary Fig. S6). Protein extracts from roots of
wild-type (Col-0) plants, T-DNA knock-out insertion
mutants, and amiR-p2432 and amiR-p24[33 lines were ana-
lysed by western blotting with the corresponding antibodies
(Fig. 12). It was previously shown that the T-DNA mutant
lacking p2485 showed p24064 levels comparable with those
of the wild type. The same was true for the levels of p2465
in the p2484 mutant (Montesinos et al., 2012). However,
both mutants (p2464-1 and p2465-1) showed reduced lev-
els of p24989, p24B2, and p24p3 (Fig. 12). In contrast, the
T-DNA mutant lacking p24610 did not show reduced pro-
tein levels of p2495, p24p2, or p2433, but showed a 2.5-fold
increase in the protein levels of the highly related p2469
(Fig. 12). Finally, the lines expressing amiRNAs were ana-
lysed for p24f2 or p24B3. Expression of p24p2 and p24{33

was reduced by ~85% in the amiR-p24f32 and amiR-p24[33
lines, respectively (Fig. 12). In addition, the amiR-p2432
line showed reduced protein levels of p24065, p2469, and
p24p3, while the amiR-p24p3 line showed reduced protein
levels of p2405, p2489, and p24p2 (Fig. 12). These results
suggest that p24 proteins do interact with other family
members to form heteromeric complexes.

To test biochemically for interactions between endog-
enous p24 proteins, co-immunoprecipitation experiments
were performed using C-terminal p2405 or p2432 antibodies
(Montesinos et al., 2012). As shown in Fig. 13A, antibod-
ies against the C-terminus of p2432 caused the co-immuno-
precipitation of p24905, p24d9, and p24f33, while antibodies
against the C-terminus of p2465 caused the co-immunopre-
cipitation of p2409, p2432, and p2433. As a control, control
beads or N-terminal p24p2 antibodies, which have previ-
ously beeen shown to be unable to immunoprecipitate p2432
(Montesinos et al., 2012), were used. Pull-down experiments
were also performed using membrane fractions from proto-
plasts co-expressing RFP-p2465 or RFP-p2469 and GFP-
p24p2 or GFP-p24f33, using an RFP-trap for the pull-down
of RFP-tagged proteins (p2405 or p2469) and GFP antibod-
ies for the western blot analysis of the interacting proteins
(p24p2 or p24p3). As shown in Fig. 13B, RFP-p2465 pulled-
down GFP-p24p32 and, to a lesser extent, GFP—p24f33,
but not Manl-GFP (used as a negative control). Similarly,
RFP-p2489 pulled-down both GFP-p24p32 and GFP-p24(33
(Fig. 13B). This suggests that heterotypic interactions can
occur between Arabidopsis p24 proteins from the beta and
delta subfamilies.

p2485 may play a role in retrograde Golgi—-ER
transport of the KDEL-receptor ERD2

Finally, a functional analysis of p24 proteins in Arabidopsis
was attempted. Since the single knock-down/knock-out
mutants that were characterized did not show any obvious
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Fig. 8. (X)FP—-p2432 and RFP-p2469 localize partially to ERES and Golgi. (A-P) Transient gene expression in tobacco mesophyll
protoplasts. (A-H) CFP-p242 (A, E) and RFP—p2449 (C, G) co-localize with the Golgi marker ERD2-YFP (B, F) in punctate structures
(merged images in D and H). (I-P) YFP—-p2432 (J, N) and RFP—-p2489 (K, O) co-localize with the ERES/COPII marker 6 kDa VP-CFP (I,
M) in punctate structures (merged images in L and P). Scale bars=5 pum.

phenotypic alteration, a gain-of-function approach was
tried, by overexpressing specific p24 proteins and testing
for an influence on the trafficking of putative cargos. For
these studies, the focus was on p2495, since its trafficking
was previously characterized in the early secretory path-
way and mutants were readily available (Langhans et al.,
2008; Montesinos et al., 2012). However, the drawback of
this strategy is the fact that specific p24 cargos have not yet
been identified in plants. Since p24 proteins of the delta
subfamily have been proposed to play a role in retrograde

Golgi-ER transport (Majoul et al., 1998, 2001; Aguilera-
Romero et al., 2008), it was thought that one good candi-
date might be ERD2, a receptor which retrieves KDEL/
HDEL-containing cargo from the Golgi to the ER. Indeed,
there is one previous report showing that mammalian p23
(p240 subfamily) interacts with ERD2 and is involved in its
retrograde Golgi—ER transport (Majoul ez al., 1998, 2001).
Therefore, ERD2-YFP was transiently co-expressed with
increasing amounts of RFP-p2485. When expressed alone,
ERD2-YFP localized mainly (76% of analysed protoplasts)
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Fig. 9. Co-expression of p24 proteins of the beta and delta subfamilies (ll). (A-P) Transient gene expression in tobacco mesophyll
protoplasts. (A-D) CFP-p24p2 (A), YFP-p2433 (B), and RFP—-p2485 (C) co-localize partially in punctate structures (merged image

in D). (E-H) CFP-p2432 (E), YFP—p2433 (F), and RFP—p2489 (G) co-localize partially in punctate structures (merged image in H).

(I-P) Co-expression of CFP—p2432 (I, M), YFP-p2433 (J, N), and RFP-p2465/9 (K, O) (merged images in L and P) (see text for details).

Scale bars=5 um.

to punctate Golgi structures, with a faint ER staining
(Fig. 14J-K). Overexpression of RFP-p2465 produced a sig-
nificant redistribution of ERD2-YFP from the Golgi to the
ER. As quantified in Fig. 14K, Golgi localization of ERD2—
YFP decreased to 38% in the presence of RFP—p2485. In the
remaining protoplasts, ERD2-YFP localized either to the
ER (17% of the protoplasts) or to both the ER and Golgi
(45% of the protoplasts) (Fig. 14A—C). These experiments
suggest that p2405 may play a role in retrograde Golgi-ER

transport of ERD2. This was not a general effect on Golgi
proteins, since the standard Golgi marker Manl-GFP was
still Golgi localized under the same conditions (Fig. 14G-I).
Interestingly, this effect was not observed when we used an
RFP-p2465 mutant lacking the KK motif at the C-terminus,
which is necessary for interaction with the COPI coat and
therefore for retrograde Golgi—-ER transport of p2405
(Langhans et al., 2008; Montesinos et al., 2012). Under these
conditions, RFP-p2485(AKK) and ERD2-YFP extensively
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Fig. 10. Co-expression of p24 proteins of the beta and delta subfamilies (lll). (A-L) Transient gene expression in tobacco mesophyll
protoplasts. (A-F) GFP—-p2432 (A, D) and RFP-p2485/89 (B, E) co-localize extensively in punctate structures (merged images in C and
F). (G-L) GFP-p2433 (G, J) relocalizes partially to the ER, where it co-localizes with RFP—-p2485/69 (H, K) (merged images in | and L).
Scale bars=5 um.
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Fig. 11. Biochemical analysis of co-expression experiments.
Tobacco mesophyll protoplasts were electroporated in the
absence (-DNA) or the presence of 25 pg of the indicated
plasmid DNAs. At 24 h post-electroporation, protoplasts were
washed and homogenized to obtain a post-nuclear supernatant,
which was then centrifuged to obtain a total membrane fraction.
Membranes were extracted in Laemmli sample buffer and
analysed by SDS-PAGE (12% acrylamide) and western blot
analysis with antibodies against RFP (to detect RFP-p2465 and
RFP-p2469), the p24p2 C-terminus, or GFP (to quantify the
amount of both GFP-p24f2 and GFP-p243). A 30 pg aliquot
of protein was loaded for each of the extracts. Western blot with
an antibody against the plasma membrane (PM) ATPase was
used as a loading control.

Table 2. Levels of p2432 and p243 in co-expression experiments
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co-localized in punctate structures (Fig. 14D-F), which,
based on previous results with this mutant, should corre-
spond either to the Golgi or to the pre-vacuolar compart-
ment (PVC) (Langhans et al., 2008; Montesinos et al., 2012).
In addition, RFP-p2465(AKK) (but not ERD2-YFP) was
also localized to the vacuole, as has been shown previously
(Langhans et al., 2008).

Discussion

p24 proteins have been known for quite some time, and
numerous reports have been published on mammals and
yeast concerning their trafficking and localization. However,
only recently have their putative functions been addressed,
and these appear to be highly dependent on their traffick-
ing properties. In this respect, Hasegawa et al. (2010) high-
lighted the differential functional properties of p24 proteins
from the alpha and delta subfamilies (both containing a
dilysine motif in their cytoplasmic C-terminus) and the beta
and gamma subfamilies. Comparatively, much less is known
about these proteins in plants, which strikingly contain
only members of the beta and delta subfamilies. Although
Arabidopsis p24 proteins cycle in the early secretory path-
way, their steady-state distribution appears to be differ-
ent for members of the p246 and p24f subfamilies. While
endogenous p2405 or p2464 (Montesinos et al., 2012) and
p2489 (Fig. 2) localize mainly to the ER, but also partially
to the cis-Golgi, endogenous p24p32 (Montesinos et al.,
2012) and p24p3 (Fig. 2) mainly localize to the Golgi, with
only occasional ER labelling. This steady-state distribution
may reflect the differential ability of their cytoplasmic tails
to interact with COPI or COPII subunits (Contreras et al.,
2004a, b; Langhans et al., 2008) as well as their intrinsic abil-
ity to interact with other p24 family members (Montesinos
etal., 2012).

Expression conditions Intensity (arbitrary units)

p24p2 GFP p24p3
-DNA 0.0 0.0 0.0
p24p2 6.8 6.9 0.1
p24p3 0.3 11.0 10.7
P24B2+p24p3 7.0 17.0 10.0
P24B2+p24d5 27.0 27.2 0.2
P24B2+p2459 12.0 12.1 0.1
P24B3+p2405 0.5 17.0 16.5
P24B3+p2459 0.3 24.0 23.7
P24R2+p24B3+p2405 18.0 34.1 16.1
P24B2+p24B3+p2409 16.0 36.2 20.2
P24B2-+p24BR3+p2455+p2459 12.1 52.8 40.7

Quantification of western blots from two different co-expression experiments like the one shown in Fig. 11, using the Quantity One software
(Bio-Rad Laboratories). The amount of p2433 was calculated as the difference between the intensity of GFP (which includes the signal of both
GFP-p24p2 and GFP-p2433) and that of p2432. Western blots in the linear range of detection that showed comparable intensities for p2432
and GFP in the co-expression of p242+p2465 and p2432+p24939 were selected.
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Fig. 12. Levels of p24 proteins in knock-out (KO) mutants or
amiRNA lines. Western blot analysis with antibodies against the
N-terminus of p24985, p24989, or p24p3, or the C-terminus of
p24p2 in membranes from the wild type (Col-0) or the indicated
KO mutants or amiRNA lines (see text for details). The expected
positions for p2465/89, p24p3, and p24p2 (according to

the western blot analysis shown in Fig. 1) are shown by
arrowheads. Molecular weight markers are indicated on the left.
A 25 ng aliquot of protein was loaded in each lane. Western
blotting with an antibody against the plasma membrane (PM)
ATPase was used as a loading control. Lower panel shows

a quantification of the levels of each of the proteins in each
mutant calculated as a percentage of the levels present in wild-
type (Col-0) membranes (mean+SD from three independent
experiments).

Exit of p24 proteins from the ER appears to be COPII
dependent (Fig. 5; Langhans et al., 2008; Chen et al., 2012)
while Golgi—ER recycling of p240 proteins is COPI dependent
(Langhans et al., 2008; Montesinos et al., 2012). Interestingly,

ER exit of p24p2 and p24B3 appears to show some striking
differences. Upon Secl2 overexpression, which titrates cyto-
solic Sarlp and prevents COPII-coated vesicle formation
(Philipson et al., 2001), both p24f2 and p24f3 showed a typi-
cal ER pattern and co-localized with a standard Golgi marker,
suggesting that their ER exit is indeed COPII dependent.
However, in the case of p24f3, an additional punctate pat-
tern was also found. One possible explanation is that cycling
of p24P3 occurs with slower kinetics. In this scenario, a pop-
ulation of the protein which has already reached the Golgi
apparatus but has not been recycled would be insensitive to
Sec12 treatment. However, most of the punctae where p2433
was found under these conditions appear to correspond to
ERES, as suggested by their co-localization with the ERES/
COPII marker 6kDa VP-CFP. This differential behaviour
has never been shown for p24 proteins. However, there is a
previous report showing that the ER export of adrenergic
and angiotensin II receptors is differentially regulated by Sarl
(Dong et al., 2008). In that study, the cell surface expression
of the adrenergic receptors (ARs) a,z-AR or [3,-AR and the
angiotensin 1 receptor (AT1R) were significantly attenuated
by the GTP-bound mutant SarlH79G, suggesting that ER
export of these receptors occurs via Sarl-dependent COPII-
coated vesicles. Interestingly, subcellular distribution analyses
showed that a,3-AR and ATIR receptor were highly concen-
trated at discrete locations near the nucleus in cells express-
ing Sar1H79G (presumably ERES), whereas $2-AR exhibited
an ER distribution. These data indicate that Sarl-catalysed
efficient GTP-hydrolysis differentially regulates ER export
of ARs and ATIR and provided the first evidence indicating
distinct mechanisms for the recruitment of different GPCRs
into COPII vesicles on the ER membrane (Dong et al., 2008).
Further work will be necessary to elucidate whether the differ-
ential behaviour of p24f2 and p24f3 in ER export may have
any functional implications.

The stability of p24 proteins, which may be related to their
trafficking, has also been investigated. While p24 proteins
of the delta subfamily appear to be relatively stable, when
expressed either alone or in combination with other p24
family members, p24 proteins of the beta subfamily seem to
depend on the interaction with other p24 family members for
stabilization. Therefore, the mechanism(s) involved in their
degradation have been investigated. To the authors’ knowl-
edge, there is only one previous study dealing with the mecha-
nism of degradation of p24 proteins. In particular, TMP21
(also named p23, p246 subfamily), a member of the presenilin
complex, has been shown to have a short half-life of ~3h and
to be degraded by the ubiquitin—proteasome pathway: while
treatment with the proteasomal inhibitor MG-132 caused a
significant increase in TMP21 protein levels, lysosomal inhi-
bition was without effect (Liu er a/., 2008). To the authors’
knowledge, there are no reports dealing with the degradation
of p24 proteins of the beta subfamily. It has been shown that
p24p2 localizes to the Golgi at steady state, but cycles between
the ER and Golgi and may also be transported to the PVC
and to the vacuole, which may result in an increased degra-
dation by cysteine proteases present in these compartments
(Montesinos et al., 2012). In this study, the protein levels of
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Fig. 13. Interactions between p24 proteins. (A) Co-immunoprecipitation experiments. Immunoprecipitation of endogenous p24 proteins
was performed using affinity-purified antibodies against the C-terminus of p24p2 (IP anti-p24p2-Ct) or p2465 (IP anti-p2465-Ct). As

a control, control beads (IP Control) or antibodies against the N-terminus of p24p2 (IP anti-p2432-Nt) were used. Immunoprecipitates
were analysed by SDS-PAGE and western blot with antibodies against the N-terminus of p2465, p24989, and p2433, or the C-terminus
of p24p2. Extract lane contains 20 pg of the membrane proteins used as input for the immunoprecipitation. The expected positions

for p2465/89, P24p3, and p24p2 (according to the western blot analysis shown in Fig. 1) are shown by arrowheads. Molecular weight
markers are indicated on the left. (B) Pull-down assays of RFP-p2465 or RFP—p2489 from membranes of protoplasts co-expressing the
indicated proteins using an RFP-trap (see text). As a control, pull-downs were performed from membranes of untransfected protoplasts
(-DNA) or protoplasts co-expressing RFP—p2485 and Manl-GFP. Bound proteins were analysed by SDS-PAGE and western blotting
with antibodies against RFP (to detect RFP—p2465 or RFP—-p2469) or GFP (to detect GFP-p24p2, GFP-p243, or Manl-GFP). In the
case of protoplasts co-expressing RFP-p2465 and Manl-GFP, no RFP signal was detected in the 90kDa region (expected position for
Manl-GFP) and no GFP signal was detected in the 50kDa region (expected position for RFP-p2485) (data not shown). |, input (5% of
the membrane extracts used for the pull-down assay); U, unspecific binding (proteins bound to control blocked magnetic particles); P,

pull-down.

p24p2 and p24B3 were examined and they were found to be
insensitive to MG-132 treatment, under conditions that have
been shown to inhibit proteasome-mediated degradation in
plant cells (Yanagawa et al., 2002). In contrast, treatment
with the E-64, an inhibitor of cysteine proteases, caused a
significant increase in the protein levels of both p2432 and
p24p3. This suggests that both proteins may be degraded by
cysteine proteases upon transport to post-Golgi compart-
ments (PVC, vacuole).

Proteins of the p24 family have been proposed to form
functional heteromeric complexes, whereas it is still debat-
able whether they can exist as monomers, heterodimers, or
heterotetramers, depending on their subcellular localization
(Marzioch et al., 1999; Jenne et al., 2002). Recent data sug-
gest that members of the four subfamilies in mammals (p25,

p24, p28, and p23) can form hetero-oligomers, although the
stoichiometry among them remains to be determined (Fujita
et al., 2011). Plants contain only p24 proteins of the beta
and delta subfamilies, the latter containing members of two
different subclasses (81 and 82) (Chen and Zheng, 2012).
Interestingly, western blot analysis of the different mutants
that have been analysed shows that the lack of a member
of the 81 subclass causes a reduction in the protein levels
of members of the 82 subclass but not of members of the
01 subclass. In this respect, the p246; ; mutant shows no
change in the levels of p2404 and vice versa (Montesinos
et al., 2012), but reduced levels of p2489. In addition, p2491
mutants (p246;_; and p246, ;) showed reduced protein levels
of both p24p32 and p24B3. On the other hand, the p246,,,
mutant that lacks p24510 (82 subclass) showed increased
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Fig. 14. RFP—p2485 [but not RFP-p2465(AKK)] partially relocalizes ERD2-YFP to the ER. (A-J) Transient gene expression in tobacco mesophyll
protoplasts. (A-C) RFP—p2465 (B) caused a partial relocalization of ERD2-YFP (A) to the ER, although ERD2-YFP also showed a punctate
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Manl-GFP (G) (merged image in I). (J) ERD2-YFP showed mostly a Golgi localization when expressed alone. (K) Quantification of the localization
of ERD2-YFP expressed alone (Control) or in the presence of RFP—p2465. Eighty protoplasts (from four independent experiments), showing
comparable expression levels of ERD2-YFP, Manl-GFP, and RFP—p2465, were analysed per condition, using identical laser output levels and
imaging conditions. The localization of ERD2-YFP was assigned as Golgi (punctae), ER and Golgi, or ER, and calculated as a percentage. Error
bars represent the SEM. Images in the panels show the most representative pattern found for each condition. Scale bars=5 um.



protein levels of the closely related p24069 (82 subclass), prob-
ably induced in the absence of p24510, and no decrease in the
levels of p2405 (81 subclass) or p24f proteins. This indicates
that the increased proteins levels of p2409 may compensate
for the lack of p24410 in the p24610 mutant. On the other
hand, amiRNA lines with reduced levels of p24f32 or p24f33
showed reduced protein levels of p24p3 or p24p32 (respec-
tively) and of p240 proteins from both subclasses. Altogether,
these results suggest that p24 proteins may form heteromeric
complexes containing members of the delta and beta subfam-
ilies. This is consistent with the co-immunoprecipitation and
pull-down experiments, which suggest that members of the
beta and delta subfamilies interact with each other.

The co-expression experiments further support the existence
of interactions between p24 proteins from both subfamilies and
their coupled transport in the early secretory pathway. This can
be deduced from the strong co-localization between p2432 and
p2485 or p244d9, as well as by the fact that p2432 changes the
localization of p24065 and/or p2489 from a typical ER pattern
to punctate structures corresponding to both pre-Golgi COPII
(Langhans et al., 2012) and Golgi. This indicates that p2432
is able to facilitate the transport of p24065 and p24d9 from the
ER to the Golgi. In addition, the stability of p2432 increases
significantly when co-expressed with p24065 or p2489 (Table 2).
This is probably because p246 proteins may hold back p24f3
proteins in the early secretory pathway (Montesinos et al.,
2012). In the case of p2405 and p24p2, these effects require
the coiled-coil domain, which suggests they are mediated by
a direct interaction between both proteins (Montesinos ef al.,
2012). On the other hand, co-expression of p2432 and p24f33
does not produce any significant stabilization of these proteins
(Table 2). In contrast to p24p2, p243 shows only a partial co-
localization with p2405 or p2489 and is also stabilized partially
in the presence of these proteins. Interestingly, maximal stabil-
ity of p24f33 was only achieved when co-expressed with both
RFP-p2485 and RFP-—p2489 (Table 2). The fact that p2433
(but not p24p2) partially relocates to the ER under these con-
ditions suggests that both RFP-p2465 and RFP-p2489 may
cooperate in retrograde Golgi-ER transport of p24f33, con-
tributing to its increased stability.

Altogether, the present experiments suggest that there are
highly dynamic and complex interactions between p24 mem-
bers of each subclass/subfamily which are needed for their
correct localization and stability and therefore function.
Although the stoichiometry and composition of these com-
plexes remain to be established, the experiments described
here suggest that ‘anterograde’ complexes should include
p24p2, which facilitates transport of both p24d5 (81 sub-
class) and p2489 (82 subclass) to the Golgi apparatus. On
the other hand, ‘retrograde’ complexes should contain p246
proteins (for sorting into COPI vesicles), probably including
members from the 81 and 62 subclasses.

As a first attempt to elucidate putative functions for
Arabidopsis p24 proteins, a gain-of-function approach has been
used, given the lack of phenotypic alterations found in single
knock-out mutants or knock-down lines. These experiments
have convincingly shown that p2435 appears to play a role in
the retrograde Golgi-ER transport of the KDEL-receptor
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ERD2, probably by facilitating its sorting into COPI vesicles.
Indeed, ER D2-mediated retrograde transport of cholera toxin
(a KDEL cargo) from the Golgi back to the ER has been
shown to involve COPI, mammalian p23 (p240 subfamily),
and ERD2 (Majoul et al., 1998). In addition, it has been shown
that p23 interacts with ERD2, suggesting that p23 participates
directly in the retrograde transport of ERD2 (Majoul et al.,
2001). The results are consistent with those observations. The
fact that the C-terminus of p2495 has a high affinity for COPI
(Contreras et al., 2004a, b) makes this protein (and probably
other members of the delta subfamily) ideal to perform a simi-
lar role in retrograde Golgi—ER transport in plants.
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