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Abstract p24 family proteins have been known for a long
time, but their functions have remained elusive. However,
they are emerging as essential regulators of protein trafficking
along the secretory pathway, influencing the composition,
structure, and function of different organelles in the pathway,
especially the ER and the Golgi apparatus. In addition, they
appear to modulate the transport of specific cargos, including
GPI-anchored proteins, G-protein-coupled receptors, or
K/HDEL ligands. As a consequence, they have been shown
to play specific roles in signaling, development, insulin secre-
tion, and the pathogenesis of Alzheimer’s disease. The search
of new putative ligands may open the way to discover new
functions for this fascinating family of proteins.
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p24 family proteins were first described byWada et al. (1991).
Over the years, and despite their extensive characterization in
mammals, yeast, and, more recently, in plants, the functions of
these proteins have remained elusive. However, there is no
doubt that p24 proteins play important roles in transport along
the secretory pathway. The conventional secretory pathway
involves the transport of newly synthesized proteins from
the ER via the Golgi apparatus to the plasma membrane or
the cell surface, but also includes a lateral route from the Golgi

apparatus to endosomes and lysosomes (the vacuole in
plants).

The so-called early secretory pathway involves bidirection-
al transport between the ER and the Golgi apparatus and is
mediated by coat protein complex I (COPI)-coated and coat
protein complex II (COPII)-coated vesicles (Brandizzi and
Barlowe 2013). COPII vesicles are formed at specialized re-
gions of the ER, termed ER export sites (ERES), and sequester
proteins for transport to the Golgi apparatus, while COPI ves-
icles are formed at the Golgi apparatus and are involved in
intra-Golgi transport and in retrograde transport from the
Golgi apparatus to the ER (Brandizzi and Barlowe 2013).
p24 proteins have been shown to be efficiently packagedwith-
in COPI- and COPII-coated vesicles and to cycle between the
compartments of the early secretory pathway. Based on these
properties and on their topology, they have long been pro-
posed to function as cargo receptors and in quality control in
transport along the secretory pathway. The identification of
putative cargos has however been difficult. However, an in-
creasing amount of functional studies have recently become
available, which suggest that p24 proteins are key players in
the regulation of the secretory pathway and play important
specific functions in different organisms.

The p24 family

Phylogeny and nomenclature

The p24 proteins constitute a family of type-I transmem-
brane proteins of ~24 kDa. Based on sequence homology,
p24 proteins can be classified in four subfamilies, named
α, β, δ, and γ (Dominguez et al. 1998) (Fig. 1). The
number of p24 proteins of each subfamily varies among
species (Table 1). The four p24 subfamilies are present in
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yeast and all animals but plants seem to have members of
only p24β and p24δ subfamilies. In general, vertebrates
contain ten p24 family members (Schuiki and Volchuk
2012). Phylogenetic analysis of vertebrate p24 proteins
showed that the p24α and p24δ subfamilies have a com-
mon origin as also appears to be the case for p24β and
p24γ subfamilies (for an excellent report on the phyloge-
ny of p24 proteins, see Strating et al. (2009)). The p24α
and p24γ subfamilies in most vertebrates have several
members while in contrast, the p24β and p24δ subfam-
ilies contain only one single member (Fig. 1). Within each
of the four vertebrate p24 subfamilies, the degree of ami-
no acid sequence identity is high, being the p24γ subfam-
ily the one that shows largest variability (Theiler et al.
2014). The yeast, Drosophila and vertebrate p24 subfam-
ilies have expanded independently (Fig. 1). The plant
p24δ subfamily seems to have greatly expanded indepen-
dently from the fungi/animals. In the case of Arabidopsis,
p24 proteins of the delta subfamily have been proposed to
belong to two different subclasses (which correspond to
the two main branches of this subfamily), the δ1 subclass
(comprising p24δ3–6) and the δ2 subclass (comprising
p24δ7–11) (Chen et al. 2012).

In the past, several nomenclatures for vertebrate p24
proteins have been introduced and they are still being
used in parallel (Table 1). p24 proteins were originally
named according to their apparent molecular weight in
SDS-PAGE (22-24 kDa) (i.e., gp25L, emp24, erv25,
p24, p23). As new members were discovered, they were
named, by analogy, p26, p27, p28, although their deduced
molecular mass was also 22–24 kDa. In the vertebrate
protein database, most p24 proteins are annotated as
TMED (transmembrane emp24 domain containing pro-
tein, emp24 being the first yeast p24 protein identified)
(Schimmoller et al. 1995). Dominguez et al. (1998) pro-
posed a more systematic nomenclature involving the use
of a Greek letter (α, β, δ, and γ) to identify the subfamily,
followed by a number (starting with the first-discovered
member). In this review, we have adopted this nomencla-
ture to avoid confusion and to facilitate their identification
within the family but since many of the original/
unconventional names given to many p24 family mem-
bers are well-established and they are extensively used
in many publications (i.e., p23 in mammals, Erv25 or
Emp24 in yeast, or Drosophila members), they have also
been used in this article.

Fig. 1 Unrooted tree of the p24
protein family. A multiple
alignment of the p24 proteins
sequence was constructed using
T-Coffee, and the tree was
generated from this alignment
using the Molecular Evolutionary
Genetics Analysis software
(MEGA, version 6.06) with the
Neighbor-Joining method. The
four p24 subfamilies (α, β, γ, and
δ) are highlighted by color
background shading. Hs Homo
sapiens, Mm Mus musculus, Sc
Saccharomyces cerevisiae, Dm
Drosophila melanogaster, At
Arabidopsis thaliana, Os Oryza
sativa (see Table 1 for p24 protein
nomenclature)
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Tissue-specific and regulated expression

Most p24 proteins are ubiquitously expressed, although a few
of them are expressed in a tissue-specific manner and show
regulated expression. These specific expression patterns may
reflect specialized functions for these p24 proteins, for
instance, the transport of a specific set of cargo proteins.

Strating et al. (2009) showed by RT-PCR that in mouse,
eight out of ten p24 transcripts are widely expressed, ex-
cept for p24α1 and p24γ5 that show restricted expression
patterns. Cell-type-specific and selectively induced expres-
sion has also been found for some members of the Xenopus
p24 family during background color adaptation (Rotter
et al. 2002). In Drosophila, the temporal and spatial expres-
sion patterns of the p24 genes have been assayed, and it
was confirmed that the majority of Drosophila p24 genes
are widely expressed and some of them have developmen-
tal, tissue-specific, or sex-specific expression and func-
tions (see below) (Boltz et al. 2007). Furthermore, it has
been shown that expression of some Drosophila p24 genes

is mediated by CrebA/Creb3-like family of bZip transcrip-
tion factors (Fox et al. 2010).

p24 proteins are highly expressed in secretory cell types
such as exocrine, endocrine, and neural cells. Several p24
proteins have been detected in insulinoma cell lines and pan-
creatic islets and expression levels positively correlated with
insulin abundance, suggesting that they are required for insu-
lin biosynthesis and secretion (Hosaka et al. 2007; Zhang and
Volchuk 2010; Wang et al. 2012) (see Bp24 proteins, insulin
secretion, and diabetes^).

In humans, the expression of TMP21 (p24δ1) has been
recently studied in detail. It has been shown that the nuclear
factor of activated T cells (NFAT) plays a very important role
in regulation of human TMP21 and that the expression of
TMP21 is at high levels in the heart, liver, lung, kidney, and
adrenal gland; moderate levels in the brain, pancreas, prostate
gland, testicle, small intestine, colon, stomach, gall bladder,
thyroid gland, and trachea; and low levels in the skeletal mus-
cle, skin, and lymphonodus (Liu et al. 2011; Xie et al. 2014).
Interestingly, the levels of TMP21 (p24δ1) in the brain decline

Table 1 Nomenclature of vertebrate, Drosophila, yeast, and plant p24 proteins

Animal Plant Yeast

Vertebrates Invertebrate

Subfamily Systematic
name

Systematic
database name

Additional names Drosophila Arabidopsis Ricea

α p24α1 TMED11 gp25L Éclair (Eca, CG33104) Erp1p

p24α2 TMED9 p25, GMP25, gp25L2,
p24d, p24D

Erp5p

p24α3 TMED4 GMP25iso Erp6p

β p24β1 TMED2 p24, p24A, p24a p24β2 Os08g0532900

CHOp24, Emp24 (CG3564) Os09g0507600

CG9308 Emp24p

p24β3 Os03g0744800

γ p24γ1 TMED1 tp24, T1/ST2 p24-1 (CG1967)

p24γ2 TMED5 p28, T1/ST2iso Opossum (Opm, CG9053) Erp2p

p24γ3 TMED7 (g)p27 CG31787 Erp3p

p24γ4 TMED3 p26, p24b, p24B Logjam (Loj, CG10733) Erp4p

p24γ5 TMED6

δ p24δ3 Os02g0768200

p24δ4 Os06g0210100

p24δ5 Os09g0453200

p24δ6 Os03g0376000

p24δ1 TMED10 p23, tmp21, p24c Baiser (Bai, CG11785) p24δ7 Os07g0632700 Erv25p

p24δ2 p23iso p24δ8

p24δ9

p24δ10

p24δ11

Adapted from Schuiki and Volchuk (2012) and Strating and Martens (2009)
a Gene identifiers are shown
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during postnatal development and reduced levels have been
found in individuals with Alzheimer’s disease (Vetrivel et al.
2008) (see Bp24 proteins and Alzheimer’s disease^).

In Arabidopsis, five p24 genes (p24δ4, p24δ5, p24δ9,
p24β2, and p24β3) have high/medium levels of expression
in different tissues, according to public microarray databases.
In contrast, p24δ11 has low and flower-specific expression
(Zimmermann et al. 2004). The Arabidopsis p24β2 gene is
upregulated in response to ER stress (Kamauchi et al. 2005),
as has been described for TMED3 (p24γ4) in mammals
(Hartley et al. 2010).

Properties and trafficking of p24 proteins

Protein domains

p24 proteins are type I transmembrane proteins, with a short
(13–20 residues) cytosolic C-terminal tail, a single transmem-
brane domain and a large luminal region, including the GOLD
domain (see below), a linker region and a coiled-coil domain
(Fig. 2a). p24 proteins contain, at the N-terminus, a β-strand-
rich globular domain which is also present in several proteins
related to Golgi dynamics and secretion (including animal
Sec14 proteins, p24 proteins, and Golgi complex-associated
protein of 60 kDa (GCP60)-like proteins), and has therefore
been named the Golgi dynamics (GOLD) domain

(Anantharaman and Aravind 2002). The GOLD domain is
predicted to mediate diverse protein-protein interactions
(Anantharaman and Aravind 2002) and has been suggested
to be involved in cargo recognition, but is also often observed
in sugar- and lipid-binding proteins (Gaskell et al. 1995). The
GOLD domain of all p24 proteins contains two cysteine res-
idues, suggesting the existence of a disulfide bridge. The
alpha-helical coiled-coil domain has been shown to be in-
volved in oligomerization of p24 proteins (Ciufo and Boyd,
Emery et al. 2000; Montesinos et al. 2012; Liaunardy-Jopeace
et al. 2014). The coiled-coil domains are located at similar
positions relative to the transmembrane domains, allowing
the interaction between different p24 proteins (Emery et al.
2000) (see below). However, the coiled-coil domain (and not
the GOLD domain) has been recently shown to be also im-
portant for recognition and transport of GPI-anchored proteins
(see BTransport of cargo^) (Theiler et al. 2014).

The transmembrane domain of p24 proteins contains polar
residues and a conserved glutamine at the membrane-cytosol
interface. Interestingly, the transmembrane domain of p24
(p24β1) has been shown to interact specifically with one sin-
gle sphingomyelin species, SM18 (Contreras et al. 2012). This
interaction depends on a sphingolipid-binding motif, which is
also present in several G-protein-coupled receptors
(Bjorkholm et al. 2014), putative cargoes of p24 proteins
(see BTransport of cargo^), and has been postulated to modu-
late the equilibrium between monomeric and oligomeric states
of p24 proteins (Contreras et al. 2012).

The cytosolic tail of p24 proteins contains signals for
binding of COPI and COPII subunits allowing p24 proteins
to be efficiently sorted within COPI and COPII vesicles for
their bidirectional transport between the ER and the Golgi
apparatus (Aniento et al. 2006). Figure 3 shows the amino
acid sequence of the cytosolic C-terminus of several mem-
bers of the different subfamilies. All of them have a con-
served phenylalanine residue (often as part of a diaromatic
motif) and many of them also contain a dibasic motif, in the
form of a ΦFXXBB(X)n motif, where Φ is a bulky hydro-
phobic residue, B is a basic residue, X can be any amino
acid, and n≥2 (Figs. 2a and 3). There are conflicting reports
concerning as to which p24 proteins actually bind COPI
subunits, the sorting signals involved in this interaction
and the COPI subunits which interact with these sorting
signals. Nevertheless, it is clear that the dilysine motif pres-
ent in members of the alpha and delta subfamilies is directly
involved in COPI binding (Bethune et al. 2006; Popoff
et al. 2011; Jackson et al. 2012; Ma and Goldberg 2013;
Gao et al. 2014). On the other hand, the ΦF motif present in
all p24 proteins has been shown to bind COPII subunits for
their efficient ER export in COPII vesicles (Dominguez
et al. 1998; Belden and Barlowe 2001; Barlowe 2003;
Contreras et al. 2004b; Aniento et al. 2006). In addition,
several reports have also shown that this motif is also

Fig. 2 Properties of p24 proteins. aDomain organization of p24 proteins.
The structure of p24 proteins includes two luminal domains, the Golgi
dynamics (GOLD) domain and a coiled-coil (CC) domain, separated by a
linker region, a single transmembrane (TM) domain and a short
cytoplasmic C-terminal tail which contain signals for binding COPI and
COPII subunits in the form of a ΦFXXBBXn motif, where Φ is a bulky
hydrophobic residue (F/Y/L/I), B is a basic residue and n is ≥2 (see text
for details). b Proposed model for a dynamic equilibrium between
monomeric, dimeric, and heterotetrameric forms of p24 family
members (see text for details)
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involved in binding of COPI subunits, probably in cooper-
ation with the dilysine motif (Fiedler et al. 1996; Sohn et al.
1996; Dominguez et al. 1998; Goldberg 2000; Belden and
Barlowe 2001; Contreras et al. 2004b; Aniento et al. 2006).
Vertebrate p24 proteins of the alpha subfamily contain a
Bclassical^ KKXX motif (Fig. 3). In the case of p25
(p24α2), it has been shown to bind as a dimer to the γ-
COP subunit of coatomer and as a monomer to the α/β’/ε-
COP B-subcomplex of coatomer (as do other proteins

containing KKXX motifs) (Bethune et al. 2006; Popoff
et al. 2011; Ma and Goldberg 2013). As a consequence,
p25 (p24α2) has the highest affinity for coatomer (when
compared with p24 proteins from the other subfamilies)
(Bethune et al. 2006). The three yeast members in this sub-
family, Erp1p, Erp5p, and Erp6p, have the dilysine motif in
the -3,-5 position (Fig. 3), but this KXKXX motif can also
bind coatomer very efficiently (Teasdale and Jackson
1996). Therefore, all p24 proteins of the alpha subfamily
are expected to be efficiently incorporated in COPI vesicles
for their Golgi-to-ER transport. The cytosolic tail of mem-
bers of the delta subfamily shows significant differences
among different organisms (Fig. 3). In mammals,
Drosophila, Xenopus, or zebrafish, the dilysine motif is
present in the -4,-5 position and the diaromatic motif is in
the -8,-9 position. These p24 delta proteins have been
shown to bind also COPI subunits (Fiedler et al. 1996,
Sohn et al. 1996, Dominguez et al. 1998, Bethune et al.
2006). While it seems that monomers of these proteins have
a much lower affinity for coatomer when compared with
members of the alpha subfamily, coatomer binding is very
similar when they are present as dimers (Bethune et al.
2006). The only member of the delta subfamily in yeast
(Erv25p) contains KH instead of the KK motif, but it also
binds COPI subunits (Belden and Barlowe 2001).
Interestingly, all members of the delta subfamily in plants
contain a dilysine motif in the -3,-4 position and a
diaromatic motif in the -7,-8 position (Fig. 3), as happens
with members of the p24 alpha subfamily (except yeast
members). The dilysine motif in plant p24δ proteins has
been shown to bind ADP-ribosylation factor 1 (ARF1)
and COPI subunits, while the diaromatic motif has been
shown to bind COPII subunits but also cooperates with
the dilysine motif in COPI binding. As a consequence,
plant p24 delta proteins bind COPI with much higher affin-
ity than COPII (Contreras et al. 2004a, b). Members of the
p24 beta subfamily lack a dilysine motif but all of them
contain a ΦF motif which allows binding of COPII subunits
(Dominguez et al. 1998; Belden and Barlowe 2001;
Contreras et al. 2004b; Aniento et al. 2006). The C-
terminal residues in animal p24 beta proteins is
R(K)RVV, while in plants is S(N)RV. Actually, the C-
terminal RV motif has been proposed to be involved in
the ER export of plant p24 beta proteins (Chen et al.
2012). However, the use of a GFP tag at the C-terminus,
just behind the short cytoplasmic tail (which contains the
sorting signals for COPI/COPII binding), might have had
an influence in the trafficking and localization of these fu-
sion proteins. This is the reason why most XFP-p24 con-
structs used to investigate p24 protein trafficking (Blum
et al. 1996; Majoul et al. 2001; Simpson et al. 2006;
Blum and Lepier 2008; Langhans et al. 2008; Montesinos
et al. 2012, 2013) have the XFP tag at the luminal N-

Fig. 3 Amino acid sequence of the cytosolic tail of p24 proteins from the
different subfamilies. Classical dilysine residues are shown in red, other
basic residues are shown in green and ΦF motifs are shown in blue. The
asterisk indicates the position of the conserved phenylalanine residue
present in the cytosolic tail of all p24 proteins
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terminus (immediately behind the signal sequence). The
gamma subfamily shows clearly the greatest variability in
the sequence of the C-terminal tail, which is consistent with
the overall variability in their sequence, but all of them
contain a ΦF motif which presumably allows binding of
COPII subunits for their ER export.

Posttranslational modifications and degradation

Several reports have shown differential glycosylation of p24
family members. In rat liver, p24α2 was found to be sensitive
to treatment with N-glycosidase F (which cleaves all N-linked
glycans at the site of attachment to asparagine) and neuramin-
idase (which removes sialic acid residues), but Endo H resis-
tant, suggesting that p24α2 is modified by glycosylation en-
zymes of the medial- and trans-Golgi to acquire complex
oligosaccharides, including terminal ones in the form of sialic
acid (Dominguez et al. 1998). In another study, the glycosyl-
ation of different p24 family members was compared in HeLa
cells, showing that p24γ3 (gp27) and p24α2 (GMP25) were
glycosylated, in contrast to p23 (p24δ1), p24 (p24β1), and
p26 (p24γ4) (Fullekrug et al. 1999). p24γ3 acquired complex
oligosaccharides and sialic acid and became Endo H resistant,
which indicates that p24γ3 is also modified by glycosylation
enzymes of the medial- and trans-Golgi. However, p24α2
remained Endo H sensitive in HeLa cells (Fullekrug et al.
1999), in contrast with the situation in rat liver, where
p24α2 was found to be EndoH resistant (Dominguez et al.
1998). More recently, as shown by sensitivity to N-
glycosidase F, p24α2 in human embryo kidney (HEK) cells
has also been found to be glycosylated, and it was Endo H
resistant, as in rat liver. In addition, p24α2 has been postulated
to be phosphorylated (Liu et al. 2015). Tmp21 (p24δ1) ex-
tracted from chondrocytes was found to be sialylated
(Osiecka-Iwan et al. 2014), in contrast to the situation in
HeLa cells, where p24δ1 is not glycosylated (Fullekrug
et al. 1999). This is the first report of a tissue-specific distri-
bution of a sialylated p24 protein. A novel p24δ isoform, Rrt6,
has recently been identified and is the only S. cerevisiae p24
protein which is inducibly expressed and receives N-linked
glycosylation (Hirata et al. 2013). To our knowledge, there
are no reports on the glycosylation of p24 proteins in plant
cells, although Arabidopsis members of the p24δ1 subclass
(p24δ3-p24δ6) contain a putative N-glycosylation motif
which is not present in members of the p24δ2 subclass
(p24δ7-p24δ11).

There are only a couple of reports on the mechanisms in-
volved in the degradation of p24 proteins. Liu et al. (2008)
found that TMP21/p23 (p24δ1) has a short half-life of around
3 h and is degraded by the ubiquitin-proteasome pathway, as it
is also the case for the other components of the presenilin-
associated complex (see below). In contrast to TMP21, gp27
(p24γ3) was found to have a long half-life (Fullekrug et al.

1999). Recently, the stability of p24 proteins of the beta sub-
family in plants was investigated. Transient expression exper-
iments showed that coexpression with p24δ5 increased enor-
mously the stability of p24β2 (as compared with p24β2 ex-
pression in the absence of p24δ5), possibly because p24δ5
holds p24β2 in the early secretory pathway (Montesinos
et al. 2012). In addition, it was found that the protein levels
of p24β2 and p24β3 were insensitive to treatment with the
proteasomal inhibitor MG-132, but increased in a very signif-
icant manner upon treatment with E-64, an inhibitor of cyste-
ine proteases. Therefore, it was speculated that the low stabil-
ity of these proteins when expressed alone may be a conse-
quence of increased degradation by cysteine proteases upon
their transport to the prevacuolar compartment and the vacu-
ole (Montesinos et al. 2013).

Oligomerization of p24 proteins

p24 proteins can interact with each other through their coiled-
coil domains (Ciufo and Boyd, Emery et al. 2000; Montesinos
et al. 2012; Liaunardy-Jopeace et al. 2014) to form different
types of oligomeric complexes, which are important not only
for their trafficking and localization but also for their stability.
However, the actual composition of these putative complexes
is still controversial. Several approaches have been used to
characterize putative p24 complexes. Early experiments using
sedimentation density gradient centrifugation already sug-
gested that p24 proteins may exist as large complexes
(Dominguez et al. 1998).

Coimmunoprecipitation experiments have been used to
demonstrate the interaction between p23 (p24δ1) and p24
(p24β1) in CHO cells (Gommel et al. 1999). In yeast, immu-
noprecipitates of Erp1p (p24α) were found to contain also
Erp2p (p24γ), Emp24p (p24β), and Erv25p (p24δ), suggest-
ing that these proteins form a heterotetrameric complex, con-
taining members of the four p24 subfamilies, which was
named the yeast p24 complex (Marzioch et al. 1999). In par-
allel, immunoprecipitates of gp27 (p24γ3) in HeLa cells were
found to contain GMP25 (p24α2), p24 (p24β1), and p23
(p24δ1), suggesting that p24 proteins in animal cells also form
heterotetramers including members of the four p24 subfam-
ilies (Fullekrug et al. 1999). Pull-down experiments have also
been used to demonstrate the interaction of p23 (p24δ1) with
p24 (p24β1), p25 (p24α2), and p28 (p24γ2) in CHO cells
(Fujita et al. 2011). In contrast, pull-down experiments in
HeLa cells showed that p28 (p24γ2) interacts with p23
(p24δ1) and p25 (p24α2) but not with p24 (p24β1)
(Koegler et al. 2010). More recent pull-down experiments in
yeast showed the interaction of the three p24γ isoforms with
Emp24p (p24β), Erv25p (p24δ) and with different p24α iso-
forms, suggesting that yeast p24 complexes should contain
Emp24p (p24β), Erv25p (p24δ) and different combinations
of p24α and γ isoforms (Hirata et al. 2013).
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Another approach to investigate the composition of puta-
tive p24 complexes is to investigate how the deletion of one
p24 family member affects the stability of other p24 family
members. In this respect, experiments using yeast mutants
were used to show that the levels of Emp24p (p24β) and
Erv25p (p24δ) were interdependent (Belden and Barlowe
1996). This type of approach has also been widely used in
animal cells. In mouse, a p23 (p24δ1) heterozygous mutant
showed a reduction in the protein levels of p25 (p24α2) and
p26 (p24γ4) (Denzel et al. 2000). p23 silencing in N2a neu-
roblastoma and HeLa cells also caused reduced protein levels
of p24 (p24β1), p25 (p24α2), and tp24 (p24γ1) (Vetrivel
et al. 2007). In a mammalian cell line that stably expresses
inducible temperature-sensitive GPI-fused proteins, p23
(p24δ1) silencing caused a parallel decrease in the levels of
p24 (p24β1) (Takida et al. 2008). Protein levels of TMED9
(p24α2), TMED7 (p24γ3), and TMED10 (p24δ1) were re-
duced in a mouse mutant line lacking TMED2 (p24β1)
(Jerome-Majewska et al. 2010). Knocking down p24δ1 in
insulinoma cell lines also reduced the endogenous levels of
both p24β1 and p24α2 (Zhang and Volchuk 2010).
Knockdown of p23 (p24δ1) in Chinese hamster ovary
(CHO) cells caused a reduction in protein levels of p25
(p24α2), p24 (p24β1), and p28 (p24γ2) (Fujita et al. 2011).
In CHO cell lines, knockdown of p24δ1 caused a reduction in
protein levels of p24α2, p24β1, and p24γ2, suggesting that a
complex may be formed between these proteins. However, the
levels of other p24γ isoforms (p24γ1, p24γ3, and p24γ4)
were also reduced upon p24δ1 knockdown, suggesting that
different p24γ subunits may be part of p24 complexes con-
taining p24α, p24β and p24δ subunits (Theiler et al. 2014).
Altogether, these experiments suggest that p24 proteins form
heterotetrameric complexes including members of the four
p24 subfamilies, with the gamma subunit being the most var-
iable component of these complexes. In contrast, knockdown
of p28 (p24γ2) in HeLa and HepG2 cells caused reduced
levels of p23 (p24δ1) and p25 (p24α2), but not of p24
(p24β1) (Koegler et al. 2010). Interestingly, in Drosophila,
knockdown of a single p24 protein caused both reduction
and upregulation of several p24 transcripts (Buechling et al.
2011).

A number of reports argue against p24 proteins forming
stable heterotetramers. Gel filtration experiments in yeast
showed that a significant proportion of Erp1p (p24α), Erp2p
(p24γ), Emp24p (p24β), and Erv25p (p24δ) coeluted at a
molecular mass of ≈100 kDa, consistent with these proteins
forming a heterotetramer (Marzioch et al. 1999), but each of
the four proteins was also found to elute at a lower-molecular-
mass, mostly consistent with p24 dimers. Indeed, in the ab-
sence of Erp1p (p24α) and Erp2p (p24γ), most Emp24p
(p24β) and Erv25p (p24δ) were present as dimers, suggesting
that these two proteins can form stable complexes in the ab-
sence of the two other p24 family members (Marzioch et al.

1999). Gel-filtration experiments in HeLa cells suggested that
p24 proteins exist mostly as monomers and dimers of different
composition depending on their subcellular localization
(Jenne et al. 2002). Therefore, the available data could be
consistent with a model where p24 proteins do not exist in a
stable complex all of the time. Instead, it is more likely that
they exist in a dynamic equilibrium between complexes and
individual proteins (Fig. 2b), and perhaps the postulated
heterotetramer could be a dimer of dimers, as proposed by
Ciufo and Boyd (2000). Actually, dimers composed of p24β
and p24δ proteins have been extensively characterized. In this
respect, yeast Erv25p (p24δ) and Emp24p (p24β) can be ef-
ficiently incorporated into COPII vesicles for ER exit without
the presence of Erp1p (p24α) and Erp2p (p24γ) (Belden and
Barlowe 1996, 2001), while in animals, p23 (p24δ1) and p24
(p24β1) can form a complex which is transported from the ER
to the Golgi apparatus (Gommel et al. 1999, Emery et al.
2000). In both cases, the dilysine motif present in the p24δ
member (Erv25p or p23) was postulated to be responsible for
retrograde Golgi-to-ER transport of both complexes (Gommel
et al. 1999, Belden and Barlowe 2001). Indeed, p24β/δ di-
mers appear to be part of the molecular mechanism involved
in the biogenesis of COPI vesicles (as described in
BBiogenesis of COPI vesicles^).

It is not clear which is the contribution of the α/γ subunits
to the function of putative p24 complexes. In this respect,
Emp24p (p24β) and Erv25p (p24δ) have long been consid-
ered as the constitutive members of the yeast p24 complex
(Marzioch et al. 1999) and to be responsible for most cellular
p24 activity, as tested by their capacity to prevent secretion of
the ER resident Kar2 (Belden and Barlowe 2001). However, it
has been recently proposed that p24α and p24γ subunits in
yeast are also essential for p24 function and that active p24
complexes should contain at least one each of p24α and p24γ
isoforms as well as the invariant p24β and p24δ subunits
(Hirata et al. 2013). More recently, p24 proteins in mammals
have been proposed to form different hetero-oligomeric com-
plexes differing in their p24γ subunit whereby the composi-
tion of these complexes appeared to determine the cargo spec-
ificity (Theiler et al. 2014). Indeed, p24γ2, but not other p24γ
subunits, was found to be involved in transport of GPI-APs
and the interaction between GPI-APs and p24γ2 involved the
α-helical region in p24γ2.

Plants contain only members of the beta and delta subfam-
ilies, and therefore, any complex should be made with only
these two types of p24 proteins. We have characterized the
protein levels of different p24 family members in mutants
lacking a single p24 protein (Montesinos et al. 2012, 2013).
The p24δ5 or p24δ4 (p24δ1 subclass) mutants had similar
levels of p24δ5 or p24δ4, respectively, but both had reduced
levels of p24δ9 (p24δ2 subclass), p24β2, and p24β3.
Interestingly, the p24δ10 (p24δ2 subclass) mutant showed
increased protein levels of the closely related p24δ9 (δ2
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subclass), probably induced in the absence of p24δ10, and no
decrease in the levels of p24δ5 (δ1 subclass) or p24β proteins.
This indicates that the increased proteins levels of p24δ9 may
compensate for the lack of p24δ10 in the p24δ10 mutant.
Silencing of p24β2 or p24β3 caused reduced proteins levels
of p24β3 or p24β2, respectively, and reduced levels of p24δ5
and p24δ9. These results suggest an interdependence in the
protein levels of p24δ proteins from the two subclasses and
the two members of the p24β subfamily. On the other hand,
coimmunoprecipitation and pull-down experiments also sug-
gested the existence of a direct interaction between p24δ5
(p24δ1 subclass), p24δ9 (p24δ2 subclass), p24β2, and
p24β3 (Montesinos et al. 2012, 2013).

p24 trafficking and localization

p24 proteins have been shown to localize to the compartments
of the early secretory pathway, including the endoplasmic re-
ticulum (ER), the ER–Golgi intermediate compartment
(ERGIC), the cis-Golgi network (CGN), or the Golgi appara-
tus (Stamnes et al. 1995; Belden and Barlowe 1996; Blum
et al. 1996; Sohn et al. 1996; Nickel et al. 1997; Rojo et al.
1997; Dominguez et al. 1998; Fullekrug et al. 1999; Gommel
et al. 1999; Emery et al. 2000; Rojo et al. 2000). They are also
major constituents of both coat protein I (COPI)-coated
(Stamnes et al. 1995; Sohn et al. 1996; Gommel et al. 1999)
and COPII-coated (Schimmoller et al. 1995; Belden and
Barlowe 1996) vesicles, which facilitate their bidirectional
transport between the ER and the Golgi apparatus. In
Arabidopsis, immunogold labeling on cryosections showed
that p24 proteins of the delta subfamily (including p24δ4,
p24δ5, and p24δ9) localized mainly to ER membranes, al-
though some labeling was also found at the cis-Golgi. In con-
trast, p24 proteins of the beta subfamily (p24β2 and p24β3)
localized mainly to the Golgi apparatus, with some labeling
also at ER membranes (Montesinos et al. 2012, 2013).

p24 proteins have also been found to localize to mem-
branes different from the ER–Golgi interface, including per-
oxisomes (Marelli et al. 2004), secretory granules (Hosaka
et al. 2007), and even to the plasma membrane (Chen et al.
2006; Blum and Lepier 2008; Langhans et al. 2008), and to
modulate transport of G-protein-coupled receptors or Toll-like
receptors to the plasma membrane (see BTransport of cargo^).

The relative contribution of the C-terminal tail and the lu-
minal domains to trafficking of p24 proteins is controversial.
The localization of a p23 (p24δ1)/p24 (p24β1) dimer was
shown to be independent of the KKLIE motif in the cytosolic
tail of p23 but instead required the coiled-coil domains in both
proteins (Emery et al. 2000). This is consistent with the role of
the CC domain in allowing oligomerization of p24 proteins,
which has a strong influence in their trafficking. However,
Blum and Lepier (2008) showed that the minimal requirement
for cycling of p23 in the early secretory pathway was the

transmembrane domain and the cytoplasmic tail with the
KKLIE motif. In contrast, the luminal domain in p23 was
not necessary for ER–Golgi transport but was required for
post-Golgi transport of p23 to the plasma membrane. The
Golgi localization of TMED7 (p24γ3) has been shown recent-
ly to require its C-terminal tail and was proposed to depend on
its diphenylalanine motif. However, none of the deletion mu-
tants used in this report contained only the transmembrane
domain and the cytosolic tail (with or without the FF motif)
(Liaunardy-Jopeace et al. 2014).

InArabidopsis, the cytosolic tail in p24δ5, containing a KK
motif, was found to be necessary and sufficient for its traffick-
ing between ER and Golgi, since a deletion mutant containing
the transmembrane domain and the cytosolic tail (and thus
lacking the luminal coiled-coil and GOLD domains) was able
to cycle between these compartments and to localize at the ER
at steady state (Montesinos et al. 2012). In contrast, the coiled-
coil domain, which was shown to be required for its interac-
tion with p24β2, was also required for post-Golgi trafficking
of p24δ5 to the vacuole (Montesinos et al. 2012). We have
proposed that hetero-oligomeric complexes between
Arabidopsis p24 proteins from the p24β and p24δ subfamilies
may cycle in the early secretory pathway, although the stoi-
chiometry and composition of these complexes remains to be
established. However, by a combination of biochemical ap-
proaches and coexpression experiments, we have proposed
that Banterograde^ (ER–Golgi) complexes should include
p24β2, which has been shown to facilitate transport of both
p24δ5 (δ1 subclass) and p24δ9 (δ2 subclass) to the Golgi
apparatus. p24β3 may bind to complexes containing p24β2/
p24δ5 or p24β2/p24δ9 for its transport to the Golgi apparatus.
On the other hand, Bretrograde^ (Golgi–ER) complexes
should contain p24δ proteins (for sorting into COPI vesicles),
probably including members from the δ1 and δ2 subclasses.
p24β3 may be recycled to the ER in complexes containing
both p24δ5 and p24δ9 (Montesinos et al. 2012, 2013).

Functions of p24 proteins

In yeast, p24 proteins do not seem to be essential for vesicular
transport, since a mutant strain lacking all p24 members
showed only mild phenotypic alterations (Springer et al.
2000), including defects in the transport of GPI-APs (see be-
low). In contrast, a homozygous knockout of p23 (p24δ1) in
mice is lethal in an early embryonic stage (Denzel et al. 2000).
In yeast, deletion of p24 proteins activates the UPR (Belden
and Barlowe 2001), which may help to alleviate the transport
defects caused by the loss of p24 function (Aguilera-Romero
et al. 2008). In particular, the UPR causes the upregulation of
several genes involved in Golgi-to-ER retrograde transport,
including genes coding for coatomer subunits and the
K/HDEL receptor ERD2 (Travers et al. 2000). Loss of p24
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function in Drosophila also activates an ER stress response
(Boltz and Carney 2008). However, it is possible that activa-
tion of such ER stress responses in higher eukaryotes is not
sufficient to compensate for the loss of p24 function.

In this section, we will summarize the main functions
which have been attributed to p24 proteins, including basic
aspects of membrane trafficking but also more specific func-
tions in different cell types.

Biogenesis of COPI vesicles

Over the years, a wealth of reports indicate that p24 proteins
are key molecular players in the formation of COPI vesicles
from Golgi membranes (for reviews, see (Popoff et al. 2011;
Jackson 2014)). First, p23 (p24δ1) and p24 (p24β1) have
been shown to be highly enriched in Golgi-derived COPI
vesicles, in amounts stoichiometric to ADP-ribosylation factor
1 (ARF1), the small GTPase involved in the formation of
COPI vesicles, and coatomer (Sohn et al. 1996, Gommel
et al. 1999). In vitro, budding of COPI vesicles from lipo-
somes with a composition resembling Golgi membranes was
shown to require coatomer, ARF1, GTP, and the cytoplasmic
tail of p23 (p24δ1) (Bremser et al. 1999). Using an in vitro
Golgi vesicle budding assay, it has been shown that p24 pro-
teins are also required for COPI vesicle formation in yeast
(Aguilera-Romero et al. 2008). The cytoplasmic tail of p23
(p24δ1) has been shown to interact with the GDP-bound form
of ARF1, leading to the proposal that p23 (p24δ1) acts as the
ARF1 receptor (Gommel et al. 1999). However, FRET exper-
iments showed that both p24a (p24β1) and p23 (p24δ1) in-
teract with ARF1 (Majoul et al. 2001).

As mentioned before, the cytosolic tail of p24 proteins also
have the ability to interact with coatomer (Harter et al. 1996;
Bethune et al. 2006; Dominguez et al. 1998; Contreras et al.
2004a). The coatomer complex is composed of seven subunits
(α/β/β’/γ/δ/ε/ζ), which are recruited en bloc onto Golgi
membranes (Hara-Kuge et al. 1994). However, it is believed
to include two subcomplexes, the outer layer or B-
subcomplex (α/β’/ε) and the inner layer or F-subcomplex
(β/γ/δ/ζ) (Jackson 2014). All p24 proteins have been pro-
posed to bind as dimers to two independent sites in the γ-
COP subunit, while p25 (and perhaps other p24 proteins con-
taining a classical dilysine motif), can also bind as a monomer
to the B-subcomplex (Bethune et al. 2006). Binding of p23 to
the gamma COP subunit has been proposed to cause a con-
formational change that is transmitted to the alpha subunit
leading to coatomer polymerization (Reinhard et al. 1999;
Langer et al. 2008). The cytosolic tail of p24 (p24β1)—but
not that of p23—has also been shown to interact with ARF
GTPase-activating protein (GAP)1 and cause a direct inhibi-
tion of ARF-GAP1-mediated GTP hydrolysis on ARF1, thus
preventing premature uncoating and allowing cargo selection

within COPI vesicles to take place (Goldberg 2000; Lanoix
et al. 2001; Majoul et al. 2001).

Altogether, these results are consistent with the following
model for the participation of p24 proteins in COPI vesicle
formation (Popoff et al. 2011; Jackson 2014) (Fig. 4).
Recruitment of ARF1 to membranes involves a direct interac-
tion of ARF1-GDP with dimers of p24 proteins (probably
p24β/p24δ dimers). Upon recruitment of ARF-GEFs, ARF1
is activated by GDP/GTP exchange. This causes a conforma-
tional change in ARF1, which exposes its N-terminal amphi-
pathic and myristoylated helix allowing membrane insertion
of ARF1-GTP and its dissociation from p24 proteins (Franco
et al. 1996, Antonny et al. 1997). p24 proteins can then inter-
act with coatomer (either to the γ-subunit of the F-
subcomplex or to the B-subcomplex), which also interacts
with ARF1-GTP. In particular, ARF1-GTP has been shown
to interact with the F-subcomplex of coatomer, which has two
binding sites for ARF1-GTP (Yu et al. 2012; Jackson 2014).
p24α and p24γ proteins can also be recruited at this stage,
perhaps forming a tetramer with p24β/p24δ dimers.
Interaction with p24 proteins leads to coatomer polymeriza-
tion and the formation of COPI vesicles (Popoff et al. 2011).
p24 proteins also control coat depolymerization inhibiting
GTP hydrolysis in ARF1, which is a prerrequisite for
uncoating (Goldberg 2000, Lanoix et al. 2001). p24 proteins
can also interact with the K/HDEL receptor ERD2, which is
efficiently incorporated within COPI vesicles and has also
been proposed to be involved in a variety of interactions
which contribute to COPI vesicle formation (Majoul et al.
2001;Montesinos et al. 2014). These interactions are triggered
upon binding of the KDEL ligand to ERD2 which takes place
at the slightly acidic pH of the cis-Golgi (Paroutis et al. 2004;
Martiniere et al. 2013; Shen et al. 2013). Ligand binding in-
duces ERD2 oligomerization (Majoul et al. 2001) and facili-
tates the interaction between ERD2 and ARF-GAP in vivo
(Majoul et al. 2001), previously shown biochemically (Aoe
et al. 1997, 1998), as well as the interaction between ERD2
and ARF1 or between ARF1 and ARF-GAP (Aoe et al. 1997;
Majoul et al. 2001). ERD2 also interacts with coatomer, thus
contributing to the formation of COPI vesicles enriched in
ERD2 and KDEL ligands (Majoul et al. 2001) (Fig. 4). The
interaction between ERD2 and coatomer involves a
KKXSXXX motif which is only active when serine-209 is
phosphorylated by protein kinase A (Cabrera et al. 2003).
Such a phosphorylation is likely to occur at the Golgi appara-
tus, although this has not yet been demonstrated.

Arabidopsis p24δ5 and p24δ9 have also been shown to
interact with both ARF1-GDP and coatomer. In the case of
p24δ5, this interaction involves both the dilysine motif in the -
3,-4 position and the diphenylalanine motif in the -7,-8 posi-
tion, acting cooperatively. This suggests that all Arabidopsis
p24 proteins of the delta subfamily have the ability to recruit
ARF1 and coatomer and be involved in the formation of COPI
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vesicles (Contreras et al. 2004a; Montesinos et al. 2012,
2014). In addition, we have shown recently that Arabidopsis
p24δ5 and p24δ9 (but not p24β2) interact with ERD2, thus
contributing to sorting of ERD2 within COPI vesicles and
retrieval of K/HDEL ligands (Montesinos et al. 2014) (see
below).

p24 proteins may also play a role in the formation of COPII
vesicles, although this has not yet been firmly established. It is
known that p24 proteins are enriched in COPII vesicles
(Schimmoller et al. 1995; Belden and Barlowe 1996) and their
cytoplasmic tails contain signals for binding of COPII sub-
units, in particular the Sec23/Sec24 subunits, thus allowing
their efficient sorting within COPII vesicles (Dominguez
et al. 1998; Miller et al. 2003; Contreras et al. 2004b).
However, COPII vesicles can still form in the absence of
p24 proteins in vitro (Matsuoka et al. 1998), although they
are devoid of specific cargos, which emphasize the putative
role of p24 proteins as cargo receptors, which is discussed in
the following section. On the other hand, p24 proteins have
been proposed to influence the formation of COPII vesicles by
altering the physical properties of the ER membrane due to
their abundance and asymmetric localization (the bulk of the
protein residing predominantly in the ER lumen) (Copic et al.
2012). This would also be the case for GPI-anchored proteins,
which are well-characterized cargos of p24 proteins (as
discussed in the following section), and which reside exclu-
sively in the ER lumen. A very recent report suggests that
asymmetrically distributed membrane proteins, such as p24

proteins, require the scaffolding function of the cargo adaptor
Lst1p (a Sec24p homolog) to form larger COPII vesicles
which can then accommodate Bdifficult^ cargo proteins
(D'Arcangelo et al. 2015).

Transport of cargo

p24 proteins have long been proposed to function as cargo
receptors for transport along the secretory pathway.
However, in contrast to many classical cargo receptors, which
are involved in the transport of soluble proteins, most putative
p24 cargos described so far appear to be lipid-linked proteins
or membrane proteins. On the other hand, secretion of inver-
tase, a soluble secreted protein, was found to be delayed in
emp24 and erv25 yeast mutants (Schimmoller et al. 1995;
Belden and Barlowe 1996; Marzioch et al. 1999), but not in
other p24 deletion mutants (Marzioch et al. 1999). In this
section, we describe the best characterized putative cargos of
p24 proteins.

GPI-anchored proteins

Early studies in yeast already suggested a role of p24 proteins
in the transport of glycosylphosphatidylinositol (GPI)-an-
chored proteins (GPI-APs). In particular, ER-to-Golgi trans-
port of Gas1p (a GPI-AP) was found to require Emp24p
(p24β) (Schimmoller et al. 1995) and Erv25p (p24δ)
(Belden and Barlowe 1996), but also Erp1p (p24α) and

Fig. 4 p24 proteins and COPI
vesicle formation. p24 proteins
are involved in a number of
events important for COPI vesicle
formation, including the
recruitment of ARF1 to the Golgi
membrane (1), the interaction
with the K/HDEL receptor ERD2
(2) and the interaction with
coatomer, which also binds to
ARF1, ERD2 and other dilysine
cargo (3). These array of
interactions facilitates coatomer
polymerization and the formation
of COPI vesicles (4)
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Erp2p (p24γ), the other members of the putative p24 complex
in yeast (Marzioch et al. 1999). Indeed, p24 proteins were
shown to interact directly with Gas1p facilitating their inclu-
sion in ER-derived COPII vesicles (Muniz et al. 2000). In
yeast, GPI-anchored proteins and other secretory proteins
have been proposed to exit the ER in different types of
COPII vesicles. Using in vitro assays to reconstitute the for-
mation of ER-derived vesicles, the GPI-anchored proteins
Gas1p and Yps1p were found in vesicles different from those
containing other secretory proteins (like the amino acid per-
mease Gap1p, glycosylated pro-α-factor, or alkaline phospha-
tase) (Muniz et al. 2000). In yeast, cargo concentration at
ERES can be visualized using a temperature-sensitive sec31-
1 (COPII) mutant, which blocks ER exit. Using this approach,
GPI-anchored proteins were found to concentrate in specific
ERES different from those containing other secretory proteins
(e.g., glycosylated pro-α-factor or the hexose transporter
Hxt1p), and exit the ER in a process that required the p24
protein Emp24p (Castillon et al. 2011). Emp24p could be
specifically cross-linked to several GPI-anchored proteins
(Gas1p, Yps1p, Ccw14-GFP, Cwp2-GFP) but not to two un-
related transmembrane proteins, Gap1p or Hxt1p (Castillon
et al. 2011).

Using the sec31-1 mutant, it was also found that the p24
complex is not required to concentrate GPI-APs into ERES. In
addition, ER exit of GPI-APs was shown to involve a specific
interaction with the specialized COPII isoform Lst1p
(Castillon et al. 2011). Based on these results, it has been
proposed that the yeast p24 complex, rather than participating
in sorting of GPI-APs within COPII vesicles, may instead
function as an adaptor connecting remodeled GPI-APs with
the COPII coat to facilitate their incorporation within COPII
vesicles. Indeed, a very recent report suggests that binding of
remodeled cargo induces the p24 complex to specifically re-
cruit the COPII subunit Lst1p, for the specific ER exit of GPI-
APs (Manzano-Lopez et al. 2015). In addition, the p24 com-
plex may also contribute to retrograde Golgi-to-ER transport
of unremodeled GPI-APs (Castillon et al. 2011).

p24 proteins have also been shown to participate in effi-
cient ER-to-Golgi transport of GPI-APs in mammals (Takida
et al. 2008, Bonnon et al. 2010). In Chinese hamster ovary
(CHO) cells, silencing of p23 (p24δ1) caused a significant
delay in transport to the plasma membrane of vesicular sto-
matitis virus G protein (VSVG) with a GPI-anchor but not that
of non-GPI-linked VSVG (Takida et al. 2008). In addition,
p23 knockdown caused a delayed maturation of decay-
accelerating factor (DAF), a well-characterized GPI-anchored
protein in human cells, suggesting that p23 (p24δ1) is in-
volved in ER–Golgi transport of GPI-anchored proteins in
human cells (Takida et al. 2008). In HeLa cells, p23 (p24δ1)
or p24 (p24β1) silencing (but not p25 silencing) caused a
significant inhibition of ER-to-Golgi transport of the human
GPI-anchored protein CD59 or the folate receptor alpha, a

GPI-anchored protein carrying three N-glycans, but was with-
out effect in the transport of the human transferrin receptor, a
type I transmembrane protein which also carries three N-gly-
cans, suggesting a selective function of p23 (p24δ1) and p24
(p24β1) in ER-to-Golgi transport of human GPI-APs
(Bonnon et al. 2010). ER-to-Golgi transport of the GPI-AP
CD59 was found to be selective (rather than bulk-flow) and
COPII-dependent and required specifically the Sec24 iso-
forms Sec24C/D, but not Sec24A/B. p24 (p24β1) and p23
(p24δ1) were found to directly interact with GPI-anchored
proteins and a fraction of p24 and p23 was found to
copartition with CD59 in lipid rafts (Bonnon et al. 2010). In
addition, cholesterol depletion caused the accumulation of
both CD59 and p24 proteins (but not ERGIC-53) in the ER
(Bonnon et al. 2010). These results constituted the first evi-
dence that in mammals there are two different types of COPII
vesicles for ER-to-Golgi transport and that GPI-anchored pro-
teins may form at specific ERES, perhaps with a specific lipid
composition. Sorting of GPI-APs to ERES has been shown to
require proper structural remodeling and involves association
with p23 (p24δ1) and p24 (p24β1) for efficient ER exit of
GPI-APs (Fujita et al. 2011). Sorting of GPI-APs to COPII
vesicles was impaired in p23 (p24δ1) knockdown cells, sug-
gesting that concentration of GPI-APs at ERES and packaging
into COPII vesicles is dependent upon p24 proteins, in con-
trast to the situation in yeast.

Binding of GPI-anchored proteins (as binding to K/HDEL
cargos to the K/HDEL receptor; see below) has been shown to
be pH-dependent, being maximal at neutral pH and much
lower at slightly acidic pH (Fujita et al. 2011). This is consis-
tent with a model where p24 proteins bind correctly
remodeled GPI-anchored proteins at the neutral pH of the
ER and dissociates them at the mildly acidic pH of the Golgi
apparatus. This way, GPI-APs can be transported to the cell
surface while p24 complexes can be recycled to the ER in
COPI vesicles (Fujita et al. 2011). Recently, it has been shown
that specific binding of p24γ2 to GPI-APs involves its α-
helical region, but not the GOLD domain (Theiler et al. 2014).

Wnt proteins

Wnt proteins are secreted, lipid-modified glycoproteins that
control animal development. Wnts are cotranslationally
imported into the ER lumen where they are palmitoylated at
conserved cysteine residues by Porcupine, a membrane bound
O-acyltransferase (Tanaka et al. 2000, Gross and Boutros
2013). In Drosophila, p24 family members were tested for a
function in secretion of Wingless (Wg), a Wnt Drosophila
protein. Two of them, Éclair (p24α) and Emp24 (p24β) were
found to be necessary for ER export and secretion ofWg (Port
et al. 2011). However, only Emp24 (and not Éclair) was found
to directly interact with Wg. In another report, ER export of
Wg andWnt inhibitor of Dorsal (WntD) was shown to require
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Opossum (Opm), a conserved member of the p24γ subfamily
and two other Drosophila p24 proteins, CHOp24 (Emp24,
p24β) and p24-1 (p24γ). Interestingly, Opm was found to
interact with Wingless but not with WntD, which is not
palmitoylated as other Wnts (Buechling et al. 2011). p24 pro-
teins have also been shown to be required for transport of Wnt
proteins in mammalian cells, as shown by knockdown of
TMED5 (p24γ2), a human homologue of Opm, in
HEK293T cells (Buechling et al. 2011). The Drosophila
p24δ protein Baiser has also recently been shown to interact
also with Wg (as CHOp24, but in contrast to Éclair) and to
colocalize with Wg and the ER v-SNARE Sec22, suggesting
that Baiser may be involved in packaging Wg in COPII ves-
icles (Li et al. 2015).

BothWnt ligands and GPI-APs are anchored to the luminal
leaflet of the ER membrane and therefore cannot directly as-
sociate with cytosolic COPII proteins. By associating with
p24 proteins, these lipid-linked cargos can be selectively in-
corporated within COPII vesicles. In this respect, it has been
proposed that GPI-APs and Wnt proteins may use similar p24
complexes (probably containing p24γ2) for their ER-to-Golgi
transport (Kinoshita et al. 2013).

G-protein-coupled receptors (GPCRs)

PAR-2, a protease-activated receptor, was the first cargo pro-
tein shown to be recognized by p24 proteins (in particular
p24β1 and p24δ1) in mammalian systems. Protease-
activated receptors (including PAR-1 and PAR-2) are G-
protein-coupled receptors which are activated by irreversible
proteolytic cleavage by serine proteases (for a review, see
(Zhao et al. 2014)). Upon activation, PAR-2 is rapidly sorted
to early endosomes and then transported to the lysosomes for
degradation. PAR-2 resensitization involves repopulation of
cell-surface receptors from presynthesized and newly synthe-
sized PAR-2 molecules stored in the Golgi apparatus (Zhao
et al. 2014). Transport of PAR-2 molecules from the Golgi to
the plasma membrane has been shown to be controlled by
p24A (p24β1) and p23 (p24δ1) (Luo et al. 2007, 2011). By
biochemical approaches, p24A (p24β1) was shown to interact
with PAR-2 in HEK293 cells, rat astrocytes, and rat cortical
neurons (Luo et al. 2007). This interaction involved the sec-
ond extracellular loop of PAR-2 and the N-terminal region of
p24A (p24β1), including the GOLD domain but also the link-
er region. Actually, the GOLD domain was found to be nec-
essary but not sufficient for the interaction with PAR-2, al-
though it is possible that the linker region is simply needed
for a proper folding of the GOLD domain (Luo et al. 2007).
Colocalization experiments showed that the interaction be-
tween p24A or p23 and PAR-2 takes place at the Golgi appa-
ratus (Luo et al. 2007, 2011). Activation of PAR-2 (with a
specific peptide agonist) reduced significantly the interaction
with p24A, suggesting that p24A dissociates from PAR-2 after

receptor activation. PAR-2 activation was also shown to acti-
vate ARF1. Based on these results, a model has been proposed
where p24A (p24β1) holds PAR-2 at the Golgi apparatus in
unstimulated cells. Upon PAR-2 activation, ARF1-GDP can
interact with p24A and be recruited to Golgi membranes.
GTP/GDP exchange in ARF1 (catalyzed by a brefeldin A-
sensitive ARF1-GEF) leads to dissociation of p24A (p24β1)
and PAR-2, allowing transport of PAR-2 to the plasma mem-
brane (Luo et al. 2007). p24A (p24β1) has been shown to bind
several other GPCRs, including PAR-1, but also several nu-
cleotide receptors as well as a μ-opiod receptor (Luo et al.
2011). Interestingly, both p24 (p24β1) and several 7TM
GPCRs contain sphingolipid-binding motifs suggesting a reg-
ulation of these proteins by sphingolipids (Bjorkholm et al.
2014).

Toll-like receptors

Toll-like receptor 4 (TLR-4), the receptor for the bacterial
product endotoxin, is a key regulator of innate immunity and
inflammation (Bryant et al. 2010). TLR-4 functions at the
plasma membrane, where it is activated by the glycolipid li-
popolysaccharide (LPS) and internalized into early
endosomes. However, trafficking of TLR-4 in the secretory
pathway is less well characterized. The p24 family member
TMED7 (p24γ3) has been shown to form dimers or oligomers
(via its coiled-coil domain) which are able to interact with
TLR-4 (Liaunardy-Jopeace et al. 2014). Overexpresion of
TMED7 caused increased cell surface expression of TLR-4
while silencing of TMED7 produced the opposite effect, sug-
gesting that TMED7 is required for trafficking of TLR-4 to the
cell surface. However, it is not clear whether TMED7 is di-
rectly involved in ER exit of TLR-4 and how both proteins
dissociate to allow transport of TLR-4 to the cell surface
(Liaunardy-Jopeace et al. 2014; Liaunardy-Jopeace and Gay
2014).

p24 proteins and ER retrieval of K/HDEL ligands

p24 delta proteins have been shown to be involved in Golgi-
to-ER transport of K/HDEL ligands bound to the K/HDEL
receptor ERD2 via a direct interaction between p24 delta pro-
teins and ERD2 (Majoul et al. 2001; Montesinos et al. 2014).
FRET experiments in animal cells showed that the interaction
between p23 (p24δ1) and ERD2 takes place at the Golgi com-
plex. Once the KDEL ligand reaches the ER, p23 and ERD2
no longer interact (Majoul et al. 2001). In Arabidopsis, p24
proteins of the delta subfamily (p24δ5 and p24δ9) were
shown to interact with two different K/HDEL receptors,
ERD2a and ERD2b. This interaction required the GOLD do-
main in p24δ5 and was optimal at acidic pH but very low at
neutral pH, consistent with the interaction taking place at the
Golgi apparatus (Montesinos et al. 2014). p24δ5 was also
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found to inhibit the secretion of HDEL ligands, but not con-
stitutive secretion, showing a role for p24δ5 in retrograde
Golgi-to-ER transport of K/HDEL ligands. In addition,
p24δ5 and ERD2 were shown to interact with ARF1 and
COPI proteins in a pH-dependent manner, being optimal at
acidic pH and very low at neutral pH. ERD2 and p24δ5 can
also interact with the Sec23 subunit of the COPII coat, but this
interaction is optimal at neutral pH (Montesinos et al. 2014).

Altogether, pH-dependent interactions seem to play an es-
sential role for bidirectional transport of ERD2 and K/HDEL
ligands. The slightly acidic pH of the Golgi apparatus is also
required for binding of K/HDEL ligands to ERD2. Ligand
binding to ERD2 induces ERD2 oligomerization and triggers
the interaction between ERD2 and ARF1, ERD2 and ARF-
GAP, and ARF1 and ARF-GAP. The acidic pH of the Golgi
apparatus also favors the interaction between p24 proteins and
ERD2 and the interaction of both ERD2 and p24 proteins with
ARF1 and COPI proteins, leading to the formation of COPI
vesicles enriched in K/HDEL ligands (Fig. 4). Once in the ER
lumen, at neutral pH, p24 proteins dissociate from ERD2 and
ERD2 from K/HDEL ligands.

Other putative p24 cargos in plants

In plants, a p24 protein named CYB, based in its phenotype
(accumulation in cytoplasmic bodies), which in the standard
nomenclature corresponds to p24δ4, has been proposed to be
required for trafficking of GLL23, a putative myrosinase-
associated protein (Jancowski et al. 2014). Myrosinase is a
β-glucosidase present in the Brassicaceae which hydrolyzes
glucosinolates to produce a variety of products with varying
toxicity to pathogens and insect herbivores, such as isothiocy-
anates, epithionitriles, nitriles, or thiocyanates (Kliebenstein
et al. 2005). In this respect, myrosinase-associated proteins,
such as GLL23, may affect the product composition of gluco-
sinolate hydrolysis (Agee et al. 2010). GLL23 has also been
shown to be part of defense-related PYK 10 complexes that
form upon cell damage (Nagano et al. 2008). p24δ4 was pro-
posed to function as a cargo receptor for efficient ER-export of
GLL23, perhaps to prevent an accumulation of this protein in
the ER, where it may be detrimental for ER organization. In
this respect, the cyb mutation was found to affect the GOLD
domain in p24δ4, which is presumably involved in cargo rec-
ognition (Jancowski et al. 2014).

p24 proteins and organization of the early secretory
pathway

Several reports have suggested that p24 proteins may be in-
volved in the structure and organization of the compartments
of the early secretory pathway, including the formation of ER
exit sites (ERES), the structure of the ER and the ERGIC and
the biogenesis and maintenance of the Golgi apparatus. Using

a cell-free system to study the assembly of transitional ER and
the formation of ER exit sites (ERES), p24α2 was suggested
to play a role in this process, being the first proposal of a
possible structural role for p24 family proteins (Lavoie et al.
1999). This is consistent with the enrichment of p24 proteins
in COPII vesicles (Belden and Barlowe 1996, Marzioch et al.
1999) and the dramatic reduction of ER-derived vesicles in a
yeast Emp24p (p24β) KO strain (Stamnes et al. 1995).

Emery et al. (2000) found that overexpression of p23
(p24δ1) led to the loss of normal Golgi morphology with a
fragmentation of Golgi ribbon and the appearance of smaller
Golgi fragments (i.e., Golgi mini-stacks). These results were
consistent with the alteration in Golgi morphology obtained
after overexpression of GFP-tagged p23 (p24δ1) and p24
(p24β1) (Blum et al. 1999). Based on these observations, it
has been proposed that p23 (p24δ1) may have a morphogenic
function which contributes to the organization of the Golgi
apparatus (Emery et al. 2000). Indeed, the inactivation of
one allele of p23 (p24δ1) in mice was shown to induce struc-
tural changes in the Golgi apparatus, with dilation of the Golgi
cisternae which was more prominent at the rim (Denzel et al.
2000). p23 (p24δ1) overexpression has also been shown to
cause Golgi fragmentation in a subset of neurons (Gong et al.
2011), consistent with the results of Emery et al. (2000).
Silencing of p25 (p24α2) in HeLa cells caused a reduction
in the number of ERGIC clusters and destabilized the ERGIC
without affecting the number of ER exit sites (labeled with
Sec31). It also led to Golgi fragmentation, with the Golgi
ribbon converted to Golgi mini-stacks. However, the cisternae
were not swollen and cisternal stacking remained intact,
which suggested a normal cis-trans topology (Mitrovic et al.
2008). p25 silencing also caused COPI dissociation from
Golgi membranes, but the dispersed Golgi remained associat-
ed to Golgi matrix proteins. Silencing of p28 (p24γ2) in hu-
man hepatocellular carcinoma (HepG2) did not change the
morphology of the ER or the ERGIC (in contrast to p25 si-
lencing), but caused Golgi fragmentation, showing Golgi
mini-stacks with apparently unchanged cis-trans topology
(Koegler et al. 2010). However, COPI subunits remained
Golgi-associated in p28-depleted cells, in contrast to p25-
silenced cells. Interestingly, this Golgi fragmentation did not
cause an alteration of anterograde or retrograde traffic
(Koegler et al. 2010). Knockdown experiments of p24A
(p24β1) in HEK-293 cells also showed a disruption of the
Golgi apparatus, as judged by a diffuse cytosolic staining of
the Golgi marker GM130 (Luo et al. 2007).

Using a mutant version of p25 lacking the KKXX motif, it
has been proposed that p24 proteins may form specialized
membrane domains rich in cholesterol (Emery et al. 2003).
This would be consistent with the partial partitioning of p23
and p25 in lipid rafts in ER membranes, as described above.

To our knowledge, there are no reports on the putative roles
of p24 proteins in the organization of the compartments of the
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early secretory pathways in plant cells. Transient expression
of XFP-tagged p24 proteins in tobacco protoplasts or
N. benthamiana leaves did not show any obvious alteration
in the morphology of the compartments of the secretory path-
way, even under conditions of overexpression (Langhans et al.
2008, Montesinos et al. 2012, 2013). Single p24 KO mutants
in Arabidopsis also did not show any obvious ultrastructural
alterations (Montesinos et al. 2012), perhaps because of func-
tional redundancy with other p24 family members.

p24 proteins in physiology and pathology

p24 proteins have recently become very popular recently be-
cause of their implication in a variety of specific functions in
animal cells, including early embryonic mouse development
andmorphogenesis of the mouse embryo and placenta, insulin
biosynthesis and subsequent secretion in pancreatic beta cells,
or amyloid precursor metabolism and pathogenesis of
Alzheimer’s disease, as described in this section.

p24 proteins in development

Several studies have shown that p24 proteins have a role in
development. In mice, the loss of p23/TMED10 (p24δ1), that
also led to reduced levels of p24α2 and p24γ4 proteins, re-
sulted in early embryonic lethality (Denzel et al. 2000). The
loss of TMED2 (p24β1) caused death at midgestation and
prior to death, the embryos showed developmental delay and
absence of the labyrinth layer of the placenta. The loss of
TMED2 also led to reduced levels of TMED9 (p24α2) and
to the loss of p24γ3 and p23/TMED10. Since the mutant
embryos lacking TMED10 arrest and die prior Tmed2 mu-
tants, it was concluded that individual p24 proteins are essen-
tial for distinct stage and tissue-specific functions during de-
velopment (Jerome-Majewska et al. 2010).

As it has been said above, Drosophila p24 transcripts show
a variety of spatial, temporal and tissue-specific expression
patterns. Characterization of different p24 mutants and the
use of RNA interference (RNAi) to reduce p24 expression
during development have both shown that most Drosophila
p24 genes are required during development (Boltz et al. 2007,
Saleem et al. 2012). These studies also showed that every p24
except CG9308 (p24β) function in some aspects of reproduc-
tion and have a role both in male and female reproduction. For
instance, mutation in loj (p24γ), eca (p24α), or bai (p24δ)
result in females that are unable to oviposit and eca and bai
males that have reduced fertility. Interestingly, neural expres-
sion of p24s has been involved in regulating female behavior
as loj expression in octopaminergic neuron has been shown to
rescue the loj mutant oviposition defect (Boltz et al. 2007,
Saleem et al. 2012).

Additional D. melanogaster genetic approaches have been
performed to investigate p24 functions in development that

involved Wnt signaling. As described before, it has been
shown that transport of Wnt proteins requires p24 proteins
(Buechling et al. 2011; Port et al. 2011). Using large-scale
RNA interference (RNAi) screens, it was found that knock-
down of specific p24 proteins leads to a reduction in secretion
of Wg although no effects on general protein secretion were
detected. Further in vivo experiments showed that the knock-
down of these p24 proteins in the wing imaginal disc resulted
in the accumulation of Wg in producing cells. In addition, a
reduction in Wg target gene expression and defects in the
formation of wing margin tissue were observed (Buechling
et al. 2011; Port et al. 2011).

p24 proteins, insulin secretion, and diabetes

Some p24 proteins have been shown to be abundantly
expressed in secretory cell types. This is the case of Tmp21
(p24δ1) and p24A (p24β1) in rat pancreatic acinar cells
(Blum et al. 1996), p23 (p24δ1) in endocrine-derived cell lines
(Hosaka et al. 2007), rat islets or insulinoma cell lines (Zhang
and Volchuk 2010) or TMED6 (p24γ3) in rat pancreatic islets
(Wang et al. 2012). p23, which mainly localized to cis-Golgi
membranes, was also found to partially localize to the mem-
brane of secretory granules in pancreaticβ-cells (Hosaka et al.
2007), raising the possibility that p24 proteins may also regu-
late post-Golgi trafficking events in these cells.

Knocking down p24δ1 in insulinoma cell lines, which
caused a concomitant reduction of other p24 family members
(p24β1 and p24α2), decreased glucose-stimulated insulin se-
cretion, with no effect on basal secretion. It inhibited proinsu-
lin biosynthesis and decreased total cellular insulin content
(Zhang and Volchuk 2010). The same reduction in insulin
secretion was observed upon knockdown of TMED6
(p24γ3) (Wang et al. 2012). These results suggest that p24
proteins (including p24δ1 and p24γ3) are required for insulin
biosynthesis and subsequent secretion in pancreatic β-cells
(Zhang and Volchuk 2010). However, a direct interaction be-
tween pro-insulin and p24 proteins has not been demonstrat-
ed. Interestingly, TMED6 gene expression has been found to
be decreased in diabetic rats, suggesting a role for TMED6 in
diabetes.

p24 proteins and Alzheimer’s disease

Alzheimer’s disease is characterized by the cerebral depo-
sition of beta-amyloid (Aβ) peptides in senile plaques. Aβ
peptides are generated by sequential cleavages of the
amyloid-β precursor protein (APP) by β- and γ-secretase
activities (Thinakaran and Koo 2008). APP is first cleaved
within its luminal domain by β-secretase to generate a
soluble fragment (which is secreted to the extracellular
space) and a membrane-bound C-terminal fragment. The
latter is then cleaved by the γ-secretase at several
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sequences, such as the γ-site, to produce Aβ40/42, and the
ε-site, which results in the release of the cytosolic amyloid
intracellular domain (Thinakaran and Koo 2008). It has
been shown that the γ- and ε-secretase activities are part
of a multimeric membrane protein complex, the presenilin
complex (Iwatsubo 2004). Interestingly, this complex has
been found to contain the p24 protein p23/TMP21
(p24δ1), which modulates γ-secretase activity (Chen
et al. 2006). p23/TMP21 has been shown to interact with
the presenilin complex via its transmembrane domain
(Pardossi-Piquard et al. 2009) and to cause inhibition of
γ-secretase (but not ε-secretase) activity (Chen et al.
2006). As a consequence, silencing of p23/TMP21 in-
creased the production of both Aβ40 and Aβ42 in human
embryonic kidney (HEK-293) cells (Chen et al. 2006,
Dolcini et al. 2008) and in N2a neuroblastoma cells
(Vetrivel et al. 2007). In addition, p23/TMP21 was found
to inhibit transport of APP in the secretory pathway and to
reduce cell surface accumulation of fully glycosylated
APP (Vetrivel et al. 2007). p24α2, which has been shown
recently to localize to pre-synaptic terminals in the mam-
malian brain (Liu et al. 2015), has also been shown to
cooperate with p24δ1 in attenuating Aβ production, in
contrast to p24β2, p24γ3 or p24γ4. This activity requires
the dilysine motif in the cytosolic tail of both proteins
(Hasegawa et al. 2010), which highlights the importance
of sorting determinants in the cytosolic tail of p24 proteins
for their trafficking and function. In summary, both p24δ1
and p24α2 may well be involved in the pathogenesis of
Alzheimer’s disease modulating Aβ production. As men-
tioned before, the steady-state levels of p23 have been
shown to be high during embryonic development and to
decline during postnatal development (Vetrivel et al.
2008). Besides, the steady-state levels of p23 have been
shown to be reduced in the brain of individuals with AD,
which may explain the enhanced beta-amyloid production
(Vetrivel et al. 2008). Therefore, increasing p23 expression
has been proposed as a potential strategy to reduce Aβ
levels (Gong et al. 2011).

p24 proteins and apoptosis

Protein kinase Cδ (PKCδ), a kinase widely implicated in ap-
optosis and inhibition of cell cycle progression, has been
shown to interact with p23/Tmp21 (p24δ1) (Wang and
Kazanietz 2010, Wang et al. 2011). By interacting with the
C1 domain of PKCδ, p23/Tmp1 has been proposed to retain
PKCδ in a perinuclear compartment (presumably the Golgi
apparatus) and to prevent its transport to the plasma mem-
brane, thereby reducing its ability for activation in response
to stimuli and thus modulating its apoptotic function (Wang
et al. 2011).

Concluding remarks

p24 family proteins are essential regulators of protein traffick-
ing along the secretory pathway, regulating the composition,
structure, and function of the different organelles of the path-
way, mainly the ER and the Golgi apparatus. In addition, they
appear to modulate the transport of specific cargos, thus
playing specific roles in signaling, development, insulin secre-
tion, or the pathogenesis of Alzheimer’s disease. As a conse-
quence, they have recently been proposed to be potential tar-
gets for disease treatment. In contrast, very little is known
about the specific functions of p24 proteins in plants since
functional studies are still very scarce.
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