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Summary. The p24 family of small transmembrane proteins was
discovered recently in yeast and mammalian cells, and some of its
members have been implicated in biosynthetic protein transport.
The p24 proteins are proposed to act on transport vesicles as recep-
tors for coat and/or cargo, but their precise function(s) remain con-
troversial. Here, we describe this protein family, and we review the
available experimental data concerning their localization and func-
tion. Finally, we hypothesize about a possible role of p24 proteins in
organelle morphogenesis.
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Abbreviations: CGN cis-Golgi network; COP coat protein; ER
endoplasmic reticulum; VSV-G vesicular stomatitis virus glycopro-
tein G.

Introduction

The strict compartmentalization of cellular metabo-
lism relies on the specific properties of each organelle,
and thus on the specific localization of organellar
proteins to. their target compartment. The proteins
destined to the distinct compartments of the vacuolar
apparatus {endoplasmic reticulum, Golgi apparatus,
plasma membrane, endosomes, lysosomes) are all first
imported into the endoplasmic reticulum (ER), and
then sorted to their final destination (Palade 1975).
Research in the field of membrane traffic is devoted
to unravel the mechanisms and to identify the factors
that ensure precise sorting and transport of proteins
and membranes. These studies have led to the
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identification of numerous proteins: most of them are
soluble, and reversibly attach to membranes while
exerting their function (Rothman 1994, Gruenberg
and Maxfield 1995). Integral membrane proteins,
however, are supposed to confer membrane identity:
they may function as receptors for soluble factors,
enable mutual recognition of membranes, and even
catalyze budding and fusion processes. The recent
discovery of a new family of transmembrane pro-
teins involved in biosynthetic protein transport and
conserved from yeast to mammals (the p24 family;
Schimmoller et al. 1995, Stamnes et al. 1995) was very
challenging, as they may account for some of the pro-
posed activities.

Several experimental approaches implicate p24 pro-
teins in protein secretion, but their precise function is
controversial. In yeast, it was found that null mutants
of EMP24 and ERV25 secrete a subset of proteins with
delayed kinetics when compared to wild-type cells
(Schimmoller et al. 1995, Belden and Barlowe 1996).
In addition, yeast cells lacking emp24p are deficient in
the retention of ER-resident proteins (Elrod-Erickson
and Kaiser 1996). In mammalian cells, microinjected
antibodies against the cytoplasmic tail of p23 inhibit
transport of a transmembrane cargo molecule (Rojo
etal. 1997), and of a bacterial toxin that is trans-
ported retrogradely through the biosynthetic pathway
(Majoul et al. 1998). Accordingly, it was established (i)
that the expression of Xenopus p23 is coordinately
increased (together with constituents of the ER
translocation machinery) when secretion of a pro-
hormone is stimulated (Holthuis et al. 1995), and (ii)
that mammalian p23 and p24 are enriched in rat pan-
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creas when compared to rat tissues with a lower secre-
tory activity (Blum et al. 1996).

The p24 family of small transmembrane proteins

Most p24 proteins were originally identified by
microsequencing in membrane preparations from ver-
tebrate and yeast cells, and they were named accord-
ing to their apparent molecular mass in sodium
dodecyl sulfate-polyacrylamide gel electrophoresis
(gp25L.: Wada et al. 1991; emp24: Singer-Kriiger et al.
1993; p24: Stamnes et al. 1995; erv25: Belden and
Barlowe 1996; Tmp21: Blum et al. 1996; p23: Sohn
et al. 1996, Rojo et al. 1997). New mammalian homo-
logues were then named, by analogy, p26 and gp27,
although their deduced molecular mass was also 22—
24 kDa (Dominguez et al. 1998). Here, we will use this
nomenclature for all metazoan p24 proteins (Fig. 1). A
further mammalian p24 protein (Gayle et al. 1996; a
putative ligand for the T1/ST2 receptor) will be named
Tp24. Yeast homologues other than emp24p and
erv25p will be identified as proposed (Fig. 1), yp24b—f
(Fiedler et al. 1996).

Homology searches in DNA sequence databases
confirmed that this protein family occurs in animals,
fungi, and plants (Fig. 1). The dendogram of Fig. 1 is
derived from the alignment of the 60 to 70 C-terminal
amino acids of each homologue: this region of the
sequence is well conserved between homologues
(Fig. 2), and is also available in those homologues
where only partial sequences (expressed sequence tag)
are known. The tree of p24 proteins (Fig. 1) depicts 4
main branches with sequences of different species
(p23,p24,p25,p26) and two branches that only contain
yeast sequences (yp24b/yp24e, yp24f). The degree of
similarity within one branch is always above 40%, but
can reach significantly higher values (e.g., 95-100%
between all vertebrate and above 67% between all
metazoan p23 and p24 sequences). The similar organi-
zation of the p24 family, and the high degree of
similarity within a subfamily, strongly suggests that
metazoan homologues within a subfamily represent
species orthologs of the same protein (e.g., human
and Caenorhabditis p23, p24, p25, p26, Tp24).
The significant sequence similarity between human
p23/p24 and yeast erv25/emp24 (ca. 30% over the
complete sequence and up to 50% in the C-terminal
domain) indicates that they may also represent species
orthologs. The complete genomes of Caenorhabditis
elegans and of Saccharomyces cerevisiae are known
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Fig. 1. Dendogram of p24 proteins. The p24 family has 4 sub-
families with sequences of different species (p23, p24, p23, p26) and
two subfamilies with only yeast sequences (yp24b/yp24e, yp24£). The
length of the branches is proportional to the degree of sequence
divergence. The degree of similarity within one subfamily is always
above 40%, but can reach significantly higher values. New p24
homologues were identified in Genbank/EMBL/DDBJ databases
using BLAST (Altschul et al. 1990). The dendogram was performed
with the 60-70 C-terminal amino acids by the clustal algorithm with
default parameters (megalign program, DNAstar for MacIntosh).
The accession numbers (Genbank/EMBL/DDBJ or SWISS-PROT)
of the sequences are (from top to bottom): U26264, X92097, X92098,
AF014940, AC002446,X67317, C84126, C92061, A A141200, X90872,
AL031011, C92861, X53592, QO05359, Z72524, UQ0059 (the
sequences of human p26 and gp27 are not available on databases,
their peptide sequences are from Dominguez etal. [1998]),
AF039713, Al124275, U41804, U41805, Z68316, X97442, X98303,
X97443, U40761, AJ001513, X90517, AA699272, 774035, Z49810,
AC005313, T46519, C98563, C74602, AC003970, P39704, 774924,
274066

(The C. elegans sequencing consortium 1998): the dif-
ferent organization of the p24 family in yeast and in
C. elegans (Fig. 1) precludes the existence of a unique
yeast ortholog to each metazoan protein (and vice
versa). The p24 family also exists in plants (Fig. 1), but
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the low number of available sequences precludes any
thorough analysis at this stage.

The proteins of the p24 family all share the same
topology (Fig.2): an N-terminal signal peptide, a
domain with heptad repeats of hydrophobic amino
acids suited for coiled-coil interactions, a transmem-
brane domain, and a short cytoplasmic tail. This type 1
transmembrane topology has been confirmed by pro-
tease protection experiments (Blum et al. 1996, Sohn
et al. 1996, Rojo et al. 1997, Dominguez et al. 1998).
Two proteins, p25 and p27, have been shown to be N-
glycosylated (gmp25, gp27; Dominguez et al. 1998).
The remarkable degree of conservation of certain
amino acid motifs (Fig. 2) indicates that they are
highly relevant for function. The two cysteine residues
(Fig. 2) that are conserved throughout the family
suggest the existence of a disulfide bridge in the
luminal domain. The putative coiled-coil domains
enable intermolecular interactions, and the fact that
these domains are at similar positions relative to the
transmembrane domains (Fig. 2), suggests that inter-
actions may take place not only between copies of the
same protein, but also between different p24 proteins.
The transmembrane domains contain polar residues
and a conserved glutamine at the membrane—cytosol
interface. The cytoplasmic tail is also highly conserved:
all human homologues contain a double phenylalanin
(FF) and a dibasic (KK, RR, or RK) motif. The C-
terminal amino acids are hydrophobic in all yeast
(Nakamura et al. 1998) and in two mammalian homo-
logues (Fig. 2). Extensive sequence analysis does not
reveal any motifs indicative of an enzymatic activity.

Localization

Yeast erv25p was localized to the ER by immuno-
fluorescence microscopy (Belden and Barlowe 1996).
Mammalian p23 was localized to the cis-Golgi network
(CGN) and to the intermediate compartment between
ER and Golgi apparatus by fluorescence microscopy
(Sohn et al. 1996, Rojo et al. 1997) (Fig.3) and by
immunogold labelling of cell cryosections (Rojo et al.

G. Emery et al.: The p24 family of transmembrane proteins

1997). Mammalian gmp25 was localized by electron
microscopy both to the CGN and to membranes of the
ER (Dominguez et al. 1998). The known p24 proteins
appear to continuously cycle between ER and Golgi
(Rojo et al. 1997, Nickel et al. 1997, Dominguez et al.
1998). In addition, it was also found that yeast emp24
and erv25 form a protein complex (Belden and
Barlowe 1996), and that several mammalian p24 pro-
teins distribute to fractions of intermediate density
between (heavy) ER and (light) Golgi membranes
(Dominguez et al. 1998). The latter study also pro-
posed that p24 proteins might depend on each other
for localization. Altogether, these biochemical obser-
vations indirectly suggest that other p24 proteins may
also localize to the interface between ER and Golgi.
The dynamic localization of p24 proteins to the
ER-Golgi interface is in agreement with a function in
secretion, as numerous sorting and transport events
occur at this location: (i) at the ER, newly synthesized
proteins are sorted from ER-resident proteins and
transported to the Golgi apparatus, (ii) in the Golgi,
anterograde cargo molecules (that are further
transported to endosomes, lysosomes, or plasma mem-
brane) are sorted both from Golgi-resident proteins
and from “escaped” ER proteins that are retrieved to
the ER (Gruenberg and Maxfield 1995, Teasdale and
Jackson 1996, Kaiser and Ferro-Novick 1998).

The localization and trafficking of many type I trans-
membrane proteins depends on amino acid motifs
(determinants) present on their cytoplasmic and trans-
membrane domains (Kirchhausen etal. 1997, Le-
tourneur and Cosson 1998, and references therein).
The p24 proteins display different amino acid motifs
in the latter domains (diphenylalanine, dilysine,
leucine-valine; Fig. 2) that determine and/or modulate
localization and transport of chimeric reporter mol-
ecules (Fiedler et al. 1996, Fiedler and Rothman 1997,
Nickel et al. 1997, Nakamura et al. 1998) and of p24
proteins (Dominguez et al. 1998). The presence of
motifs for anterograde and/or retrograde transport is
in agreement with the cycling of p24 proteins between
ER and Golgi. However, it is important to note that

Fig. 2. Alignment of human p24 proteins. Residues in black are conserved in 3 of 6 homologues. The positions of the conserved cysteine
residues are indicated with asterisks. The positions of the signal peptide (SP), the coiled-coil (CC) and the transmembrane domains (7M)
are indicated with a line (solid, present in all; dashed, present in 5 homologues). The p24 proteins all share the same topology. Numerous
amino acid motifs are highly conserved throughout their sequences. The transmembrane and the coiled-coil domains were determined with
the protean program (DNAstar), using the Goldman-Engelman-Steitz algorithm (Engelman et al. 1986) with defauit parameters and the
coiled-coil algorithm with thresholds 1.3 (p23, p24, p25, Tp24) or 1.125 (p26, p27), respectively. The length of the signal peptide was pre-
dicted as described (Nielsen et al. 1997). For more details on methods, see legend to Fig. 1
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the proper transport and localization of p24 proteins
depends on the luminal domain (Nickel et al. 1997)
and on other p24 proteins (Dominguez et al. 1998).

Function

Traffic between ER and Golgi is accomplished by two
complexes of coat proteins (COPI and COPII) that
form coated transport vesicles: COPII vesicles bud
from the ER and transport anterograde cargo (for a
review, see Kuehn and Schekman 1997), COPI
vesicles can bud from different membranes along the
biosynthetic pathway and have been implicated in
both retrograde and anterograde transport (for a
review, see Cosson and Letourneur 1997). It has been
shown that peptides equivalent to the cytoplasmic tails
of some p24 proteins are able to interact with COPI
and COPII proteins in vitro (Fiedler et al. 1996, Sohn
etal. 1996, Dominguez et al. 1998). Mutations that
affect the COP-binding capacity of such peptides
affect the localization of p24 proteins (Dominguez et
al. 1998) and of reporter molecules appended with p24
cytoplasmic tails (Fiedler et al. 1996, Sohn et al. 1996,
Nickel et al. 1997). Therefore, it has been proposed
that such interactions mediate loading into COPII
and/or COPI vesicles in vivo.

The budding of COPI and COPII vesicles has been
reconstituted in vitro with purified components (for
reviews, see Kuehn and Scheckman 1997, Cosson and
Letourneur 1997), and it has been shown that some
p24 proteins partition into COPI- (mammals) and
COPII-coated vesicles (yeast) generated in vitro
(Schimmoller et al. 1995, Belden and Barlowe 1996,
Stamnes et al. 1995). In addition, p23 was found to be
strongly enriched in a fraction of purified COPI-
coated vesicles generated in vitro (Sohn et al. 1996).
These findings, together with the ability of peptides
derived from p24 cytoplasmic tails to bind COPs in
vitro, led to the proposal that p24 proteins are essen-
tial for vesicle biogenesis and/or COP recruitment
(p24: Stamnes et al. 1995; p23: Sohn et al. 1996). In con-
trast, we found that the p23 protein was present, but
not enriched, in dense gradient fractions enriched in
COPI-coated vesicles (Rojo et al. 1997). At present
we have no explanations for this discrepancy, except
for slight differences in the experimental protocols.
However, other findings also indicate that the function
of p24 proteins is not restricted to the interaction with
COPs and to the biogenesis of COP-coated vesicles:
(i) COPII-coated vesicles can be generated in vitro
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from yeast ER membranes that are devoid of emp24p,
erv25, or both (Belden and Barlowe 1996), and (ii) the
membrane association of COPI does not vary with the
amount of p23 on membranes (Rojo et al. 1997). In
addition, antibodies that bind to the cytoplasmic tail of
P23 (in vivo and in vitro) inhibit anterograde transport
of transmembrane cargo (in vivo), but do not affect
membrane association of COPI (in vitro). Finally,
visualization of anterograde transport (Rojo etal.
1997) revealed that p23 colocalizes with anterograde
cargo (vesicular stomatitis virus glycoprotein G, VSV-
G) and COPI proteins when transport is inhibited at
15 °C (Fig. 3D), but segregates from cargo (VSV-G)
and COPI when transport resumes (Fig. 3E).

Yeast emp24p and erv25p were the first proteins
reported to function in cargo selection: null mutants of
EMP24 and ERV25 (i) secret a subset of proteins with
delayed kinetics, when compared to wild-type yeast
cells, and (ii) are deficient in the retention of ER-
resident proteins (Schimmodller et al. 1995, Belden and
Barlowe 1996, Elrod-Erickson and Kaiser 1996). The
presence of yeast p24 proteins on COPII-coated vesi-
cles led to the proposal that they may act as cargo
adaptors/receptors on transport vesicles, where they
would specifically interact with cargo molecules. Until
now, it has not been possible to detect a specific asso-
ciation between a p24 protein and a cargo molecule.
Given the abundance, variety, and dynamics of p24
proteins (see above), it is possible that interactions of
cargo molecules with p24 proteins are weak and/or
transient, and cannot be revealed by classical bio-
chemical approaches. Alternatively, it is possible that
p24 proteins do not directly interact with cargo mole-
cules, and that they mediate cargo selection by con-
tributing to organelle structure (see below).

Several p24 proteins are relatively abundant, and
can be visualized by protein stain in gels of subcellu-
lar membrane fractions (e.g., Singer-Kriiger et al.
1993, Stamnes et al. 1995, Belden and Barlowe 1996,
Rojo et al. 1997). In addition, we found by electron
microscopical analysis of purified membranes that p23
is a major component of the CGN, where it may make
up to 30% of all integral membrane proteins (Rojo
etal. 1997). Therefore, we proposed that p23 con-
tributes to CGN structure, and that this contribution
is necessary for efficient sorting and transport (Rojo
et al. 1997). This hypothesis, which has also been for-
mulated for yeast p24 proteins, is compatible with a
role in cargo selection (Elrod-Erickson and Kaiser
1996).
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A: control

Fig. 3. Localization of p23 to the CGN (A-D) and visualization of transient transport intermediates that are positive for cargo (VSV-G)
and coat (COPT), but negative for p23 (E). Shown is the merge between the fluorescence signal of p23 (red) and that of the indicated
markers (green) in confocal microscopy; overlapping signals appear in yellow. A p23 localizes to the perinuclear ribbon of Golgi mem-
branes, where it colocalizes substantially (yellow signal) with markers of the CGN (ERD2) and partially (separate green and red signals)
with markers of medial Golgi (NAGTI), of the trans-Golgi network (TGN38), or with COPL B The disruption of the Golgi ribbon by
depolymerization of the microtubule network with nocodazole allows to better visualize the colocalization of p23 with proteins of the CGN
(ERD2) and the segregation from medial Golgi (NAGT1). C The treatment with brefeldin A redistributes Golgi markers (NAGTI) to the
endoplasmic reticulum and CGN-proteins (p23, ERD2) to brefeldin A remnants. D The arrest of membrane traffic at 15 °C leads to colo-
calization of p23 with cargo molecules (VSV-G) and coat proteins (COPI) in the intermediate compartment between ER and Golgi.
E After release of the temperature block, transport resumes: p23 is absent from transport intermediates that contain cargo (VSV-G) or
COPI. Bars: 5 um. See Rojo et al. (1997), for details

At this stage, it is not known whether different p24
homologues, (i) fulfill similar functions at different
locations, (ii) display different functions at the same
location, or (iii) act synergistically at the same com-
partment(s), but it is possible that other p24 proteins
are also morphogenic. The presence of putative coiled-
coil domains in p24 proteins at similar positions
relative to the transmembrane domain enables het-
erotypic interactions between different p24 proteins.
Therefore, p24 proteins may modulate organelle mor-
phology by extensive heterotypic interactions and/or
oligomerizations. Indeed, direct and indirect experi-
mental evidences indicate that p24 proteins interact

with each other in vivo, and that these interactions are
necessary for protein stability and localization (Belden
and Barlowe 1996, Dominguez etal. 1998). This
working mode] is also speculative, and more work will
be necessary to reveal the true function of p24 pro-
teins in secretion.

References

Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ (1990) Basic
local alignment search tool. J Mol Biol 215: 403-410

Belden WJ, Barlowe C (1996) Erv25p, a component of COPII-
coated vesicles, forms a complex with emp24p that is recquired



30

for efficient endoplasmic reticulum to Golgi transport. J Biol
Chem 271: 26939-26946

Blum R, Feick P, Puype M, Vandekerckhove J, Klengel R, Nas-
tainczyk W, Schulz I (1996) Tmp21 and p24A, two type I proteins
enriched in pancreatic microsomal membranes, are members of
a protein family involved in vesicular trafficking. J Biol Chem
271:17183-17189

Cosson P, Letourneur F (1997) Coatomer (COPI)-coated vesicles:
role in intracellular transport and protein sorting. Curr Opin Cell
Biol 9: 484-487

Dominguez M, Dejgaard K, Fiillekrug J, Dahan S, Fazel A, Paccaud
JP, Thomas DY, Bergeron IJ, Nilsson T (1998) gp251./emp24/p24
protein family members of the cis-Golgi network bind both COP
I and II coatomer. J Cell Biol 140: 751-765

Elrod-Erickson MJ, Kaiser CA (1996) Genes that control the fidelity
of endoplasmic reticulum to Golgi transport identified as sup-
pressors of vesicle budding mutations. Mol Biol Cell 7: 1043-1058

Engelman DM, Steitz TA, Goldman A (1986) Identifying nonpolar
transbilayer helices in amino acid sequences of membrane pro-
teins. Annu Rev Biophys Biophys Chem 15: 321-353

Fiedler K, Rothman JE (1997) Sorting determinants in the trans-
membrane domain of p24 proteins. J Biol Chem 272: 2473924742

— Veit M, Stamnes MA, Rothman JE (1996) Bimodal interaction of
coatomer with the p24 family of putative cargo receptors. Science
273:1396-1399

Gayle MA, Slack JL, Bonnert TP, Renshaw BR, Sonoda G, Taguchi
T, Testa JR, Dower SK, Sims JE (1996) Cloning of a putative
ligand for the T1/ST2 receptor. J Biol Chem 271: 5784-5789

Gruenberg J, Maxfield FR (1995) Membrane transport in the endo-
cytic pathway. Curr Opin Cell Biol 7: 552-563

Holthuis JC, van Riel MC, Martens GJ (1995) Translocon-associated
protein TRAP delta and a novel TRAP-like protein are coordi-
nately expressed with pro-opiomelanocortin in Xenopus inter-
mediate pituitary. Biochem J 312: 205-213

Kaiser C, Ferro-Novick S (1998) Transport from the endoplasmic
reticulum to the Golgi. Curr Opin Cell Biol 10: 477-482

Kirchhausen T, Bonifacino JS, Riezman H (1997) Linking cargo to
vesicle formation: receptor tail interactions with coat proteins.
Curr Opin Cell Biol 9: 488-495

Kuehn MJ, Schekman R (1997) COPII and secretory cargo capture
into transport vesicles. Curr Opin Cell Biol 9: 477-483

Letourneur F, Cosson P (1998) Targeting to the endoplasmic retic-
ulum in yeast cells by determinants present in transmembrane
domains. J Biol Chem 273: 33273-33278

Majoul 1, Sohn K, Wieland FT, Pepperkok R, Pizza M, Hillemann J,
Soling HD (1998) KDEL receptor (Erd2p)-mediated retrograde

G. Emery et al.: The p24 family of transmembrane proteins

transport of the cholera toxin A subunit from the Golgi involves
COPI, p23, and the COOH terminus of Erd2p. J Cell Biol 143:
601-612

Nakamura N, Yamazaki S, Sato K, Nakano A, Sakaguchi M, Mihara
K (1998) Identification of potential regulatory elements for the
transport of emp24p. Mol Biol Cell 9: 3493-3503

Nielsen H, Engelbrecht J, Brunak S, von Heijne G (1997)
Identification of prokaryotic and eukaryotic signal peptides and
prediction of their cleavage sites. Protein Eng 10: 1-6

Nickel W, Sohn K, Bunning C, Wieland FT (1997) p23, a major
COPI-vesicle membrane protein, constitutively cycles through
the early secretory pathway. Proc Natl Acad Sci USA 94:
11393-11398

Palade GE (1975) Intracellular aspects of the process of protein
synthesis. Science 189: 347-358

Rojo M, Pepperkok R, Emery G, Kellner R, Stang E, Parton RG,
Gruenberg J (1997) Involvement of the transmembrane protein
p23 in biosynthetic protein transport. J Cell Biol 139: 1119-
1135

Rothman JE (1994) Mechanism of intracellular protein transport.
Nature 372: 55-63

Schimmdller F, Singer-Kriiger B, Schréder S, Kriiger U, Barlowe C,
Riezman H (1995) The absence of emp24p, a component of
ER-derived COPII-coated vesicles, causes a defect in transport of
selected proteins to the golgi. EMBO J 14: 1329-1339

Singer-Kriiger B, Frank R, Crausaz F, Riezman H (1993) Partial
purification and characterization of early and late endosomes
from yeast. J Biol Chem 268: 1437614386

Sohn X, Orci 1, Ravazzola M, Amherdt M, Bremser M, Lottspeich
F, Fiedler K, Helms JB, Wieland FT (1996) A major transmem-
brane protein of Golgi-derived COPI-coated vesicles involved in
coatomer binding. J Cell Biol 135: 1239-1248

Stamnes MA, Craighead MW, Hoe MH, Lampen N, Geromanos S,
Tempst P, Rothman JE (1995) An integral membrane component
of coatomer-coated transport vesicles defines a family of proteins
involved in budding. Proc Natl Acad Sci USA 92: 80118015

The C. elegans sequencing consortium (1998) Genome sequence of
the nematode C. elegans: a platform for investigating biology.
Science 282: 2012-2018

Teasdale RD, Jackson MR (1996) Signal-mediated sorting of mem-
brane proteins between the endoplasmic reticulum and the Golgi
apparatus. Annu Rev Cell Dev Biol 12: 27-54

Wada I, Rindress D, Cameron PH, Ou WJ, Doherty JJ, Louvard D,
Bell AW, Dignard D, Thomas DY, Bergeron JJM (1991) SSR alpha
and associated calnexin are major calcium binding proteins of the
endoplasmic reticulum membrane. J Biol Chem 266: 19599-19610



