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Background: Endoplasmic reticulum (ER) export of transmembrane proteins depends on the interaction between cargo
signals and Sec24 isoforms.
Results: The �X�X� sequence facilitates the ER export of model proteins and selectively binds to Sec24C.
Conclusion: �X�X� is a novel ER export signal that is specifically recognized by Sec24C.
Significance: This novel cargo-Sec24 interaction provides mechanistic insights into vesicular transport.

Protein export from the endoplasmic reticulum (ER)
depends on the interaction between a signal motif on the
cargo and a cargo recognition site on the coatomer protein
complex II. A hydrophobic sequence in the N terminus of the
bovine anion exchanger 1 (AE1) anion exchanger facilitated
the ER export of human AE1�11, an ER-retained AE1
mutant, through interaction with a specific Sec24 isoform.
The cell surface expression and N-glycan processing of vari-
ous substitution mutants or chimeras of human and bovine
AE1 proteins and their �11 mutants in HEK293 cells were
examined. The N-terminal sequence (V/L/F)X(I/L)X(M/L),
26VSIPM30 in bovine AE1, which is comparable with
�X�X�, acted as the ER export signal for AE1 and AE1�11
(� is a hydrophobic amino acid, and X is any amino acid). The
AE1-Ly49E chimeric protein possessing the �X�X� motif
exhibited effective cell surface expression and N-glycan mat-
uration via the coatomer protein complex II pathway,
whereas a chimera lacking thismotif was retained in the ER. A
synthetic polypeptide containing the N terminus of bovine
AE1 bound the Sec23A-Sec24C complex through a selective
interaction with Sec24C. Co-transfection of Sec24C-AAA, in
which the residues 895LIL897 (the binding site for another ER
export signal motif IXM on Sec24C and Sec24D) were
mutated to 895AAA897, specifically increased ER retention of
the AE1-Ly49E chimera. These findings demonstrate that the
�X�X� sequence functions as a novel signal motif for the ER
export of cargo proteins through an exclusive interaction
with Sec24C.

Export from the endoplasmic reticulum (ER)4 is the first sort-
ing event in the vesicular transport of membrane proteins to
their final destinations in the cell. In general, selective export
from the ER depends on the interaction between an export
signal motif in the cytoplasmic regions of the cargo and a cargo
recognition site on the coatomer protein complex II (COPII)
coat (1–3). Several ER export motifs have been identified, and
diacidic (D/E)X(D/E) and dihydrophobic (FF, LL, VV, etc.)
motifs have been well characterized. Diacidic motifs have been
identified in several transmembrane proteins including vesicu-
lar stomatitis virus glycoprotein (VSV-G) (4), cystic fibrosis
transmembrane conductance regulator (5), and some inwardly
rectifying potassium channels (6). Dihydrophobic motifs are
required for the ER export of ERGIC53 (7, 8). Moreover, the
LXXLE motif of the yeast SNARE protein Bet1 (9, 10); the IXM
motif of the SNARE proteins, membrin, and syntaxin 5 (11);
and the RI/RL motifs in serotonin and GABA transporters are
ER export codes (12, 13).
COPII-coated vesicles comprise three principal compo-

nents, Sar1-GTP, Sec23-Sec24, and Sec13-Sec31 protein com-
plexes, which function in concert to promote budding of vesi-
cles for transport (2, 14–16). Sec24 is the primary cargo
selection element of the coat (1, 9, 10). In mammals, the pres-
ence of multiple Sec24 isoforms (A–D), with at least four cargo
binding sites on each isoform,means that there are a number of
ER export signals to which Sec24 can bind and that the range
and specificity of cargo-Sec24 interactions is diverse (14–16).
For example, dihydrophobic motifs bind to all four Sec24 iso-
forms with varying strength (17). Although the LXXLE and
DXE classes of signals selectively bind to Sec24A-Sec24B, the
IXM sequence specifically binds to the surface groove on
Sec24C-Sec24D, which is occluded in Sec24A-Sec24B (11).
Furthermore, there are several examples in which a single iso-
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form is absolutely required; for example, Sec24C and Sec24D
differentially mediate the ER export of the highly related neu-
rotransmitter transporters of serotonin and GABA (12, 13). No
human diseases resulting from genetic defects in Sec24 have
been found to date; however, animal models of defects in some
Sec24 isoforms, human diseases caused by the defects in other
components of the COPII pathway (18), and a subtype of cystic
fibrosis caused by a missense mutation of cystic fibrosis trans-
membrane conductance regulator at the diacidic ER export sig-
nal (5, 19) have been reported. It is conceivable that impairment
of the cargo-Sec24 interaction can affect ER-Golgi transport
and subsequent expression ofmembrane proteins in the appro-
priate compartments of the cell, thereby causing various dis-
ease phenotypes.
Anion exchanger 1 (AE1, also known as band 3) is expressed

primarily in the plasma membrane of red blood cells and the
intercalated cells of the renal collecting duct. AE1 is critical for
the mechanical stabilization of the red cell membrane by link-
ing the membrane skeleton to the lipid bilayer through associ-
ation with the anchor protein ankyrin and in maintaining the
acid-base balance through rapid Cl�/HCO3

� exchange across
the membrane (20, 21). AE1 proteins in the kidney and red
blood cells have different N-terminal structures. Human
erythroid AE1 possesses an N-terminal stretch consisting of 65
amino acid residues (see Fig. 1A). Variousmutations of the AE1
gene (SCL4A1) in humans and animals cause hereditary
spherocytosis and distal renal tubular acidosis, which are dom-
inantly inherited (21–23). Human kidney AE1 (kAE1) with a
nonsensemutation at Arg901, which truncates AE1 by 11 amino
acid residues at the C terminus (kAE1�11), impairs the baso-
lateral sorting of the protein in polarized epithelial cell lines.
The conserved tyrosine-based YXX� motif (X is any amino
acid, and� is a hydrophobic amino acid), which corresponds to
904YDEV907 in human erythroid AE1, is involved in the mem-
brane trafficking of kAE1 to the basolateral membrane (24, 25)
along with a tyrosine residue in the N-terminal cytoplasmic
domain (26). Interestingly, kAE1�11 is retained in the ER in
nonpolarized MDCK (25, 27) and HEK293 cells (28). The
904YDEV907 sequence is not necessary for the plasma mem-
brane targeting of erythroid AE1, because the AE1 content in
red blood cells from patients with the �11 mutation is only
mildly reduced (27).
During a series of studies on the mechanism(s) underlying

the ER quality control of theAE1mutant (22, 29), we found that
the highly conserved C-terminal ELXXL(D/E) sequence, which
conforms to the LXXLE class motif, is essential for efficient
expression of AE1 at the plasma membrane in transfected
HEK293 cells (30). We also showed that bovine and murine
erythroid AE1 lacking the C-terminal YXX� motif (AE1�11)
are successfully transported to the plasma membrane, whereas
human erythroidAE1�11 is retained in the ER (28). These find-
ings suggest that AE1 in nonpolarized cells (erythroid and
HEK293) and polarized cells (renal epithelial and polarized
MDCK) have different signals for ER exit and/or that AE1 pro-
teins from different species use distinct codes for ER export.
However, the mechanism responsible for ER export, including
the selectivity of AE1 for the COPII machinery, remains
unknown.

In the present study, we examined the signal motif responsi-
ble for the ER export and efficient plasma membrane expres-
sion of bovine erythroid AE1 (bAE1).We analyzed the intracel-
lular transport of a series of AE1mutants and chimeric proteins
of AE1 and Ly49E. Ly49E is a type II transmembrane protein
that is expressed in natural killer cells of fetal mice and is a
member of the Ly49 receptor family, which recognizes MHC
class I molecules (31, 32). A hydrophobic cluster resembling a
�X�X� sequence in the N-terminal stretch of bAE1 signifi-
cantly increased the ER exit of AE1 and theAE1-Ly49E chimera
through the COPII pathway, irrespective of whether the C-ter-
minal YXX�motif was absent or present.We demonstrate that
the �X�X� motif exclusively interacts with Sec24C at the
binding site for the IXMmotif, which is also present in Sec24D
(11), to facilitate ER-Golgi transport.

EXPERIMENTAL PROCEDURES

Antibodies—The antibodies used were: anti-GFP (MBL,
Nagoya, Japan), anti-Myc (BD Biosciences Clontech), anti-cal-
nexin (Stressgen, Victoria, Canada), anti-GM130 (BD Trans-
duction Laboratories), and anti-Sec23 and anti-ERGIC53
(Sigma-Aldrich).
Construction of Plasmids—Plasmid vectors encoding N-ter-

minally enhanced GFP (EGFP)-tagged bAE1 and bAE1�11 and
mouse erythroid AE1 (pEGFP-bAE1, pEGFP-bAE1�11, and
pEGFP-mAE1, respectively) were prepared as described previ-
ously (29, 30). ErythroidAE1 cDNAs for human, dog, and horse
(GenBankTM accession numbers NM_00342, AB242565, and
AB242566, respectively) were obtained by PCR amplification of
cDNAs from K562 cells and bone marrow cells from healthy
dogs and horses, respectively. The cDNA fragments for AE1
were subcloned into the pEGFP-C3 vector (BD Biosciences
Clontech), and the �11 truncation mutants were generated by
PCR using the appropriate primer pairs as described previously
(30). The nucleotide sequences of the PCR primers used in the
present study are shown in supplemental Table S1.
To prepare chimeric AE1 consisting of the bovine N-termi-

nal cytoplasmic domain (amino acid residues 1–403) and the
humanC-terminal transmembrane domainwith orwithout the
�11 mutation (designated hAE1�11/b[1–403] and hAE1/b[1–
403], respectively), we created the EcoRV site at the position
corresponding to 403DI404 by PCR without causing any amino
acid substitutions. Then the cytoplasmic domain (residues
1–385) of hAE1 or hAE1�11 was replaced by the bovine
sequence using the endogenous EcoRV site in the hAE1
sequence. Conversely, to make the construct for bAE1/h[1–
385] or bAE1�11/h[1–385], the cDNA fragment encoding the
bovine transmembrane domain was connected to the sequence
encoding the cytoplasmic domain of hAE1 (or hAE1�11) using
the EcoRV site. Similar procedures were employed to prepare
plasmid vectors for a series of AE1 chimeras, except that the
hAE1/b[25–29] and bAE1/h[26–31] vectors and their �11
forms were generated by PCR amplification using primers to
introduce the appropriate amino acid substitutions (see Fig. 2).
Likewise, vectors encoding a series of substitutionmutants (see
Fig. 3) were produced by PCR amplification using the appropri-
ate mutagenic primers (supplemental Table S1).
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cDNA containing the entire coding region of murine Ly49E
(GenBankTM accession number NM_008463) was obtained by
PCR amplification of whole cDNA obtained from a C57BL/6
mouse fetus and was inserted into the pEGFP-N3 vector (BD
Biosciences Clontech). The cDNA fragment encoding the
N-terminal cytoplasmic region of Ly49E was replaced by the 37
(bovine) or 39 (human) N-terminal amino acid residues of
erythroid AE1 (bN[1–37] and hN[1–39], respectively) to create
vectors encoding the AE1 N terminus-Ly49E chimeric protein
that was C-terminally tagged with EGFP, namely bN[1–37]Ly,
hN[1–39]Ly, and hN[P27V/S29I]Ly.
cDNA for the entire coding regions of humanSar1A, Sec24A,

Sec24B, Sec24C, and Sec24D (GenBankTM accession numbers,
NM_001142648, NM_021982, NM_006323, NM_004922, and
NM_014822, respectively) were obtained by PCR amplification
ofHEK293 cell cDNA. Sar1A cDNAwas elongated at the 3� end
using a primer containing the c-Myc epitope peptide (NH2-
QKLISEEDL-COOH) and subcloned into the pcDNA3.1 vector
(Invitrogen). An activated GTP-bound form of Sar1A, Sar1A
H79G (33), was generated by site-directed mutagenesis as
described previously (29). The cDNA for each Sec24 isoform
was cloned into the pCMV-Myc vector (BD Biosciences Clon-
tech) to generate C-terminally Myc-tagged Sec24 proteins.
Sec24C-AAA, in which the amino acid residues 895LIL897 were
mutated to 895AAA897 (11), was generated by site-directed
mutagenesis.
cDNA encoding VSV-G was obtained by PCR amplification

of the pMD2.G vector (Addgene) and was subcloned into the
pEGFP-N3 vector. Primers for these procedures are shown in
supplemental Table S1. All experimental procedures met with
the approval of the Laboratory Animal Experimentation Com-
mittee, Graduate School of Veterinary Medicine, Hokkaido
University.
Cell Culture and Transfection—HEK293 cells were cultured

and transfected with the appropriate plasmid vectors as previ-
ously described (29).
Analysis of Proteins—SDS-PAGE, immunoblotting, cell sur-

face biotinylation, immunoprecipitation, and deglycosylation
were performed as described previously (29, 30, 34). For bioti-
nylation, the cells were washed with borate buffer (10mM boric
acid, 154mMNaCl, 7.2 mMKCl, and 1.8 mMCaCl2, pH 9.0) and
were labeled with 0.8mM sulfo-NHS-SS-biotin (Thermo Scien-
tific) in the same buffer for 30min at 4 °C. The cells were rinsed
with PBS containing 1 mM CaCl2, 1 mM MgCl2, and 100 mM

glycine to quench the reaction and lysed in radioimmune pre-
cipitation assay buffer containing 1% (w/v) deoxycholic acid, 1%
(w/v) Triton X-100, 0.1% (w/v) SDS, 150 mM NaCl, 1 mM

EDTA, and 10 mM Tris-HCl (pH 7.5). The cell lysate was cen-
trifuged for 15 min at 20,000 � g, and the supernatant was
incubated with NeutrAvidin beads (Thermo Scientific) for 1 h
at 4 °C to capture the biotinylated proteins. After washing with
radioimmune precipitation assay buffer, immobilized proteins
were eluted in sample buffer for SDS-PAGE. For deglycosyla-
tion, proteins captured on the NeutrAvidin beads were incu-
bated with or without endoglycosidase H (endo H) or peptide
N-glycosidase F (both from Roche) in radioimmune precipita-
tion assay buffer. After washing the beads once, the proteins
were eluted in sample buffer for SDS-PAGE.

FIGURE 1. Expression of human and bovine AE1 and their C-terminally trun-
cated mutants in transfected HEK293 cells. A, schematic illustration of
erythroid AE1 based on the crystallographic structure of the cytoplasmic domain
(36) and the topology model of the transmembrane domain (45). The amino acid
sequences of the N- and C-terminal regions of human and bovine AE1 are
aligned, and residues highlighted in blue are identical between humans and cat-
tle. The N-terminal sequences of canine, equine, and murine AE1 are also shown.
The N-terminal sequence varies between the species. The functions of these
amino acid sequences in ER export were analyzed (Figs. 4–7), and asterisks indi-
cate the hydrophobic residues that correspond to the �X�X� motif. B, HEK293
cells were transfected with EGFP-tagged hAE1 or bAE1 and their C-terminally
truncated mutants. The cells were fixed after 48 h, and EGFP and the ER marker
calnexin were visualized. A merged image of EGFP- (green), calnexin- (red), and
DAPI-stained nuclei (blue) is shown. The indicated areas in the merged images are
magnified, and EGFP fluorescence at the plasma membrane is indicated by
arrowheads. Bars, 10 �m. C, at 48 h after transfection, cell surface proteins were
labeled with sulfo-NHS-SS-biotin. After solubilization, biotin-labeled proteins
were separated from intracellular proteins on NeutrAvidin beads. AE1 proteins in
total (Total), intracellular (Intracellular), and cell surface (Surface) fractions were
detected by immunoblotting with an anti-GFP antibody. The amount of cell sur-
face fraction loaded is 10-fold higher than that of the other fractions. Migrating
positions of size markers are shown in kDa.
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Confocal laser microscopy was performed as described pre-
viously (29, 30, 34). In some experiments, the images were ana-
lyzed using the co-localization function of LSM5 PASCAL soft-
ware to obtain Pearson’s correlation coefficients to estimate the
degree of co-localization between two proteins in the region of
interest.
Preparation of bN[1–37]-Halo and hN[1–39]-Halo—The

bait polypeptide bN[1–37]-Halo, in which the N-terminal pep-

tide of bovine AE1 was fused to the N terminus of the Halo tag,
was generated and used to isolate interacting proteins. The
cDNA for bN[1–37] and the cDNA fragment for the Halo tag
from the pTH2 vector (Promega) were ligated into the pGEX-
6P-1 vector using EcoRI, SalI, and NotI restriction sites. Esche-
richia coli BL21(DE3)pLyS competent cells (Promega) were
transformed with the pGEX vector, and protein expression was
induced with 1 mM isopropyl-�-thiogalactopyranoside for 6 h

FIGURE 2. Intracellular localization of a series of bAE1-hAE1 chimeric proteins and their �11 mutants. A, a series of bAE1 and hAE1 chimeric proteins are
schematically illustrated with the numbers of the amino acid residues shown. The overall structures of erythroid and kidney AE1 are presented along with a
representative illustration of the hAE1/b[1– 403] mutant. CYT, TM, and Ct indicate the cytoplasmic domain, the transmembrane domain, and the short
C-terminal cytoplasmic tail, respectively. The chimeras hAE1/b[1– 403], hAE1/b[1–75], hAE1/b[1–17], hAE1/b[17–75], hAE1/b[17–55], hAE1/b[17–37], hAE1/
b[23–37], hAE1/b[25–29], and hAE1/b[33–35] have a hAE1 backbone and contain amino acid residues 1– 403, 1–75, 1–17, 17–75, 17–55, 17–37, 23–37, 25–29,
and 33–35 from bAE1, respectively. Conversely, the chimeras bAE1/h[1–385], bAE1/h[18 –39], and bAE1/h[26 –30] contain the N-terminal amino acid residues
1–385, 18 –39, and 26 –30 of hAE1, respectively, in the corresponding regions of bAE1. The �11 mutants of these chimeras, in which the 11 C-terminal amino
acid residues were deleted, were also prepared. hAE1 has a single N-glycosylation site on the fourth extracellular loop in the TM, whereas bAE1 does not (29).
B, various bAE1-hAE1 chimeras and their �11 mutants were transfected into HEK293 cells, and their intracellular localizations were determined by confocal
laser microscopy. EGFP fluorescence at the plasma membrane is indicated by arrowheads. C, HEK293 cells were transfected with EGFP-hAE1/b[25–29],
EGFP-bAE1/h[26 –30], and their �11 mutants. The cells were fixed at 48 h after transfection and stained with an anti-calnexin antibody. EGFP fluorescence at the
cell surface is indicated by arrowheads. EGFP- (green), calnexin- (red), and DAPI-stained nuclei (blue) are shown in the merged images. Bars, 10 �m. D, cell surface
expression of hAE1/b[25–29], bAE1/h[26 –30], and their �11 mutants was examined by cell surface biotinylation as described in the legend for Fig. 1. AE1
proteins in the total (Total), intracellular (Intracellular), and cell surface (Surface) fractions were detected by immunoblotting using an anti-GFP antibody. The
amount of cell surface fraction loaded is 10-fold higher than that of the other fractions. The migrating positions of the size markers are shown in kDa.
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at 30 °C. Bacterial cells were collected by centrifugation and
lysed in the B-PER reagent (Thermo Scientific). GST-fused
bN[1–37] in the lysate was trapped on glutathione-Sephar-
ose beads (Amersham Biosciences). Finally, bN[1–37]-Halo
was cleaved from GST by the addition of Turbo 3C protease
(Wako Pure Chemical Industries, Osaka, Japan) and eluted

from the beads. hN[1–39]-Halo was generated using the
same procedure.
Isolation and Identification of Proteins That Interact with the

N Terminus of Bovine AE1 by Fourier Transform-MS/MS
Analysis—Affinity isolation of the cellular interacting proteins
was performed according to the procedure described previ-

FIGURE 3. Identification of the N-terminal amino acid sequence of AE1 required for its cell surface expression. A, various amino acid substitution
mutants of EGFP-bAE1 and EGFP-hAE1�11 were transfected into HEK293 cells. Mutated amino acid residues are highlighted. B–D, the cell surface
expression of these mutants, as determined by laser confocal microscopy and cell surface biotinylation studies, are summarized by � and �, indicating
positive and negative (less than 5% of the total amount) cell surface expression, respectively. CYT, TM, and Ct indicate the N-terminal cytoplasmic
domain, the transmembrane domain, and the short cytoplasmic C-terminal tail, respectively. bAE1 is not N-glycosylated (29), whereas hAE1 possesses
a single N-glycan in the extracellular loop. B and C, HEK293 cells were transfected with various EGFP-bAE1 mutants in which one or two amino acid
residues in the 25SVSIPM30 sequence were substituted by the indicated residue(s). After 48 h, the intracellular localizations of the mutants was analyzed
by confocal laser microscopy (B) and cell surface biotinylation (C), as described in the legend of Fig. 1. In B, EGFP fluorescence at the plasma membrane
is indicated by arrowheads. EGFP- (green), calnexin- (red), and DAPI-stained nuclei are shown in the merged images. Bars, 10 �m. In C, bAE1 mutants
detected by immunoblotting of the total (T), intracellular (I), and cell surface (S) fractions are shown, and the migrating positions of the size markers are
shown in kDa. Cell surface expression of each mutant was determined by the presence of EGFP fluorescence at the plasma membrane (B) and when the
relative abundance of the mutant in the cell surface fraction comprised more than 5% of the total amount, as determined by densitometric scanning of
the immunoblots (C). D and E, intracellular localization of hAE1�11/P27V, hAE1�11/S29I, and hAE1�11/P27V/S29I was examined by confocal laser
microscopy (D) and cell surface biotinylation (E) as described in the legend to Fig. 1. EGFP fluorescence at the plasma membrane is indicated by
arrowheads in D. Total (Total), intracellular (Intracellular), and cell surface (Surface) fractions were deglycosylated with endo H or peptide N-glycosidase
F (PNGase). The amount of cell surface fraction loaded is 10-fold higher than that of the other fractions. Symbols indicate the migrating positions of each
hAE1�11 mutant with mature and processed N-glycans (bars), endo H-sensitive immature N-glycans (closed arrowheads), and the deglycosylated
polypeptides (open arrowheads). The migrating positions of the size markers are shown in kDa. Bars, 10 �m.
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ously (13). In brief, HEK293 cells were homogenized in lysis
buffer containing 50 mM Tris-Cl (pH 7.4), 0.5 mM EDTA, 1.3%
(w/v) CHAPS, and 5 �g/ml aprotinin, 1 �g/ml leupeptin, 1
�g/ml pepstatin A, and 1 mM 4-(2-aminoethyl)-benzenesulfo-
nyl fluoride (all from Sigma). The lysate was centrifuged for 1 h
at 10,000 � g and the supernatant was incubated with gentle
agitation for 16 h at 4 °C with bN[1–37]-Halo or hN[1–39]-
Halo, which was immobilized on HaloLink resin (Promega).
The resin was washed four times with lysis buffer containing 5
M NaCl and once with lysis buffer. Polypeptides bound to the
resin were separated by SDS-PAGE on a 5–20% gradient gel
(Wako Pure Chemical Industries) and stained with Coomassie
Brilliant Blue. Polypeptides of interest were excised and sub-
jected to reduction with dithiothreitol, alkylation with iodoac-

etamide, and digestion with trypsin Gold (Promega) according
to the manufacturer’s instructions. Tryptic peptides were sep-
arated and analyzed on a tandemly connected Dionex UltiMate
3000 liquid chromatography and LTQ Orbitrap Fourier trans-
form-MS/MS system (Thermo Scientific). The MS/MS data
were searched against the human database of the International
Protein Index using the Proteome Discoverer 1.0 (Thermo
Scientific).
Binding Assay for the Interaction of bN[1–37]-Halo with

Sec24 Isoforms—The interaction of the bacterially produced
bN[1–37]-Halo protein with Sec24 isoforms and Sec24C-AAA
was principally analyzed as described above. Cell lysates from
HEK293 cells expressingMyc-tagged Sec24A, Sec24B, Sec24C,
Sec24D, or Sec24C-AAA were incubated with bN[1–37]-Halo

FIGURE 4. Intracellular distribution of the AE1-Ly49E chimeric proteins. A, schematic illustration of the AE1 N terminus-Ly49E chimeric proteins
(bN[1–37]Ly, hN[1–39]Ly, and hN[P27V/S29I]Ly), which contain the N-terminal cytoplasmic regions (AE1 Nt) of bAE1, hAE, or hAE1/P27V/S29I and the
transmembrane and extracellular domains of Ly49E with an N-terminal EGFP tag. B–D, AE1-Ly49E mutants were transfected into HEK293 cells, and their
intracellular localizations were analyzed by biotinylation (B), deglycosylation (C), and confocal laser microscopy (D) as described in the legends to Figs.
1 and 2. A representative immunoblot of three independent experiments is presented in B. T, I, and S indicate the total, intracellular, and cell surface
fractions, respectively. The amount of cell surface fraction loaded is 10-fold higher than that of the other fractions. In B and C, bars, closed arrowheads,
and open arrowheads indicate the migrating positions of the mutant proteins whose N-glycan is endo H-resistant, endo H-sensitive, and deglycosylated,
respectively. The migrating positions of the size markers are shown in kDa. In D, EGFP fluorescence (green) was visualized in HEK293 cells expressing
bN[1–37]Ly, hN[1–39]Ly, or hN[P27V/S29I]Ly, and the ER, ER exit sites, ERGIC, and cis-Golgi were stained with anti-calnexin, anti-Sec23A, anti-ERGIC53,
and anti-GM130 antibodies, respectively (red). Representative images are shown. The indicated areas of the region of interest (ROI) in the merged
images are magnified (Magnified). Bars, 10 �m. E, Pearson’s coefficients of co-localization between AE1-Ly49E chimeric proteins and organelle markers
were analyzed. Co-localization was analyzed for each marker in the ROIs of 24 cells using LSM5 PASCAL co-localization software. The data are shown as
the means � S.D. (n � 24).
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immobilized on the resin and processed as described above.
Sec24 proteins bound to the resin were detected by immuno-
blotting using the anti-Myc antibody.
Statistical Analysis—Statistical significance was assessed

using paired Student’s t test.

RESULTS

Identification of the N-terminal Sequence of Bovine AE1
Required for Its Efficient Cell Surface Expression—A portion of
human erythroid AE1 N-terminally tagged with EGFP (hAE1)
was detected at the cell periphery, demonstrating its cell surface
expression in transfected HEK293 cells (Fig. 1B). However, the
C-terminal truncationmutant of hAE1 (hAE1�11) co-localized
with calnexin, indicating that it was retained in the ER. When
transfected into the same cell line, untagged hAE1 and
hAE1�11 are reported to exhibit similar localizations to those
of EGFP-hAE1 and EGFP-hAE1�11, respectively (28). This
indicates that the N-terminal EGFP tag does not have amarked
effect on the intracellular distribution of hAE1 or hAE1�11. By
contrast, EGFP-bAE1�11 (bAE1�11) and its wild-type form
(bAE1)were abundantly detected at the plasmamembrane (Fig.
1B). Cell surface biotinylation showed that 	11% and less than
3% of hAE1 and hAE1�11 were detected at the cell surface,
respectively, whereas 	11% of bAE1 and bAE1�11 were pres-
ent at the cell surface (Fig. 1C), confirming our previous obser-
vations (30). These data indicate that a mechanism serves to
deliver bAE1 to the cell surface, which is unaffected by the pres-
ence or absence of the 11 C-terminal amino acid residues.
We examined the intracellular localization of bAE1�11 and

hAE1�11 chimeric proteins (Fig. 2A). The hAE1�11 chimera,
whose N-terminal cytoplasmic domain was replaced with that
of bAE1 (hAE1�11/b[1–403]), showed plasma membrane
localization (Fig. 2B). By contrast, cell surface expression of
bAE1�11 wasmarkedly reduced by substitution of its cytoplas-
mic domain with that of hAE1, resulting in the retention of
bAE1�11/h[1–385] in the ER. Thus, the key signal responsible
for the plasma membrane targeting of bAE1 is present in the
cytoplasmic domain. Subsequent microscopic and biotinyla-
tion studies on a series of chimeric AE1 proteins demonstrated
that a portion of both hAE1/b[25–29] and its �11 mutant were
expressed at the plasmamembrane (Fig. 2,C andD). This dem-
onstrates that replacement of the 26IPESQ30 sequence with the
corresponding 25SVSIP29 bovine sequence is sufficient to facil-
itate effective targeting of hAE1 and hAE1�11 to the plasma
membrane. This was further supported by the loss of cell sur-
face expression andER retardation of bAE1 andbAE1�11when
their 25SVSIP29 sequence was replaced with 26IPESQ30 (bAE1/
h[26–30]; Fig. 2, C and D).

We next generated a series ofmutants of bAE1 and hAE1�11
possessing substitutions of certain amino acid residues in
25SVSIP29 and neighboring positions and examined their cell
surface expression by microscopy and biotinylation (Fig. 3).
Alanine substitution of Ser25, Ser27, or Pro29 had no effect on
the plasma membrane expression of bAE1 (Fig. 3, B and C).
Alanine substitution of Val26 and Ile28 resulted in the ER reten-
tion of these proteins, and they were no longer detected at the
cell surface, whereas replacement of these residues with leucine
or phenylalanine did not alter the localization. Similarly, sub-

stitution of Met30, the C-terminal neighboring residue of
25SVSIP29, with alanine markedly reduced the surface expres-
sion of AE1, whereas substitution with leucine did not. More-
over, the protein was not detected at the cell surface following
mutation of 28IP29 to 28PI29.
Similarly, the cell surface expression of hAE1�11/P27V/

S29I, in which the Pro27 and Ser29 residues of 26IPESQ30 were
mutated to valine and isoleucine, respectively, was markedly
increased compared with that of hAE1�11, whereas no effect
was observed when either of these residues was mutated indi-
vidually (Fig. 3D). The intracellular fractions of hAE1�11/P27V
and hAE1�11/S29I were sensitive to digestion with endo H
(Fig. 3E), confirming their ER localization as indicated by co-lo-
calization with calnexin (Fig. 3D). By contrast, the cell surface
fraction of hAE1�11/P27V/S29I was resistant to endo H, dem-
onstrating its targeting to the plasma membrane through the
Golgi apparatus, although a small portion of the intracellular
fraction of this mutant was sensitive to endo H (Fig. 3E). These
data demonstrate that the (V/L/F)X(I/L)X(M/L) sequence
(26VSIPM30 in bovine AE1) at this position, which corresponds
to a�X�X� sequence, facilitates the plasmamembrane target-
ing of AE1 and AE1�11, and suggests that this motif increases
the ER-Golgi transport of these proteins.

FIGURE 5. Effect of Sar1A expression on the N-glycan processing of AE1-
Ly49E reporter proteins. A, HEK293 cells were co-transfected with a AE1-
Ly49E mutant (bN[1–37]Ly, hN[1–39]Ly, or hN[P29V/S29I]Ly) and either an
empty vector (Mock), C-terminally Myc-tagged Sar1A (Sar1-myc), or its acti-
vated form (Sar1 H79G). After 48 h of incubation, cell lysates were prepared,
and AE1-Ly49E mutants were detected by immunoblotting with an anti-GFP
antibody. A representative immunoblot from three independent experi-
ments is presented. Bars and arrowheads indicate the migrating positions of
AE1-Ly49E mutants with mature and immature N-glycans, respectively. The
migrating positions of the size markers are shown in kDa. B, the abundance of
the AE1-Ly49E mutants bearing mature N-glycans relative to the total
amount was quantitated by densitometric scanning of the immunoblots. The
data are expressed as the means � S.D. (n � 3). *, p 
 0.05; **, p 
 0.005.
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Identification of the�X�X�Sequenceas anERExport Signal—
To verify this hypothesis, we first examined whether the inser-
tion of the �X�X� sequence was sufficient to induce the
plasma membrane targeting of another protein. For this pur-
pose, we used Ly49E, a type II transmembrane protein consist-
ing of a short cytoplasmic N terminus, a single transmembrane
�-helix, and a large extracellular C-terminal lectin-like domain
(31, 32), as a reporter protein. Three potential N-glycosylation
sites in Ly49Emeant different forms of the protein withmature
processed N-glycan or with immature core N-glycan could be
distinguished. The redistribution of Ly49E has beenmonitored
following replacement of its N terminus with that of the human
CLC-4 chloride channel (35).
We created reporter proteins containing the Ly49E back-

bone and a C-terminal EGFP tag, namely bN[1–37]Ly, hN[1–
39]Ly, and hN[P27V/P29I]Ly, whose N-terminal cytoplasmic
regions were replaced by the N-terminal 1–37 residues of
bAE1, residues 1–39 of hAE1, or residues 1–39 of hAE1 con-
taining the P27V/P29I mutation, respectively (Fig. 4A).
Approximately 17 and 18% of the total amount of bN[1–37]Ly
and hN[P27V/S29I]Ly expressed in HEK293 cells was biotiny-
lated at the cell surface, respectively, and they principally con-
sisted of polypeptides of 63–73 kDa (Fig. 4B) whose N-glycan
was resistant to endo H (Fig. 4C). By contrast, the vast majority
of hN[1–39]Ly was 60 kDa in size, intracellular, and completely
sensitive to endoHdigestion.Microscopic analysis showed that
bN[1–37]Ly and hN[P27V/S29I]Ly were localized at the
plasma membrane with some juxtanuclear signals, whereas
hN[1–39]Ly exhibited a reticular pattern that was consistent
with calnexin (Fig. 4, D and E). hN[1–39]Ly partially co-local-
ized with Sec23A and ERGIC53, which are markers of ER exit
sites and the ERGIC, respectively, in juxtanuclear areas, but did
not co-localize with GM130, a marker of the cis-Golgi.
An activated formof Sar1A, Sar1AH79G, inhibits the forma-

tion of COPII-coated vesicles (33). We analyzed the effect of
Sar1A H79G on the N-glycan processing of AE1-Ly49E
mutants (Fig. 5). Co-expression ofMyc-taggedwild-type Sar1A
had no significant effect on the relative abundance of bN[1–
37]Ly, hN[1–39]Ly, or hN[P27V/S29I]Ly with mature N-gly-
can, although the value for hN[1–39]Ly (17 � 4%, n � 3) was
much lower than that for bN[1–37]Ly (74 � 4%, n � 3) and
hN[P27V/S29I]Ly (68 � 4%, n � 3). However, when Sar1A
H79Gwas co-transfected, the relative abundance of themature
forms of bN[1–37]Ly and hN[P27V/S29I]Ly was markedly
reduced to less than 5% of the total amount. This indicates that
bN[1–37]Ly and hN[P27V/S29I]Ly were transported to the cell
surface via the conventional secretory pathway.
These data demonstrate that the N-terminal segments

bN[1–37] and hN[P27V/S29I] can induce effective ER export of
the Ly49E reporters through the COPII pathway and that the

FIGURE 6. Roles of the N-terminal sequences of erythroid AE1 from sev-
eral species in the N-glycan processing and cell surface expression of the
protein. A, schematic illustration of EGFP-tagged AE1�11 mutants of canine,
equine, and murine erythroid AE1. Equine and murine erythroid AE1 contain
the N-terminal sequences 11IEVIV15 and 35LTIPV39, which conform to the
�X�X� motif, respectively, whereas canine erythroid AE1 does not contain
this motif as shown in Fig. 1A. B, EGFP-AE1�11 mutants described above were
transfected into HEK293 cells, which were then fixed and stained for calnexin.
Equine and murine AE1�11 were abundant at the plasma membrane (arrow-
heads), whereas canine AE1�11 exhibited a similar pattern to calnexin. EGFP-
(green), calnexin- (red), and DAPI-stained nuclei (blue) are shown in the
merged images. C, the partial sequences of the N-terminal regions of canine,
equine, and murine erythroid AE1 (AE1 Nt) were substituted for the N-termi-
nal cytoplasmic region of Ly49E to create the AE1-Ly49E chimeric proteins
cN[1– 46]Ly, eqN[1– 41]Ly, and mN[1– 49]Ly, respectively. D and E, HEK293
cells were transfected with cN[1– 46]Ly, eqN[1– 41]Ly, and mN[1– 49]Ly and
incubated for 48 h. The intracellular localization of the mutants was examined
by confocal laser microscopy after staining with an anti-calnexin antibody (D),

and N-glycan processing was analyzed by deglycosylation as described in the
legends to Figs. 2 and 3 (E). In D, the plasma membrane expression of eqN[1–
41]Ly and mN[1– 49]Ly is indicated by arrowheads. Bars, 10 �m. In E, total cell
lysates from the transfected cells were mock treated, endo H-treated, or pep-
tide N-glycosidase F (PNGase)-treated and then immunoblotted with an anti-
EGFP antibody. The migrating positions of each AE1-Ly49E mutant with
mature and processed N-glycans (bars), endo H-sensitive immature N-glycans
(closed arrowheads), and the deglycosylated polypeptides (open arrowheads)
are indicated. The migrating positions of the size markers are shown in kDa.
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P27V/S29I substitution, i.e., creation of the�X�X�motif, sig-
nificantly increased the basal level of hN[1–39]Ly ER exit.
Therefore, we next testedwhether hydrophobic clusters of AE1
proteins from several other species that contain a �X�X�
motif behave as the bovine sequence does. When transfected
into HEK293 cells, equine and murine AE1�11 mutants that
contain 11IEVIV15 and 35LTIPV39 in the N-terminal stretches,
respectively, were found at the plasma membrane, whereas
canine AE1�11, which lacks an N-terminal �X�X� sequence,
was retained in the ER (Fig. 6, A and B; also see Fig. 1A). More-
over, chimeras containing the first 41 or 49 amino acids of
equine or murine AE1, respectively, and the transmembrane
and C-terminal regions of Ly49E exhibited effective cell surface
expression and endo H-resistantN-glycans, whereas a chimera

possessing the 46 N-terminal residues of canine AE1 was pri-
marily unprocessed and was not detected at the cell surface
(Fig. 6, C–E). Based on these findings, we conclude that the
�X�X� motif facilitates the ER export of membrane proteins.
Selective Interaction of the �X�X� Motif with Sec24C—

These findings suggest that some COPII components, or other
adaptor proteins, interact with the �X�X� sequence upon ER
exit. To identify the interacting protein(s), we isolated proteins
that specifically bound to the motif from HEK293 cell lysates
using bN[1–37]-Halo tag fusion proteins as the bait. Two poly-
peptides of 120 and 85 kDa were identified, which bound to
bN[1–37]-Halo, but not to hN[1–39]-Halo (Fig. 7A). MS/MS
analysis of these bands and a database search identified the 120-
and 85-kDa proteins as human Sec24C and Sec23A, respec-

FIGURE 7. Selective interaction between the �X�X� motif and Sec24C. A, HEK293 cell lysate (lane L) was incubated with bacterially expressed bN[1–37]-
Halo or hN[1–39]-Halo protein that was immobilized on HaloLink resin or with the resin alone (Control). Bound proteins (lane B) were separated by SDS-PAGE
on a 5–20% gradient gel followed by staining with Coomassie Brilliant Blue (CBB). The 120- and 85-kDa polypeptides that specifically bound to bN[1–37] were
subjected to MS/MS analysis and were identified as Sec24C and Sec23A, respectively (indicated by arrowheads). Lane I contains the bait protein, and the asterisk
indicates the bait protein that leaked from the resin. Immunoblotting (IB) with an anti-Sec23A antibody detected a band specifically in the fraction that bound
the bN[1–37]-Halo-coupled resin and in the total cell lysate, which migrated at a size comparable with that of the 85-kDa protein (lower panel). Proteins in each
fraction were separated on an 8% gel and were immunoblotted. B, lysates from HEK293 cells expressing Myc-tagged Sec24 isoforms (Sec24A, Sec24B, Sec24C,
and Sec24D) or Sec24C-AAA were incubated with bN[1–37]-Halo-coupled resin as described above. Sec24 proteins in cell lysates (L), unbound (U), and bound
(B) fractions were detected by immunoblotting with an anti-Myc antibody (indicated by arrowheads). C and D, the effect of Sec24C-AAA on N-glycan processing
of AE1-Ly49E chimeric proteins was examined. HEK293 cells were co-transfected with an AE1-Ly49E mutant (bN[1–37]Ly, hN[1–39]Ly, or hN[P27V/S29I]Ly) or
VSV-G-EGFP and either the empty vector (Mock), Myc-tagged Sec24C (Sec24C), or its Sec24C-AAA mutant (Sec24C-AAA). After 48 h, the AE1-Ly49E and VSV-G
proteins and Sec24C proteins in the cell lysates were detected by immunoblotting with anti-GFP and anti-Myc antibodies, respectively. Representative
immunoblots from three independent experiments are shown in C. The migrating positions of AE1-Ly49E mutants and VSV-G with mature and immature
N-glycans are indicated by a bar and an arrowhead, respectively. The asterisk indicates Sec24C proteins. The migrating positions of the size markers are shown
in kDa. D, the abundance of AE1-Ly49E and VSV-G proteins with mature and immature N-glycans relative to the total amount were quantitated by densito-
metric scanning of the immunoblots. The data are expressed as the means � S.D. (n � 3). *, p 
 0.05; **, p 
 0.005.
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tively (supplemental Table S2).Moreover, the 85-kDa polypep-
tide reacted specifically with an anti-Sec23A antibody on
immunoblots (Fig. 7A, lower panel). In the Sec23-Sec24 com-
plex, Sec24 is the primary cargo selection element (1, 9, 10), and
twomammalian paralogues of Sec23, Sec23A and Sec23B, serve
distinct functions, probably because of their differential tissue-
specific expression (16). Therefore, we hereafter focus on
Sec24C in this study.
Using the same procedure, we tested the interaction between

bN[1–37]-Halo and Myc-tagged Sec24A, Sec24B, Sec24C, or
Sec24D by overexpressing these proteins in HEK293 cells to
determine the specificity of bN[1–37]-Halo for the Sec24 iso-
forms. Sec24C bound to bN[1–37], whereas the other isoforms
did not. In addition, the Sec24C-AAA mutant, in which the
895LIL897 sequence that forms the binding pocket for the IXM
motif on membrin and syntaxin 5 (11) was changed to
895AAA897, did not bind bN[1–37] (Fig. 7B). Furthermore,
when the Sec24C-AAA mutant was co-transfected with the
AE1-Ly49E chimeras, the abundance of the immature forms of
bN[1–37] and hN[P27V/S29I] relative to the total amount was
significantly higher than when they were mock co-transfected.
By contrast, co-transfection of the Sec24C-AAAmutant caused
no significant change in the abundance of the immature formof
VSV-G, which interacts with Sec24A-Sec24B (4) (Fig. 7, C and
D). There was no marked change in the relative abundance of
the immature formof the chimeras in cells expressingwild-type
Sec24C compared with that in mock treated cells (Fig. 7, C and
D). Thus, the presence of Sec24C-AAA reduced the ER export
of bN[1–37]Ly and hN[P27V/S29I]Ly, which both contain the
�X�X� motif, indicating that the motif interacts with this
region of Sec24C. These findings demonstrate that the
�X�X� motif interacts with the Sec23A-Sec24C complex by
specifically binding to 895LIL897 on the surface of Sec24C and
that this interaction potently increases the efficiency of ER
export of cargo proteins.

DISCUSSION

The present study identified the �X�X� sequence as a new
class of sorting signal that facilitates the ER export of cargo
proteins through the COPII pathway. Various bovine and
human AE1 mutants and Ly49E-based reporter proteins pos-
sessing a �X�X� motif were targeted to the cell surface with
efficient N-glycan processing, whereas mutants and reporter
proteins lacking this motif were largely retained in the ER (Figs.
1–4). The facilitation of ER export by the �X�X� motif was
also verified by its selective binding to the Sec23A-Sec24Ccom-
plex (Fig. 7). It is conceivable that the�X�X�motif acts as the
primary signal for the ER export of cargo proteins and that a
signal in the N terminus that facilitates the plasma membrane
targeting of erythroid AE1 is present in specific species, includ-
ing cattle, horse, and mouse.
Perhaps the most novel findings of the present study are that

the �X�X� motif selectively interacts with Sec24C and that
the motif appears to share the binding site on Sec24C with the
IXM signal. The Sec24C-AAA mutant, in which the binding
site sequence 895LIL897 of the IXM motif (11) was mutated to
895AAA897, no longer interacted with AE1-Ly49E reporter pro-
teins, resulting in their ER retention (Fig. 7). The�X�X�motif

sequence 26VSIPM30 in bovine AE1 includes 28IPM30, which is
comparable with the IXM class ER export signal of membrin
and syntaxin 5 (11). Conversely, the IXM motif and the
sequence upstream of this motif in mammalian syntaxin 5 con-
sists of VXIXM (189VAIDM193 in the human sequence), which
is comparable with the �X�X� sequence. However, these two
motifs differ from each other in the following respects. First,
although the IXMmotif binds in the surface groove of Sec24C
and Sec24D (11), the �X�X� motif specifically binds to
Sec24C but not to Sec24D (Fig. 7). Second, creation of the
29IQM31 sequence in hAE1�11 (hAE1�11/S29I) resulted in ER
retention of the protein, and the coordinate mutation of Pro27
to generate the 27VEIQM31 sequence (hAE1�11/P27V/S29I)
was needed for efficient N-glycan processing and cell surface
expression (Fig. 3). Therefore, the selective interaction between
the �X�X� motif and Sec24 is likely due to structural differ-
ences between Sec24C and Sec24D in the region adjacent to the
binding site with the LIL sequence, as well as to the structure of
the motif on the cargo. Sec24C or Sec24D are absolutely
required for binding the RI/RLmotif of the highly related SLC6
family transporters (12, 13). The serotonin transporter SERT
and the GABA transporter GAT1 interact with Sec24C and
Sec24D, respectively, although both transporters bind to the
relevant DD sequence on Sec24C-Sec24Dmachineries (12, 13).
As demonstrated by the previous structural analyses of the

cytoplasmic domain of human erythroidAE1, a large part of the
N-terminal stretch (the first 54 residues in human AE1 corre-
sponding to residues 1–64 in bovine AE1 containing the
26VSIPM30 sequence) is flexible and dynamically disordered
(36, 37). When AE1 forms tetramers in the membrane, two of
the N-terminal regions on the distal monomers in the tetramer
that are not involved in the association with the bridging pro-
tein ankyrin are anticipated to be in close proximity to the lipid
bilayer (36).On the other hand, the commonbinding pocket for
the�X�X� and IXMmotifs containing the 895LIL897 sequence
in the distal region of Sec24C in the Sec23-Sec24-Sar1 complex
faces toward and is in close proximity to the membrane (2, 11,
38). Therefore, it is likely that the interaction of the AE1
�X�X� motif with Sec24C readily occurs on the surface close
to the ER membrane. AE1 exists primarily as a mixture of
dimers and tetramers in membranes (39), and AE1 forms a
dimer in the ER (29). Binding of ankyrin induces two dimers to
form a tetramer (39, 40), and this AE1-ankyrin interaction
occurs in the ERwhen both proteins are exogenously expressed
(41, 42). These findings indicate that AE1 is present as a dimer
and forms a tetramer in the ER when ankyrin is available.
Hence, the interaction between the �X�X� motif and Sec24C
may contribute to cooperative incorporation and concentra-
tion of AE1, ankyrin, and the COPII machineries into prebud-
ding vesicles.
Our observations on the N-terminal ER export signal do not

rule out the possibility that an unidentified signal(s) also partic-
ipates in the plasmamembrane targeting ofAE1. Indeedhuman
and canine AE1, which do not have a �X�X� motif in the N
terminus, are transported to the plasmamembrane in red blood
cells. In fact, cell surface biotinylation andN-glycanmaturation
ofAE1mutants andAE1-Ly49Emutants lacking thismotif (e.g.,
hAE1�11 and hN[1–39]Ly, etc.; Figs. 1, 4, and 5) were detected,
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although at much lower efficiency than those of proteins bear-
ing the �X�X� motif. A marked fraction of hN[1–39]Ly con-
taining the first 39 residues of humanAE1 exited the ER (Fig. 4),
and this region has no known ER export signal, except for sev-
eral diacidic sequences representing the (D/E)X(D/E) motif;
therefore, any of these diacidic residues are candidate ER exit
signals for erythroid AE1 in various species including humans
(Fig. 1A). The highly conserved ELXXL(D/E) (882ELQCLD887 in
human AE1) in the C-terminal region is another candidate sig-
nal. This sequence is essential for the proper targeting of
erythroid AE1 to the cell surface in HEK293 cells (30) and
matches the LXXLE class of ER export signal found in the yeast
SNARE protein Bet1 (9, 10). Diacidic and LXXLE motifs share
the same binding site on mammalian Sec24A and Sec24B (11,
15, 16).
We do not have a rational explanation for why the sequences

of ER export signals ofAE1 exhibit such variability inmammals.
However, such sequence variability might occur in many pro-
teins, and different signalmotifsmight be used in different con-
texts or be part of a compensatory mechanism for the intracel-
lular trafficking of a single protein species. For example, we are
intrigued by the possible use of distinct signal motifs in differ-
entmammals for the interaction between neutrophil lysosomal
elastase and the AP-3 adaptor protein complex. Mutations in
the AP3B1 gene, which encodes the � subunit of AP-3, are
responsible for cyclic neutropenia, which is associated with a
deficiency of neutrophil elastase (ELA2), in humans and dogs
(43).However, the tyrosine-based signal in humanELA2,which
interacts withAP-3 (43), is not conserved in canine ELA2 (Gen-
BankTM accession number AF494190). This suggests that a dif-
ferent signal motif, such as a dileucine signal that is recognized
byAP-3 (44), is used to target ELA2 to lysosomes in dogs.More-
over, clathrin-mediated endocytosis of bovine AE1 uses a non-
canonical YXXX� motif instead of the YXX� signal (34), and
this is another example of variability in the sequences of motifs
used for cargo recognition.
In conclusion, we demonstrate that a novel �X�X�

sequence functions as an ER export signal through selective
binding to the prebudding complex component Sec24C. Eluci-
dation of the mechanism responsible for the �X�X� motif-
Sec24C interaction and the cargo molecules that utilize this
interaction to exit the ER may shed further light on the mech-
anisms underlying intracellular trafficking of membrane and
secretory proteins and on the etiology of diseases that are
caused by impaired trafficking.
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