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The flow of cargo vesicles along the secretory pathway requires
concerted action among various regulators. The COPII complex,
assembled by the activated SAR1 GTPases on the surface of the
endoplasmic reticulum, orchestrates protein interactions to package
cargos and generate transport vesicles en route to the Golgi. The
dynamic nature of COPII, however, hinders analysis with conven-
tional biochemical assays. Here we apply proximity-dependent
biotinylation labeling to capture the dynamics of COPII transport
in cells. When SAR1B was fused with a promiscuous biotin li-
gase, BirA*, the fusion protein SAR1B-BirA* biotinylates and thus
enables the capture of COPII machinery and cargos in a GTP-
dependent manner. Biochemical and pulse–chase imaging experi-
ments demonstrate that the COPII coat undergoes a dynamic cycle
of engagement–disengagement with the transmembrane cargo re-
ceptor LMAN1/ERGIC53. LMAN1 undergoes a process of concentra-
tive sorting by the COPII coat, via a dimeric sorting code generated
by oligomerization of the cargo receptor. Similar oligomerization
events have been observed with other COPII sorting signals, sug-
gesting that dimeric/multimeric sorting codes may serve as a gen-
eral mechanism to generate selectivity of cargo sorting.

COPII | cargo sorting | cargo receptor | LMAN1 |
proximity-dependent biotinylation

The secretory pathway in eukaryotic cells delivers a broad ar-
ray of cargos that differ in both quantity and quality (1, 2). A

variety of cellular transport machineries, often governed by
unique small GTPases, operate concertedly to maintain and
regulate the flow of these cargos in space and time (3, 4). Among
these machineries, the coat proteins play a central role in
sculpturing carrier vesicles and recruiting cargo molecules (1).
The COPII coat generates transport vesicles that ferry newly

synthesized proteins from the endoplasmic reticulum (ER) to the
Golgi apparatus (5–7). Assembly of the COPII complex is initi-
ated by the small GTPase SAR1, upon its activation by the
guanine nucleotide exchange factor (GEF) SEC12. Activated
SAR1 inserts its N-terminal amphipathic helix into the ER sur-
face deforming the ER membrane, and subsequently recruits the
inner coat complex, a heterodimer of SEC23 and SEC24.
SEC23 also possesses GTPase-activating protein (GAP) activity
with the capacity to inactivate SAR1. The SEC31/SEC13 outer
coat builds upon the SAR1–SEC23/SEC24 prebudding complex
to form caged vesicles. SEC31 subsequently stimulates the GAP
activity of SEC23 and cycles SAR1 to the inactive form, thereby
allowing the scission of cargo vesicles and subsequently a reset of
the COPII machinery. Intriguingly, mutations in specific paral-
ogs of the COPII genes, including SAR1B, SEC23A, and SEC23B,
cause diverse genetic disorders in human patients, though the
underlying mechanism remains unclear (7).
Direct interactions between SEC24 and transmembrane car-

gos/cargo receptors provide selectivity in ER export, a process
involving specific sorting signals located in the cytosolic portion
of cargos or receptors (8–10). A number of sorting signals that
occupy specific sites on SEC24 have been characterized (11–14),

most of which are short stretches of two to four amino acids.
While simple, short sorting motifs may provide flexibility by
allowing more cargos to be accommodated by COPII (3, 15),
additional mechanisms may be necessary to ensure the specificity
of their selection by SEC24.
Transmembrane cargo receptors are thought to accelerate the

ER export of selective proteins by initially concentrating these
cargos into COPII vesicles (8, 16, 17). Though a number of cargo
receptors have been identified in yeast and mammals that me-
diate concentrative sorting of cargos such as the α-factor, these
receptors often contain simple sorting motifs composed of only
two amino acids, which seemingly contrasts the efficiency and
selectivity of cargo concentration mediated by COPII recogni-
tion (3, 18–23). LMAN1/ERGIC53 was originally identified as a
marker for the ER–Golgi intermediate compartment (ERGIC)
(24). Human genetics and cell biology studies subsequently
showed that LMAN1 functions as the cargo receptor for co-
agulation factors V and VIII (25–27), and potentially also for
alpha1-antitrypsin and cathepsins C and Z (28, 29). LMAN1 is
an oligomeric single-span type I transmembrane protein, with a
large N-terminal luminal domain and a short (12 amino acids)
cytosolic tail terminating with diphenylalanine (FF). The FF
motif is required for LMAN1 ER export in COPII vesicles, with
the adjacent dilysine (KK) necessary for retrograde transport in
COPI vesicles (16, 30).
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One-third of the mammalian genome encodes proteins that are
transported by the secretory pathway. Coat protein complexes
such as COPII generate carrier vesicles and recruit cargos, or-
chestrated by cognate small GTPases as “molecular switches.”
How coat complexes select specific cargos remains incompletely
understood. Here we applied proximity-dependent biotinylation,
fusing the promiscuous biotin ligase BirA* with the SAR1B GTPase,
to track the dynamics of COPII-mediated export from the
endoplasmic reticulum. LMAN1, a cargo receptor for COPII, is
transiently enriched and released by the coat complex. The en-
richment requires a dimeric sorting signal, formed by two copies
of LMAN1. Hence, the COPII coat undergoes a dynamic engag-
ing–disengaging cycle to select unique sets of secretory cargos.
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Here we adapt a biochemical assay based on proximity-
dependent biotinylation with a promiscuous biotin ligase, BirA*
[BioID (31)], to investigate interactions of the COPII complex
with cargos in cells. A SAR1B-BirA* fusion protein efficiently
biotinylates COPII subunits as well as transmembrane cargos
transiently recruited to COPII vesicles. Biotin labeling of these
proteins is dependent on GTP loading of SAR1B, and thus
specific to transport events following COPII assembly. The
proximity assay reveals that LMAN1, a prototype of COPII
cargos, is selectively enriched by the coat complex. Pulse–chase
imaging also confirms the concentrative sorting of LMAN1 by
COPII. This enrichment required at least two copies of LMAN1
to present a dimeric FF/FF sorting signal for the COPII complex,
a phenomenon that may be common for other hydrophobic
amino acid-based sorting motifs for the COPII coat.

Results and Discussion
Proximity-Dependent Capture of COPII Vesicle Components with
SAR1B-BirA*. We hypothesized that actively assembling the COPII
complex, though transient, could spatially enrich specific regu-
lators and/or cargos for ER export within defined ER subdomains,
thus allowing the proximity-dependent biotinylation technique to
tag these dynamically recruited proteins and generate “permanent”

marks to facilitate their tracking. To test this hypothesis, we
placed the promiscuous biotin ligase BirA R118G (BirA*) at the
C terminus of wild-type SAR1B that initiates COPII assembly
when activated (Fig. 1A). Stably expressed SAR1B-BirA* bio-
tinylated itself and endogenous SEC23 in a time- and biotin
dose-dependent manner (Fig. 1 B and C). SAR1B-BirA* also
efficiently labeled the outer COPII coat component SEC13 and
the cargo receptor LMAN1, which does not directly interact with
SAR1 but could be recruited by the COPII coats assembled by
the GTPase. Little or no labeling by SAR1B-BirA* was observed
for the control ER resident protein ribophorin I or the cytosolic
protein Akt (Fig. 1D). Confocal microscopy demonstrated the
distribution of SAR1B-BirA*–biotinylated proteins in the ER
including the nuclear envelope, as well as post-ER organelles
such as the ERGICs marked by LMAN1 staining (Fig. 1E),
confirming that proximity-dependent biotinylation generates
permanent labels to track proteins that were transiently recruited
into COPII vesicles.

The Assembly–Disassembly Cycle of COPII Coats Driven by SAR1B.We
first examined the regulatory steps of COPII function with the
SAR1B-BirA* proximity assay. Overexpression of SEC12, the
GEF that switches SAR1 to the active state (32), increased biotin

Fig. 1. Development of a proximity-dependent biotinylation assay for COPII-mediated cargo transport. (A) Overall scheme of proximity-dependent bio-
tinylation of the COPII machinery using SAR1-BirA*. Activated SAR1 initiates the assembly of the COPII coat, which recruits cargos and/or additional regu-
latory factors (e.g., the cargo receptor LMAN1) to defined microdomains, allowing biotinylation by BirA* fused to SAR1. (B) Time course of biotinylation of
the COPII subunit SEC23 by SAR1B-BirA*. 293A cells stably expressing SAR1B-BirA* (with a FLAG tag at the C terminus of BirA*) were treated with 15 μM
biotin for different time points as indicated. After cell lysis, biotinylated proteins were isolated by streptavidin bead pull-down (PD) and subjected to SDS/
PAGE followed by immunoblotting (IB) with anti-SEC23 (Top) or anti-FLAG (recognizing SAR1B; Middle). Immunoblotting for SAR1B-FLAG in total cell lysates
is shown (Bottom). The anti-SEC23 antibody recognizes both SEC23A and SEC23B. (C) Biotin dose dependence of SEC23 labeling by SAR1B-BirA*. 293A cells
stably expressing SAR1B-BirA* were treated for 4 h with different doses of biotin as indicated. After cell lysis, biotinylated proteins were isolated by
streptavidin beads and subjected to SDS/PAGE followed by immunoblotting with the indicated antibodies. (D) Capture of COPII cargos by SAR1B-BirA* in vivo.
293A cells stably expressing SAR1-BirA* were treated with 15 μM biotin for 4 h. After cell lysis, biotinylated proteins were isolated by streptavidin beads and
subjected to SDS/PAGE followed by immunoblotting with the indicated antibodies; “5% input” indicates total cell lysate equivalent to 5% of the material
used for streptavidin pull-down in lanes 3 and 4 (“Streptavidin PD”). (E) Subcellular localization of biotinylated proteins. 293A cells stably expressing SAR1B-
BirA* were treated with 15 μM biotin for 4 h. After cell fixation, biotinylated proteins were visualized by immunostaining and confocal microscopy with an
anti-LMAN1 antibody or Alexa Fluor-conjugated streptavidin.
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labeling and capture of the COPII subunit SEC24A, as well as
LMAN1 as a COPII cargo (Fig. 2A), confirming that SAR1B-
BirA* could detect induction of COPII vesicle formation.
Activated SAR1 is switched off by the GAP activity of SEC23,

a required step in COPII transport that results in a transient
interaction between SAR1 and the COPII coat (33). To dissect
this dynamic cycle of COPII, we generated stable cell lines
expressing BirA*-FLAG fused with either wild-type SAR1B,
an inactive mutant (G37A), or a constitutively active mutant
(H79G) that cannot be inactivated by SEC23 (34). Only the
constitutively active SAR1B H79G mutant formed a stable
complex with SEC23/SEC24 identifiable by FLAG coimmuno-
precipitation (co-IP) (Fig. 2B, Left), with the absence of such
signals for the wild-type SAR1B, likely due to rapid termination
of SAR1–SEC23 interaction. In contrast, SEC23 and SEC24A
were efficiently labeled by BirA* fused to wild-type SAR1B. This
labeling was substantially increased by SAR1B H79G but was
absent for SAR1B G37A (Fig. 2B, Right), demonstrating the
role of the SAR1 GDP/GTP cycle in COPII assembly. Similar
biotinylation was observed for the outer coat proteins SEC13,
and not detected in the co-IP experiments (Fig. 2B). Moreover,
the proximity assay also captured the COPII cargo SEC22B in
a SAR1-GTP–dependent manner, an indirect interaction not
detected by standard co-IP, though the light chains of anti-
FLAG IgG give nonspecific signal across the IP samples. Taken
together, these data suggest that the SAR1B-BirA* proximity
assay faithfully captures multilayer protein interactions during

the assembly of the COPII complex, despite their transient or
indirect nature.
We also observed that LMAN1 was effectively biotinylated by

SAR1B WT-BirA* but not by the inactive SAR1B G37A-BirA*,
consistent with the requirement for SAR1 activation in COPII
assembly and cargo recruitment. Surprisingly, SAR1B H79G-
BirA* failed to label LMAN1 (Fig. 2B, Far Right). Similarly,
LMAN1 showed decreased labeling by SAR1B H79G-BirA*
compared with SAR1B WT-BirA* with transient overexpression
(Fig. 2C), ruling out potential clonal effects with stable cell lines.
LMAN1 contains a short cytosolic tail of 12 amino acids, in-
cluding the only two lysine residues available for biotinylation
(Fig. 3A). The constitutively active SAR1B H79G could poten-
tially freeze the LMAN1–COPII interaction, masking the dily-
sine motif from biotinylation. Consistent with this notion, though
LMAN1 displayed classic ERGIC staining with little colocali-
zation with wild-type SAR1B on the ER surface, LMAN1 in
SAR1B H79G-expressing cells primarily localized to concen-
trated punctae on the ER, which were also marked by SAR1
H79G (Fig. 2D). ER-trapped LMAN1 in the SAR1 H79G-
expressing cells also displayed significant colocalization with
SEC24A (Fig. S1), further indicating that the “stalled” LMAN1–
COPII interaction may prevent the exposure of the lysine resi-
dues in LMAN1 tails for biotinylation. Taken together, the
itinerary of LMAN1 exemplifies the assembly–disassembly cycle
of COPII regulated by the GDP/GTP switch of SAR1.

Fig. 2. Assembly–disassembly cycle of COPII revealed by the proximity assay. (A) The SAR1 activator SEC12 promotes labeling of COPII subunits and cargos.
293A cells transfected with the indicated DNA constructs were treated with 15 μM biotin for 4 h. After cell lysis, biotinylated proteins were isolated by
streptavidin beads and subjected to SDS/PAGE followed by immunoblotting with the indicated antibodies. (B) GTP-dependent cycling of the COPII coats
revealed by coimmunoprecipitation (Left) and biotinylation (Right). 293A cells stably expressing the indicated SAR1B-BirA*-FLAG constructs were treated with
15 μM biotin for 4 h. After cell lysis, proteins were isolated by mouse anti-FLAG beads (FLAG IP) or streptavidin beads (Streptavidin PD) and subjected to SDS/
PAGE followed by immunoblotting with the indicated antibodies. Mouse antibodies against BiP yielded strong nonspecific signal with the mouse anti-FLAG
IgG used for IP. (C) GTP-locked SAR1B (H79G) decreases LMAN1 biotinylation. 293A cells transfected with the indicated DNA constructs were treated with
15 μM biotin for 4 h. After cell lysis, biotinylated proteins were isolated by streptavidin beads and subjected to SDS/PAGE followed by immunoblotting with
the indicated antibodies. (D) GTP-locked SAR1B (H79G) traps LMAN1 on the ER. 293A cells stably expressing SAR1-BirA* or the H79G mutant were fixed and
visualized by immunostaining and confocal microscopy with the indicated antibodies. Smaller boxes outlined in yellow indicate colocalization of LMAN1 and
SAR1B. (Scale bars, 8 μm.) (D, Bottom) Quantification of the colocalization of green (SAR1B) and red (LMAN1) fluorophores. A total of 10 cells was analyzed
for SAR1B H79G and for SAR1B WT. Error bars represent SEM.
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Concentrative Sorting of LMAN1 by COPII. The cycling of the
LMAN1–COPII interaction may enable efficient processing of
cargos. Biotinylation, as a covalent modification, should per-
manently mark LMAN1 when it is “processed” by the assembled
COPII. We therefore used the efficiency of LMAN1 biotinylation
as a quantitative readout of its recruitment by the COPII coat in
vivo, and observed that ∼50% of total wild-type LMAN1 is la-
beled by biotin at 24 h (Fig. 3B). The two phenylalanine residues
in the C terminus of LMAN1 are required for COPII interaction
(35, 36). In contrast to the efficient biotinylation of wild-type
LMAN1, biotin labeling was undetectable with an LMAN1
mutant in which the C-terminal FF motif was replaced by AA
(Fig. 3B), suggesting that, in the absence of specific sorting sig-
nals, incorporation of LMAN1-AA into COPII by general bulk
flow is inefficient.
To directly visualize the enrichment of LMAN1 by COPII, we

performed a pulse–chase experiment using the RUSH (retention
using selective hooks) system (37). Either LMAN1 or LMAN1-
AA was fused with a streptavidin-binding peptide (SBP), which
can be selectively retained in the ER by streptavidin tagged with
the ER retention signal KDEL (Fig. 3C). Addition of biotin
disrupts the SBP–streptavidin interaction, thereby allowing syn-
chronized release of LMAN1 from the ER (Movie S1). Before

release, LMAN1 displayed a diffuse, reticular localization
throughout the ER. Upon biotin-induced release, LMAN1 was
quickly concentrated in ER punctations (in ∼1 to 2 min), which
were marked by the COPII subunit SEC24A. By 30 min,
LMAN1 can be seen in the ERGIC and clearly separated from
SEC24A punctations (Fig. 3D, Left), further supporting a dy-
namic engagement–disengagement cycle between the cargo re-
ceptor and COPII. In contrast to wild-type LMAN1, this
concentration and subsequent transport were not observed with
LMAN1-AA, which displayed a diffuse ER localization through-
out the recording (Fig. 3D, Right and Movie S2). Taken together,
the biochemical and pulse–chase imaging data demonstrate con-
centrative sorting of LMAN1 by the COPII coat and the sub-
sequent release of this cargo receptor, with the former process
requiring a specific sorting signal based on the FF motif in the
LMAN1 cytosolic tail.

An LMAN1 Dimer Represents the Minimal Unit for ER Exit. The effi-
cient concentration of LMAN1 is surprising, compared with the
apparent simplicity of its FF motif required for sorting, leading
us to search for additional mechanisms that account for the
sorting specificity by COPII. Analysis by nondenaturing SDS/
PAGE, preserving LMAN1 oligomers, demonstrated that only

Fig. 3. Concentrative sorting of LMAN1 by COPII coats. (A) Schematics of LMAN1. The luminal domains and amino acid sequences of the cytosolic tails in wild-
type LMAN1 and the AA mutant are shown. CRD, carbohydrate-binding domain. The stalk domain mediates LMAN1 oligomerization (51). (B) Enrichment of
wild-type LMAN1, but not the LMAN1-AA mutant, by COPII revealed by SAR1B-BirA*. 293A cells stably expressing SAR1B-BirA* were transfected with the
indicated LMAN1 constructs and treated with 15 μM biotin for 24 h. After cell lysis, biotinylated proteins were isolated by streptavidin beads and subjected to
SDS/PAGE followed by immunoblotting with the indicated antibodies. (C) Schematics of the pulse–chase experiment using the RUSH imaging strategy. In the
basal state (no biotin), SBP-mCherry-LMAN1 is retained in the ER by streptavidin-KDEL. Addition of biotin releases SBP-mCherry-LMAN1 from streptavidin-
KDEL, allowing LMAN1 to be exported from the ER. (D) Wild-type LMAN1, but not the LMAN1-AA mutant, is enriched on COPII-coated puncta before ER
export. HeLa cells expressing the indicated SBP-mCherry-LMAN1 constructs and streptavidin-KDEL were fixed at different time points following biotin
treatment and subjected to immunostaining with an anti-SEC24A antibody, followed by confocal microscopy. Arrows indicate the colocalization of
LMAN1 and SEC24A on the ER surface. (Scale bars, 8 μm.)
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dimeric or higher oligomers of LMAN1 were biotinylated by
SAR1-BirA* (Fig. 4A), while monomeric LMAN1 displayed no
such labeling. These data suggest that the LMAN1 dimer con-
stitutes the minimal unit to exit the ER via COPII. Consistent
with this idea, cell-free reconstitution assays also demonstrated
the recruitment of LMAN1 dimers and oligomers to COPII-
coated vesicles formed in vitro, while LMAN1 monomers were
excluded from the vesicle fraction (Fig. 4B).
To further dissect the molecular basis for LMAN1 sorting, we

employed additional mutants of the cargo receptor (38). A
truncated LMAN1 lacking the luminal dimerization domain
(“stalk” in Fig. 3A) but still containing one FF motif in the cy-
toplasmic tail largely failed to be incorporated into COPII ves-
icles (Fig. 4C, column 3, “LMAN1 mono”), demonstrating that

the monomeric FF sorting signal is not sufficient for COPII in-
teraction. This is consistent with previous reports using LMAN1
fragments fused with glycosylation sequences (39). Of note, an
N-terminal β1-domain–truncated LMAN1 mutant showed in-
creased recruitment by COPII (Fig. 4C, column 4). This mutant
fails to interact with the auxiliary protein MCFD2 but retains
carbohydrate interaction (38), suggesting that LMAN1 luminal
domains may influence the LMAN1–COPII interaction from
across the membrane.
To differentiate the involvement of the LMAN1 dimer and

hexamer in ER exiting, we mutated the cysteines in the juxta-
membrane regions. Consistent with a previous report (39), native
SDS/PAGE revealed that single C466A or C475A or the double
mutant of LMAN1 failed to form covalent hexamers but existed

Fig. 4. LMAN1 dimers constitute the minimal unit for export from the ER. (A) ER export of LMAN1 dimers and oligomers revealed by the proximity assay.
293A cells stably expressing SAR1B-BirA* were treated with 15 μM biotin for the indicated time points. After cell lysis, biotinylated proteins were isolated by
streptavidin beads and subjected to SDS/PAGE without reducing agents followed by immunoblotting with an anti-LMAN1 antibody. (B) Cell-free “budding”
assay to reconstitute ER export of LMAN1 dimers/oligomers. Semiintact (SI) cells were mixed with cytosol and the indicated reagents to catalyze in vitro vesicle
formation from the ER. The isolated vesicles were subjected to immunoblotting without reducing agent (Top) or with reducing agent (Middle and Bottom)
with the indicated antibodies. No dimers or hexamers of LMAN1 were observed in the reducing condition. ATPr, ATP regeneration system. GTPγS is the
nonhydrolyzable analog of GTP, and blocks COPII budding from the ER. (C) Biotinylation efficiency of LMAN1 mutants in the proximity assay. 293A cells stably
expressing SAR1B-BirA* were transfected with the indicated Myc-LMAN1 mutants and treated with 15 μM biotin for 4 h. After cell lysis, biotinylated proteins
were isolated by streptavidin beads and subjected to SDS/PAGE followed by immunoblotting with an anti-Myc antibody. (C, Top) LMAN1 is depicted in red,
with blue bars representing deleted regions within the LMAN1 protein. Error bars represent SEM. (D) Dimeric LMAN1 is biotinylated by SAR1B-BirA*. 293A
cells stably expressing SAR1B-BirA* were transfected with the indicated Myc-LMAN1 cysteine-to-alanine mutants and treated with 15 μM biotin for 4 h. After
cell lysis, biotinylated proteins were isolated by streptavidin beads and subjected to native SDS/PAGE followed by immunoblotting with an anti-Myc antibody.
Different oligomerization states of LMAN1 are depicted (Left). (E) Dimeric LMAN1 is targeted to the ERGICs. Cos-1 cells expressing the indicated
LMAN1 constructs were fixed and subjected to immunostaining with the indicated antibodies, followed by confocal microscopy. (Scale bars, 8 μm.)
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in covalent or noncovalent dimers (Fig. 4D). These dimers can
all be labeled by SAR1B-BirA* (Fig. 4D). Taken together with
the higher stoichiometric labeling of WT LMAN1 dimers over
hexamers in Fig. 4A, the data demonstrated dimeric LMAN1 as
the minimal unit for ER exporting via the COPII complex. When
examined by confocal microscopy, single or double C/A mutants
of LMAN1 can also be targeted to the ERGICs, similar to the
wild-type cargo receptor (Fig. 4E).

Dimeric Sorting Codes Enable COPII-Mediated ER Exit. The apparent
failure of monomeric LMAN1 to be exported from the ER led us
to hypothesize that a dimeric FF–FF sorting code is required for
interaction with the COPII machinery. In this case, FF–AA
heterodimers would fail to be recruited by COPII. To test this
hypothesis, we coexpressed HA-tagged LMAN1 WT, with either
Myc-tagged LMAN1 WT or LMAN1-AA, to examine their re-
cruitment by the COPII coat using the proximity assay (Fig. 5A).
LMAN1-AA failed to be labeled by SAR1B-BirA*, consistent
with the data in Fig. 3B. However, coexpression of LMAN1-AA
also inhibited the recruitment of LMAN1 WT by the COPII
machinery, as measured by SAR1B-BirA* biotinylation (Fig.
5B). Similar inhibitory effects were observed for LMAN1 dimers
or hexamers under nondenaturing conditions (Fig. S3). Fur-
thermore, coexpression of LMAN1-AA resulted in retention of
wild-type LMAN1 in the ER, in contrast to the ERGIC punctae
observed with control wild-type LMAN1 expression (Fig. 5C).
LMAN1-AA has been reported to function as a dominant-
negative mutant when coexpressed with the wild-type cargo re-
ceptor, though the mechanism was previously unknown (35, 40,
41). Our data suggest that a dimeric FF–FF motif is required for
LMAN1 interaction with COPII, and that LMAN1-AA acts as a
dominant negative by “poisoning” wild-type LMAN1 through

the formation of a nonfunctional heterodimer and disrupting the
dimeric sorting signal.
To test whether other di-amino acid sorting motifs also un-

dergo dimerization/oligomerization to interact with the COPII
machinery, we replaced FF in LMAN1 with FY, or other hy-
drophobic di-amino acid-sorting motifs, such as LL, LV, or IL.
When analyzed with nondenaturing SDS/PAGE, all three of
these additional motifs exhibited dimer/oligomer-dependent
biotinylation, though with variable efficiency, while the mono-
meric forms failed to be labeled by SAR1-BirA* (Fig. 5D),
suggesting dimerization/oligomerization may be a common
phenomenon in COPII–cargo interactions. Consistent with this
notion, we observed several biotinylated high-molecular-weight
bands under nondenaturing conditions that were lost following
denaturation (Fig. S2), implying the presence of other un-
identified oligomeric proteins in the proximity of SAR1B-BirA*.
Mechanisms governing the specificity of COPII-mediated

transport remain incompletely understood (5–7). We report
here concentrative sorting of the cargo receptor LMAN1, en-
abled by a dimeric sorting signal formed by two copies of the
transmembrane protein. Such concentrative sorting could pro-
vide a mechanism to segregate a specific subset of COPII cargo
receptors and their cargos from the bulk flow of other secreted
proteins (3, 16). Concentrative selection requires specific inter-
actions between COPII and cargo/cargo receptors, via obligatory
sorting signals (3, 15, 42). The FF–FF dimer of LMAN1 may
increase selectivity over the monomeric FF signal, potentially
explaining the highly specific LMAN1–COPII interaction. In
addition to LMAN1, other cargo receptors, such as Rer1p in
yeast (43) and the p24 family of proteins, also undergo di-
merization or oligomerization (17), raising the possibility that
dimeric or oligomeric sorting motifs may serve as a general
mechanism to form specific interactions with COPII. Such dimers

Fig. 5. Dimeric sorting motifs mediate ER export via the COPII coat. (A) Schematics of a homodimeric FF–FF motif or a heterodimeric FF–AAmotif. (B) LMAN1-
AA inhibits ER export of the wild-type LMAN1 revealed by the proximity assay. 293A cells stably expressing SAR1B-BirA* were transfected with the indicated
LMAN1 mutants and treated with 15 μM biotin for 4 h. After cell lysis, biotinylated proteins were isolated by streptavidin beads and subjected to SDS/PAGE
followed by immunoblotting with the indicated antibodies. (C) LMAN1-AA traps wild-type LMAN1 in the ER. HeLa cells expressing the indicated
LMAN1 constructs were fixed and subjected to immunostaining with the indicated antibodies, followed by confocal microscopy. (Scale bars, 8 μm.) (D) Dimeric
FY, LL, LV, and IL sorting motifs in ER export. 293A cells stably expressing SAR1-BirA* were transfected with Myc-LMAN1 mutants with the indicated sorting
motifs and treated with 15 μM biotin for 4 h. After cell lysis, biotinylated proteins were isolated by streptavidin beads and subjected to SDS/PAGE followed by
immunoblotting with an anti-Myc antibody.
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in trans could provide greater complexity than one monomer or
linear repeats in cis, with the potential to generate “3D” sorting
codes for COPII recognition. Formation of oligomers may also
provide another level of regulation during cargo recruitment,
particularly from within the ER lumen. Although LMAN1 di-
mers are stabilized by disulfide bonds, luminal calcium fluctua-
tions and oxidative states have been shown to influence LMAN1
ER exit (28, 41, 44), while other noncovalently linked oligomers
may be more prone to regulation. Intriguingly, previous work on
the yeast heteromeric cargo receptor complex Erv41–Erv46 has
shown that Erv41 relies on an IL motif for COPII recognition
and Erv46 uses an FY motif to stimulate vesicle formation,
though it is unclear whether these motifs also require dimerization
for these functions (45). Further study, likely with the aid of
structural biology, will ultimately illustrate the molecular archi-
tecture of COPII in complex with these high-order, multimeric
signals, and may identify other examples of dimeric/oligomeric
cargos of COPII.

Materials and Methods
DNA Constructs, Chemicals, and Antibodies. LMAN1 deletion mutants have
been described previously (38) and were subcloned into pKH3 or pK-Myc
vectors (46). Gateway vectors expressing humanized BirA* bearing R118G
cDNA were kind gifts from A. Gingras, Lunenfeld-Tanenbaum Research In-
stitute, Toronto (47). Both human SAR1A and SAR1B were placed in the N
terminus of BirA*-FLAG, and SAR1B was primarily used in this study. The RUSH
constructs (streptavidin-KDEL-IRES-SBP-mCherry-MAN II) were obtained from
Addgene, and MAN II was replaced by LMAN1 cDNA. Other expression con-
structs have been described previously (48). All constructs were confirmed by
complete DNA sequencing. Chemicals were purchased from Sigma-Aldrich.

The anti-SEC24A antibody has been previously described (48). Rabbit anti-
FLAG antibody, mouse anti-actin antibody, and rabbit anti-SEC23 antibody
were purchased from Sigma-Aldrich. Rabbit anti-LMAN1 antibodies were
purchased from Stressgen. Preparation of anti-SAR1, anti-ribophorin, and
anti-SEC22B antibodies has been described previously (49).

Cell Culture, Transfection, and Immunostaining. 293A and HeLa cells were
grown in Dulbecco’s modified Eagle’s medium (GIBCO) containing 10% FBS
(Sigma-Aldrich) and 1% penicillin-streptomycin (GIBCO) at 37 °C in the pres-
ence of 5% CO2. Cells were transfected with polyethylenimine (EMD Milli-
pore) according to the manufacturer’s instructions for 16 to 24 h before the
following experiments. The Flp-In System (Invitrogen) was used to generate
293A cells stably expressing SAR1B-BirA* proteins as previously described (47).

For immunostaining experiments, cells were grown on glass coverslips and
washed with PBS before fixation. After fixation with methanol at −20 °C for
3 min, cells were rehydrated in PBS and then blocked with 1% BSA and 1%
chicken albumin. Monoclonal Myc and HA antibodies (Santa Cruz) were used
at 1:500 dilution; rabbit anti-SEC24A antibody was used at 1:100 dilution.
Other antibodies have been previously described (46, 50). Alexa Fluor-
conjugated goat anti-mouse/rabbit secondary antibodies, Alexa Fluor-
conjugated streptavidin, and Vectashield mounting medium were from
Molecular Probes. Confocal images were obtained using an inverted Olym-
pus X81 confocal microscope operated with the MetaMorph program (Mo-
lecular Devices). Digital images were finally processed with the entire
microscopic field using ImageJ software (NIH); colocalization of different
fluorophores was performed with ImageJ’s colocalization plugin (Coloc 2) to
determine Pearson’s R value (no threshold).

Immunoprecipitation, Streptavidin Pull-Down, and Immunoblotting. Immuno-
precipitation or streptavidin pull-down was carried out with cellular proteins

extracted at 4 °C for 30 min with buffer A (100 mM Tris, pH 7.5, 1% Nonidet
P-40, 10% glycerol, 130 mM sodium chloride, 5 mM magnesium chloride,
1 mM sodium vanadate, 1 mM sodium fluoride, and 1 mM EDTA) supple-
mented with protease inhibitor tablets (Roche), according to the manufac-
turer’s instructions. Cell lysates were then incubated with 10 μL M2 agarose
(Sigma-Aldrich) or 20 μL streptavidin agarose (Sigma-Aldrich) for 4 h at 4 °C
before washing four times with buffer A. Immune complexes were then
solubilized with 1× SDS/PAGE sample buffer (Invitrogen) with or without
(when indicated) 5% β-mercaptoethanol (β-ME), and separated with 3 to
15% Tris-acetate SDS/PAGE (Invitrogen). For streptavidin pull-down experi-
ments, a final concentration of 1 mM biotin was included in the SDS/PAGE
sample buffer, as previously described (31). Following SDS/PAGE, proteins
were transferred onto nitrocellulose membranes (Bio-Rad) and immuno-
blotting was performed as previously described (50). Quantification of im-
munoblotting data was performed using ImageJ.

In Vitro Budding. Cell-free reconstitution experiments using permeabilized cells
were performed as previously described (49) with slight modification. Three
plates of 293A cells grown to ∼80 to 90% confluency were collected by tryp-
sinization and sedimented at 750 × g for 5 min at 4 °C. Cells were resuspended
in 6 mL B88 buffer (20 mM Hepes, pH 7.2, 250 mM sorbitol, and 150 mMKOAc)
and permeabilized with 40 μg/mL digitonin on ice for 5 min. Permeabilization
was stopped by adding 8 mL ice-cold B88 buffer, and permeabilized cells were
sedimented at 750 × g for 5 min at 4 °C. After washing twice with 6 mL
B88 buffer at 4 °C, permeabilized cells were resuspended in 1 mL B88 buffer
and centrifuged at 10,000 × g for 1 min at 4 °C. Permeabilized cells were then
resuspended in 1 mL B88 buffer supplemented with 1 M MgCl2 for 10 min on
ice to wash off cytosolic protein associated with cellular membranes. Per-
meabilized cells were then washed three times with 1 mL B88 buffer after
being centrifuged at 10,000 × g for 20 s, and finally resuspended in 0.2 to
0.3 mL B88 buffer. Budding reactions (100 μL) were assembled in nonstick
Eppendorf tubes on ice with 20 μL (OD600 0.1 to 0.2) semiintact cells as donor
membranes, 10 μL 10× ATP regeneration system (10 mMATP, 400 mM creatine
phosphate, 2 mg/mL creatine phosphokinase, and 5 mMMgOAc in B88 buffer),
1.5 μL 10 mM GTP, and rat liver cytosol at 4 mg/mL final concentration. Reac-
tions were performed at 30 °C for 60 min and stopped by centrifuging at
10,000 × g for 10 min at 4 °C. Seventy-five microliters of supernatant was
centrifuged in a TLA100 rotor at 100,000 × g for 10 min at 4 °C. The super-
natants were discarded by pipetting with gel-loading tips, and the high-speed
pellet fractions (including COPII vesicles) were thoroughly resuspended in 20 μL
of 1× SDS sample buffer (Invitrogen) supplemented with or without 5% β-ME
and heated at 55 °C for 20 min before SDS/PAGE.

Pulse–Chase Imaging Using RUSH and Live-Cell Imaging. For live-cell imaging,
HeLa cells grown on confocal dishes were transfected with either streptavidin-
KDEL-IRES-SBP-mCherry-LMAN1 FF or streptavidin-KDEL-IRES-SBP-mCherry-
LMAN1 AA mutant constructs. Twenty-four hours after transfection, cells
with ER-localized red fluorescence (mCherry-LMAN1) were identified. Pre-
warmed cell-culture medium containing 80 μM biotin was introduced into
the dish cautiously to double the culture medium. Cells were imaged under a
63× oil lens at 10-s intervals for about 20 min at 37 °C with 5% CO2. For
fixed-cell imaging, transfected HeLa cells treated with 40 μM biotin for two
different time points as indicated before fixation proceeded to immunos-
taining. Images were processed by MetaMorph.
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