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Abstract
Active sorting at the endoplasmic reticulum (ER) drives efficient export of fully folded secretory
proteins into coat protein complex II (COPII) vesicles, whereas ER-resident and misfolded
proteins are retained and/or degraded. A number of secretory proteins depend upon polytopic
cargo receptors for linkage to the COPII coat and ER export. However, the mechanism by which
cargo receptors recognize transport-competent cargo is poorly understood. Here we examine the
sorting determinants required for export of yeast alkaline phosphatase (ALP) by its cargo receptor
Erv26p. Analyses of ALP chimeras and mutants indicated that Erv26p recognizes sorting
information in the lumenal domain of ALP. This lumenal domain sorting signal must be
positioned near the inner leaflet of the ER membrane for Erv26p-dependent export. Moreover,
only assembled ALP dimers were efficiently recognized by Erv26p while an ALP mutant blocked
in dimer assembly failed to exit the ER and was subjected to ER-associated degradation. These
results further refine sorting information for ER export of ALP and show that recognition of
folded cargo by export receptors contributes to strict ER quality control.

Keywords
ALP; cargo receptor; ER; sorting signal

Since the discovery that secretory proteins are transported in eukaryotic cells through a
discontinuous set of membrane compartments (1), significant progress has been made in
identifying molecular components and characterizing mechanisms in the secretory pathway.
Coat protein complexes are known to select secretory cargo and bud transport vesicles from
donor membranes. Budded intermediates are then targeted to and fuse with specific acceptor
membrane compartments (2). While a conceptual framework for intracellular transport is
emerging, fundamental questions remain regarding how the secretory pathway
accommodates such a broad diversity of secretory cargo and how organelle identity is
maintained as cargo proteins advance.

Current estimates indicate that 20–30% of translated proteins in the eukaryotic proteome
enter the secretory pathway (3) and then must be folded and sorted at the endoplasmic
reticulum (ER). Anterograde transport from the ER requires the coat protein complex II
(COPII), which selects fully folded secretory proteins into COPII-formed vesicles that bud
from ER exit sites (4). The COPII coat consists of the small GTPase Sar1p and the larger
heteromeric Sec23/24 and Sec13/31 complexes. The Sec23/24 complex in conjunction with
Sar1p recognizes sorting information displayed by many transmembrane cargo proteins
(5,6), while the outer layer Sec13/31 complex forms a cage structure that deforms ER
membranes and produces transport vesicles (7). The Sec24p subunit of the coat contains
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binding sites for linear sorting signals that have been identified in specific secretory cargo
(8,9). However, not all COPII vesicle cargo contain apparent sorting signals and it is known
that certain secretory proteins depend on cargo receptors for linkage to the COPII coat. In
addition to positive sorting information for selective incorporation into COPII vesicles,
misfolded or unassembled secretory cargo are monitored by an ER quality control system,
inefficiently packaged by the COPII export machinery and may be subjected to endoplasmic
reticulum-associated degradation (ERAD) (10,11). How the ER quality control process is
coordinated with COPII recognition and export is not well understood.

To address these basic questions, we investigated a cargo/receptor pair to dissect sorting
mechanisms in a model system. In this example, vacuolar alkaline phosphatase (ALP) in
Saccharomyces cerevisiae depends on the polytopic membrane protein, Erv26p, for efficient
packaging into COPII vesicles. Moreover, the ER form of ALP is detected in association
with Erv26p when isolated from ER membranes. On the basis of these findings, Erv26p is
proposed to act as a cargo receptor that cycles between the ER and Golgi compartments and
selects fully folded secretory proteins into COPII vesicles (12). Both ALP and Erv26p are
highly conserved in nature; therefore, an understanding of this sorting mechanism will likely
provide insights on the biogenesis of mammalian ALPs, genetic diseases connected to
missense mutations in the human ALPL gene (13) and on mechanisms underlying other
receptor-dependent sorting events in the early secretory pathway.

Yeast ALP is a type II vacuolar glycoprotein synthesized in a pro-form and converted to the
active form by C-terminal pro-sequence cleavage in the vacuole (14). Vacuolar processing
of ALP has been used in previous studies as a reporter for clathrin-dependent trafficking
signals through later secretory organelles (14,15).

However, sorting signals required for early trafficking steps of this model protein have not
been examined. This study aims to refine the sorting information in pro-ALP required for
Erv26p-dependent ER export. An in vivo assay to monitor ER to Golgi transport of pro-ALP
allowed us to examine the fate of pro-ALP chimeras and mutants in distinct genetic
backgrounds. On the basis of these findings, we conclude that the lumenal domain of pro-
ALP, when positioned at an appropriate distance from the ER inner membrane leaflet, is
necessary and sufficient for Erv26p-dependent ER export. Moreover, assembly of the native
pro-ALP dimer in the ER is critical for its stability and recognition by Erv26p.

Results
Pro-ALP is a 566 amino acid type II vacuolar glycoprotein with a 33 residue N-terminal
cytosolic tail segment, a single transmembrane domain (TMD) and a 50 residue C-terminal
pro-sequence (14). To determine which domain(s) of the protein are important for Erv26p-
dependent ER export, we engineered a series of deletion and chimeric constructs (see Figure
1) for analyses.

The rate of ER to Golgi transport of ALP is reduced in an erv26Δ
background in vivo

To monitor the ER to Golgi transport of pro-ALP in vivo, we measured the rate of
acquisition of an early Golgi-specific modification: the α1,6-mannose (α1,6-man) branching
of N-glycans (16). Pro-ALP contains two potential N-glycosylation sites (Arg 268 and Arg
401), of which at least one is modified (17). In pulse-chase experiments, the level of Golgi-
modified pro-ALP was measured in a secondary immunoprecipitation (IP) using α1,6-man-
specific polyclonal antibodies. Under our experimental conditions, maximal levels of pro-
ALP reached the Golgi apparatus and acquired α1,6-man modification after 5 min of chase
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in a wild-type background (Figure 2). After 20 min of chase, most pro-ALP had been
cleaved to mature ALP, indicating delivery to the vacuole. Strikingly, in an erv26Δ
background, less than 10% of ALP was recovered in the α1,6-man IP after a 20 min chase
and no significant pro-sequence cleavage was observed at this time-point. In the absence of
Erv26p, we had previously reported that after a 60 min chase only one third of labelled ALP
was delivered to the vacuole as assessed by pro-sequence cleavage (12), suggesting a slow,
`bulk-flow' type of transport. The maximum recovery of α1,6-man modified ALP was ~60%
of total ALP in a wild-type background. This incomplete recovery could be due to our
experimental method which heat denatures proteins between the first and the second IPs or
because of heterogeneity in outer-chain mannose modification. A similar recovery of α1,6-
man modified carboxypeptidase Y (CPY) was also observed (Figure 2A). Pro-CPY is
similarly transported to and matured in the vacuole after outer-chain mannose additions in
the Golgi complex. Importantly, the rate of α1,6-man modification of CPY was not
influenced by erv26Δ, which indicates that the Golgi glycosylation machinery was
functional in this deletion strain but that pro-ALP was very slowly transported to early Golgi
compartments. These results are entirely consistent with the role of Erv26p in selective
packaging of pro-ALP into COPII vesicles. Therefore, this in vivo pulse-chase approach
allows us to identify sorting information contained in pro-ALP necessary for its Erv26p-
dependent transport.

The cytosolic tail sequence of ALP is not required for Erv26p-dependent
ER export

The N-terminal 33 amino acid cytoplasmic tail segment of ALP contains a defined vacuolar
targeting signal for AP3-dependent transport from the late Golgi complex to the vacuole
(15,18,19). Deletion of the first 31 amino acids produces stable pro-ALP that is slowly
trafficked to the vacuole through the Vps pathway (18). To determine if the cytoplasmic tail
sequence influences pro-ALP transport from the ER, we examined the same ΔT-ALP
construct in wild-type and erv26Δ strains. Under steady-state conditions, most ΔT-ALP
protein was processed to the mature form in wild-type whereas in an erv26Δ strain, about
30% of total ΔT-ALP was detected in the pro-form (Figure 3A). Moreover, a subcellular
fractionation experiment showed that the pro-form of ΔT-ALP co-fractionated with ER
membranes in the erv26Δ strain (Figure 3B). In pulse-chase experiments shown in Figure
3C,D, the ΔT-ALP protein acquired Golgi-specific α1,6-man modifications at near normal
rates in the wild-type strain and was then slowly delivered to the vacuole. In contrast, the
rate of ΔT-ALP transport to the Golgi was greatly reduced in the erv26Δ strain compared to
wild-type. In both strains, a small fraction of ΔT-ALP was cleaved after 60 min chase
indicating eventual transport to the vacuole (data not shown). These results indicate that the
cytoplasmic tail sequence in pro-ALP is not required for Erv26p-dependent export from the
ER and suggested that ER sorting information resides in the transmembrane or lumenal
domain of pro-ALP.

The TMD of ALP does not contain ER export information but the
membrane-bound nature of the protein is crucial

The TMD of ALP is predicted to be 20 amino acids in length (http://phobius.cgb.ki.se/,
http://www.cbs.dtu.dk/services/TMHMM/) and contains four polar residues as well as a
cysteine. To study if ALPs TMD is relevant for ER export, we sought to replace it with a
signal-less TMD from Och1p, a Golgi-localized glycosyltransferase with type II membrane
topology (20). Och1p and other Golgi glycosyltransferases rely on cytoplasmic tail signals
for their Golgi localization (21). Although it is not known if sorting information also resides
in the Och1p TMD or lumenal domain, we have found that transport of Och1p does not
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depend on Erv26p because the localization of Och1p was not influenced by erv26Δ(12) and
the glycosylation activity of Och1p was normal in the erv26Δ strain (see Figure 2A).
Therefore, the Och1p TMD appears to be a good candidate for a signal-less segment,
leading us to construct the Och1TM-ALP chimera. We observed that Och1TM-ALP was
transported to the vacuole in a wild-type background whereas the pro-form of Och1TM-
ALP accumulated in the ER of the erv26Δ mutant (Figure 4A,B). Kinetic analyses indicated
that Och1TM-ALP was efficiently transported to the Golgi complex and acquired α1,6-man
modification (Figure 4C,D). Moreover, the overall transport rate of Och1TM-ALP to the
vacuole was similar to wild-type ALP indicating the content of this TMD is not critical for
vacuolar targeting. In contrast, Och1TM-ALP persisted in the ER of an erv26Δ strain and
very slowly acquired α1,6-man modification as observed for other Erv26p-dependent
versions of ALP. Because the Och1p TMD is quite different from the ALP TMD, in both
composition and length, we conclude that ALPs TMD does not specify Erv26p-dependent
export from the ER.

Altogether these results suggested that information needed for Erv26p-dependent export out
of the ER resides in the lumenal domain of ALP. To explore this hypothesis, we engineered
a chimera consisting of the lumenal domain of ALP linked to the signal sequence of pre-pro-
α-factor, which is known to target this chimera for translocation into the ER and to
efficiently produce a signal sequence cleaved lumenal protein (22). Figure 5A shows that at
steady state, αF-ss-ALP was mainly secreted to the extracellular medium with a smaller
intracellular pool consisting of full-length protein and a cleaved form, which presumably
reflected a low level of delivery to the vacuole. Importantly, however, the pattern of αF-ss-
ALP forms expressed in the wild type compared to erv26Δ was the same in contrast to other
Erv26p-dependent versions of ALP.

In pulse-chase analyses, the soluble αF-ss-ALP construct displayed very slow transport rates
to the Golgi in both wild-type and erv26Δ strains (Figure 5B,C), which likely reflects a bulk
flow rate of transport. The level of intracellular α1,6-man modified αF-ss-ALP reached a
maximum at the 5 min time-point then decreased gradually. This decrease correlated with
the appearance of αF-ss-ALP in the extracellular medium (data not shown). We interpret
these results to indicate that αF-ss-ALP slowly traffics to the Golgi complex in an Erv26p-
independent manner and then this soluble version of ALP predominantly follows an
exocytic route to the plasma membrane. Importantly, αF-ss-ALP localization and trafficking
was not influenced by erv26Δ. Therefore, we conclude that pro-ALP must be membrane
bound for recognition and interaction with Erv26p.

To test if the membrane-bound lumenal domain of pro-ALP was sufficient for Erv26p-
dependent export, we constructed a fusion appending this domain to the cytosolic and TMD
portions of Och1p. As observed for the Och1TM-ALP, the Och1CT-ALP fusion displayed
Erv26p-dependent localization and transport properties (Figure 6). These findings indicate
that the lumenal domain of ALP, once bound to the membrane, is necessary and sufficient
for Erv26p-dependent ER export.

Membrane positioning of the lumenal ALP domain influences Erv26-
dependent export

Our results indicated that a membrane-bound form of pro-ALP was required for Erv26p
recognition. We next tested if inserting amino acid spacers to distance the lumenal domain
of ALP away from the inner membrane bilayer influenced Erv26p-dependent transport. Two
insertion constructs were generated in which 8 and 91 amino acid residue spacers were
inserted into the lumenal domain of pro-ALP just after its TMD. The rational was that these
insertions would extend the lumenal domain of ALP away from the inner leaflet of ER
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membranes by approximately 10 and 100 angstroms, respectively. We observed that the
8aa-ALP construct exhibited the same Erv26p-dependent transport properties as wild-type
ALP (Figure 7A). In contrast, the 91aa-ALP construct was transported to the Golgi at a very
slow rate that was independent of Erv26p (Figure 7B,C). We note that the steady-state
expression level of 91aa-ALP was reduced compared to wild-type ALP (Figure 7A) and
approximately half of the protein was degraded over this pulse-chase time–course (Figure
7B). However, a fraction of the 91aa-ALP does appear to fold, assembles into dimers
(Figure S1) and was ultimately transported to the vacuole in an Erv26p-independent manner
(Figure 7B, 60 min time-point). These results suggest that efficient recognition of pro-ALP
by the Erv26p cargo receptor depends on an optimum spatial positioning of ALPs lumenal
domain with respect to the ER membrane. However, we cannot exclude the possibility that
this extension somehow obscures an ER export signal in pro-ALP.

Dimerization of pro-ALP is required for stability, Erv26p recognition and ER
export

Many questions remain regarding coordination between the ER quality control process and
the ER export machinery. To explore this issue for export of pro-ALP from the ER, we
followed the behaviour of a mutant in which the assembly of dimeric pro-ALP was
disrupted. The lumenal catalytic domain of yeast ALP is highly conserved across
prokaryotic and eukaryotic species. Molecular structures of ALP have been obtained for
bacterial (PhoA), shrimp and human orthologs, all of which crystallize as homodimeric
species (23–25). Several lines of evidence indicate that native forms of ALP are functionally
dimeric and it has been shown that purified yeast ALP migrates as a homodimer on non-
denaturing gels (17,26). Boulanger et al. (27) showed that a single amino acid substitution at
position 81 in bacterial PhoA prevented dimerization. A primary sequence alignment of
yeast ALP with several orthologs (Figure 8A) and a homology search against quaternary
structures in the Protein DataBank (PDBLAST) (28) suggested that amino acids 79 to 82 of
yeast ALP corresponded to a conserved α-helical region of the dimer interface. Therefore,
we generated a construct to express Δ79-82ALP for studies on the role of ALP dimerization
in ER export.

The steady-state level of Δ79-82ALP expression was lower than wild-type ALP suggesting
an increased turnover rate of this protein. Strikingly, no pro-sequence cleavage of the
Δ79-82ALP protein was observed indicating that this mutant protein does not reach the
vacuole in either wild-type or erv26Δ backgrounds (Figure 8B). To determine if this deletion
mutation produced a dimerization defect, we devised an IP assay to monitor dimer assembly
using Hemagglutinin-tagged (HA-tagged) and untagged copies of either wild-type ALP or
Δ79-82ALP (Figure 1). First, we appended the 3X-HA tag to the C-terminus of wild-type
ALP (ALP-HA) and of Δ79-82ALP (Δ79-82ALP-HA) allowing us to pull-down prevacuolar
complexes because cleavage of the pro-sequence and HA tag occurs upon vacuolar delivery.
For these experiments, the endogenous ALP gene (PHO8) was deleted and plasmids
expressing either ALP and ALP-HA or Δ79-82ALP and Δ79-82ALP-HA were introduced
into the wild-type and erv26Δ strains. When ALP-HA was expressed in a wild-type strain
and protein immunoprecipitated with anti-HA, untagged pro-ALP was immunoprecipitated
(Figure 8C, lane 3) indicating recovery of mixed pro-ALP-HA/pro-ALP dimers. In the
erv26Δ background, more pro-ALP-HA/pro-ALP was recovered (Figure 8C, lane 9) because
of an accumulation of assembled dimers in the ER. In both wild-type and erv26Δ strains,
pro-ALP was recovered in pro-ALP-HA IPs at levels that approximated the ratio (1:3) of the
pro-ALP-HA/pro-ALP mixed dimer compared to pro-ALP/pro-ALP and pro-ALP-HA/pro-
ALP-HA dimers expected to assemble in the ER. These results indicate that wild-type pro-
ALP assembles into homodimers that can be monitored by this IP method and that erv26Δ
does not decrease homodimer assembly.
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Next, we tested if the Δ79-82 deletion disrupted assembly of pro-ALP homodimers. In anti-
HA IP experiments, Δ79-82ALP-HA was recovered (Figure 8C, lanes 6 and 12); however,
untagged Δ79-82ALP was inefficiently co-immunoprecipitated under these conditions. The
ratio of untagged to HA-tagged pro-ALP immunoprecipitated was 0.05 for the Δ79-82
mutant compared to 0.38 for wild-type pro-ALP. Moreover, expression of the Δ79-82ALP-
HA protein in wild-type strains with endogenous ALP did not influence the transport rate of
endogenous ALP (data not shown). These results indicate that the Δ79-82 deletion prevented
stable assembly of pro-ALP dimers. The Δ79-82 deletion does not appear to cause major
folding problems for pro-ALP monomers because no changes in disulfide bonding were
detected upon analysis on non-reducing polyacrylamide gels (Figure S2).

Erv26p normally forms a complex with pro-ALP in the ER (12), therefore we measured the
amount of this export complex under conditions in which dimer assembly was blocked by
the Δ79-82 deletion. As seen in Figure 8C, IP of HA-tagged pro-ALP recovered ~ 2.5% of
total Erv26p (lane 3), whereas the amount of Erv26p recovered in IP of the Δ79-82ALP-HA
mutant was reduced to ~ 1.0%. However, it should be noted that there was a much higher
level of the Δ79-82ALP-HA mutant in the ER compared to wild-type ALP-HA and
therefore substantially more Δ79-82ALP-HA was immunoprecipitated than wild-type
protein (compare HA-tagged protein recovered in lanes 3 and 6). Therefore, if Erv26p
recovery is normalized relative to the amount of HA-tagged protein precipitated, we
calculate that the amount of mutant Δ79-82ALP-HA bound to Erv26p was at least fivefold
less than wild-type ALP-HA. Together, these experiments demonstrate that the Δ79-82ALP
mutant does not assemble into stable dimers and does not efficiently bind to Erv26p.

The Δ79-82ALP dimerization mutant is stabilized by erv26Δ
We had observed that the steady-state expression level of Δ79-82ALP was reduced
compared to wild- type ALP and that this dimerization mutant was partially stabilized in the
erv26Δ strain (Figure 8B). To investigate the fate of Δ79-82ALP, we performed a pulse-
chase experiment in both wild-type and erv26Δ strains. As shown in The ER plays a major
role in the degradation of terminally misfolded secretory proteins. To investigate whether
the degradation of Δ79-82ALP was because of the proteasome-dependent ERAD pathway
(29), we investigated the degradation rates of Δ79-82ALP in cells treated with MG132, a
well-known proteasome inhibitor (30). Wild-type yeast strains are impermeant to MG132,
therefore this experiment was conducted in an ise1Δ background, which renders cells more
permeable and sensitive to the drug (30). In this background, we detected a strong
stabilization of the Δ79-82ALP mutant protein in cells treated with MG132 (Figure 9C),
indicating that the degradation of Δ79-82-ALP was at least partially dependent on
proteasome activity. To confirm that the effect of MG132 on Δ79-82ALP was because of
involvement of ERAD, we expressed this dimerization mutant in cells deleted for UBC7,
which encodes a ubiquitin-conjugating enzyme involved in the targeting of ERAD substrates
(31), or SEL1/UBX2, which encodes a protein that coordinates Cdc48p-dependent stages in
ERAD (32). Figure 9D shows that Δ79-82ALP was stabilized in both ubc7Δ and sel1Δ
backgrounds, confirming that turnover of the dimerization mutant was mediated by the
ERAD pathway. Finally, expression of Δ79-82ALP in a pep4Δ background, in which
vacuolar proteases are inactivated (33), did not alter the turnover kinetics of the mutant
indicating that vacuolar proteolysis does not contribute to degradation of the Δ79-82ALP
protein (Figure 9E). Based on these results, we conclude that when pro-ALP fails to
assemble into stable dimers the protein does not exit the ER and is subjected to ERAD.
Interestingly, the erv26Δ deletion stabilizes Δ79-82ALP protein. These findings indicate an
intriguing connection between the ER quality control and the ER export machineries.
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Discussion
In this report, we characterize sorting determinants within secretory ALP that are required
for Erv26p-dependent export from the ER. Our studies show that the ER export information
resides within the lumenal domain of this type II transmembrane protein and represent the
first example in which lumenal domain export signals have been identified in a
transmembrane secretory protein. In addition, we find that only fully assembled ALP dimers
are efficiently recognized by Erv26p, supporting a role for this export factor after cargo are
transport competent. We propose that Erv26p-dependent selection of fully folded cargo
contributes to the overall ER quality control process. Finally, we document that Erv26p
expression specifically influences the degradation rate of unassembled ALP monomers
indicating a connection between the ER quality control and the ER export machineries.

Characterized ER export signals within transmembrane secretory proteins typically reside in
cytoplasmic regions and bind to subunits of the COPII coat (2). For example, short linear
diacidic and hydrophobic export signals have been identified in the cytoplasmic C-terminal
tails of type I membrane proteins VSV-G, Sys1p and ERGIC53 (34–36). Cytoplasmic
export signals have also been defined in type II membrane proteins including Sed5p and
GalT2 (9,37). Therefore, our finding that the cytoplasmic tail sequence of pro-ALP was
dispensable for COPII export was unexpected. In the case of pro-ALP, however, ER export
had been reported to depend on the adaptor protein Erv26p (12). Here we demonstrate that
Erv26p-dependent export of pro-ALP from the ER can be specified solely through sorting
information contained within the lumenal domain of pro-ALP. We note that both Erv26p
and ALP are highly conserved in nature with both transmembrane (14) and
glycosylphosphatidylinositol (GPI)-anchored (38) homologs of ALP found in different
intracellular compartments and at the cell surface. We speculate that lumenal domain
interaction between yeast pro-ALP and Erv26p represents a conserved interaction module
that is necessary for efficient transport of eukaryotic pro-ALP proteins through the early
secretory pathway. Homologous ALP proteins appear to present additional sorting
determinants to specify transport routes in later branches of the secretory pathway. For
example, in yeast a dileucine-like signal in the cytoplasmic tail sequence specifies AP3-
dependent transport to the vacuole (18). In contrast, the four human ALP homologs are GPI-
anchored proteins generally targeted to the outer leaflet of the plasma membrane in a variety
of cell types (38). To date, however, all eukaryotic ALPs are synthesized as membrane-
bound proteins consistent with our observation that the lumenal domain of yeast pro-ALP
must be proximal to the inner ER membrane for efficient Erv26p-dependent export.

There are likely to be other instances of lumenal domain recognition of transmembrane
secretory proteins by the ER export machinery. For example, Erv14p in yeast and the
homologous cornichon protein in flies are required for ER export of integral membrane
secretory proteins (39,40). In the case of cornichon and its cargo ligand, the transforming
growth factor α(TGF α)-like cargo Gurken, lumenal domain interactions may be required for
transport and loss of cornichon function can be overcome by appending a COPII-binding
signal to the cytoplasmic tail of Gurken (41). In addition, we proposed that the Golgi
glycosylation enzyme Ktr3p, which accumulates in the ER of erv26Δ mutants (42), depends
on Erv26p for efficient export from the ER. Recent in vitro budding experiments on Ktr3p
indicate that Erv26p is required for Ktr3p packaging into COPII vesicles (C. Bue and C.
Barlowe, unpublished). Therefore, Ktr3p may contain lumenal domain sorting information.
At this point we have not succeeded in further defining sequences or surface residues in
yeast pro-ALP or Ktr3p that are recognized by Erv26p. Such recognition may rely on
formation of tertiary or quaternary sorting elements in the lumenal domain of these secretory
proteins. Structural studies combined with mutant analyses will be necessary to more fully
define binding surfaces between pro-ALP and Erv26p.
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Across many species, ALPs are homodimeric enzymes with very few exceptions (38). We
observed that deletion of specific residues (Δ79-82) at the dimer interface in yeast pro-ALP
generated a relatively stable protein that failed to dimerize, was inefficiently recognized and
exported by Erv26p, and was ultimately subjected to ERAD. There are several examples
where unassembled homo- and hetero-oligomeric secretory proteins fail to exit the ER and
are degraded by the ERAD machinery (43–47). However, our results appear to be the first
example where an export receptor was shown to discriminate between assembled and
unassembled oligomers. Even with an accumulation of monomeric pro-ALP in the ER, we
estimate at least a fivefold lower level of Erv26p binding than for wild-type pro-ALP. We
hypothesize that the dimeric nature of Erv26p (42) allows for higher binding affinity to
homodimeric pro-ALP than the monomeric species. Further experimentation with purified
Erv26p and various species of pro-ALP will be needed to directly test this hypothesis.
Regardless, our observation that Erv26p fails to efficiently recognize monomeric pro-ALP
provides strong evidence for the idea that cargo packaging into COPII vesicles is tightly
linked to ER quality control (4).

Regarding the mechanisms by which monomeric pro-ALP proteins are recognized as ERAD
substrates and degraded in the ER, we found that general ERAD components Ubc7p, Sel1p
and proteasome activity were required for turnover. Several lines of evidence indicate that
multiple pathways operate upstream of these components to efficiently remove diverse
ERAD substrates depending on if the misfolded determinant resides in the lumen (ERAD-
L), membrane (ERAD-M) or cytoplasmic (ERAD-C) region of the substrate (11). We are
currently determining which ERAD components and pathway(s) are responsible for turnover
of monomeric Δ79-82ALP.

Interestingly, we observed that erv26Δ has a stabilizing influence on the Δ79-82ALP
mutant. A second ERAD substrate, CPY*, was not stabilized in erv26Δ (Figure S3)
suggesting that the effect on Δ79-82ALP was specific. A similar relationship has been
reported for the cargo receptor Erv29p in which erv29Δ stabilizes its misfolded cargo ligand
CPY*(48). It was also demonstrated that a fraction of CPY* continues to bind to Erv29p and
can exit the ER in a wild-type background (48,49). Based on these and other results, it has
been proposed that ER exit and retrieval from post-ER compartments makes CPY* more
susceptible to ERAD (49). Given these findings, it seems possible that weak binding of the
pro-form of Δ79-82ALP to Erv26p could yield a slow rate of export from the ER followed
by its retrieval to facilitate ERAD. However, a review of the literature indicates that distinct
pathways can operate on soluble and membrane-bound ERAD substrates (11) raising the
possibility that unassembled membrane proteins may not need to exit the ER for their
turnover. As an alternative explanation, we can envisage that a transient interaction of
monomeric pro-ALP with Erv26p in the ER could temporarily draw unassembled pro-ALP
monomers away from the folding machinery and in a position more susceptible to ERAD. It
is also possible that an accumulation of Erv26p-dependent cargo in the ER of erv26Δ cells
indirectly interferes with this class of ERAD substrates and slows Δ79-82ALP turnover.

Finally, we note that several genetically defined cases of hypophosphatasia, a human
disorder characterized by defective bone and teeth mineralization, arise from missense
mutations in the ALPL gene (13). ALPL encodes a dimeric GPI-anchored ALP protein that
is present on the surface of cells in the liver, bone and kidney (50). More than 190 mutations
in ALPL have been characterized and estimates indicate that severe forms of the disorder
occur at a frequency of 1/100 000. Most of the missense mutations found in severe
hypophosphatasia produce mutant ALP that accumulates in the early secretory pathway and
fails to reach the cell surface (13). While ER export of GPI-anchored proteins may be
distinct (51), if Erv26p functions in human cells as in yeast, it may be possible to manipulate
the level of Erv26 expression and/or activity to influence ALPL expression. Future studies
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can now be directed at exploring the role of mammalian Erv26 in the biogenesis of
homologous ALP proteins.

Materials and Methods
Bacterial and S. cerevisiae strains were propagated and transformed using standard
procedures (52,53). Yeast semi-intact cell preparations and serum specific for α1,6-mannose
carbohydrate have been described (54). Rabbit polyclonal antibodies directed against ALP,
CPY, Sec61p, Erv41p and Och1p have been previously described (12). SDS-PAGE
followed by immunoblotting on nitrocellulose membranes was performed (55).
Immunoblots were developed using enhanced chemiluminescence (ECL) reagent (GE
Healthcare); images were obtained using the UVP ChemiDoc Imaging System and
formatted using Adobe Photoshop.

Strain and plasmids construction
Yeast strains and plasmids used in this study are listed in Table 1. Detailed methods used to
generate these strains and plasmids are provided in the Supporting Information.

IP of ALP, CPY and HA-tagged proteins from [35S]-labelled cells was performed as
previously described (57) with minor modifications. Briefly, cells were grown overnight at
30^C to stationary phase in minimal medium supplemented with appropriate amino acids.
Cells were then back diluted to 0.1 OD600/mL in sulphate-reduced medium, grown for two
cell divisions at 30^C and washed with sulphate-depleted medium. Twelve OD600 units of
washed cells (3 OD600/mL) were incubated at 27^C (unless otherwise noted) in sulphate-
depleted medium for 5 min before pulse with 25μCi/OD600 of [35S] Promix (GE
Healthcare) for 7 min. Chase was initiated by adding unlabelled methionine and cysteine (2
mm each). Labelled cells (1 mL) were collected at indicated times and processed as
described (58).

To measure α1,6-mannose modification of secretory proteins, primary IPs were performed
with anti-ALP (or anti-CPY) antibodies from extract as described above. After washing,
immunoprecipitates were denatured in 0.1 mL of 1% SDS, 50 mm dithiotreitol, 10% β-
mercaptoethanol at 95^C for 5 min, centrifuged, and supernatants recovered. For secondary
IPs, supernatants were divided into two parts, each diluted to 1 mL and immunoprecipitated
with anti-ALP, anti-CPY or anti-α1,6-manose antibody. Immunoprecipitates were resolved
on 8% gels and labelled species visualized by fluorography. Phosphor images were acquired
with the STORM imager system and quantified using ImageQuant software.

Analysis of steady-state protein expression
To monitor protein expression levels, semi-intact yeast cells were prepared (54) and
equivalent amounts of cellular protein resolved on polyacrylamide gels followed by
immunoblotting. Protein concentrations were estimated from A280 reading in 2% SDS. In
the case of αF-ss-ALP expression, cells were grown at 30^C to stationary phase in minimal
medium supplemented with appropriate amino acids. Cultures were then back diluted to 0.1
OD600/mL in rich medium and grown at 30^C to mid-logarithmic phase. Five OD600 units
of cells were collected by centrifugation and resuspended in 0.3 mL of buffer containing 20
mm Hepes pH 7.4, 100 mm sorbitol, 50 mm KOAc, 2 mm ethylenediaminetetraacetic acid
(EDTA) and 1 mm phenylmethanesulphonyl fluoride (PMSF). Cell lysates were prepared by
agitation with an equal volume of 0.5 mm acid-washed glass beads and spun at 1000×g for 3
min to pellet unbroken cells. Secreted protein was assessed from 1 mL of culture
supernatants after trichloroacetic acid precipitation and washes with ice-cold 95% ethanol
(57).
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Cell fractionation on sucrose gradients
Cellular organelles were resolved on sucrose density gradients as previously described (12)
with minor modification. Briefly, 200 OD600 units of mid-logarithmic cells were converted
to spheroplasts, resuspended in buffer containing 10 mm Hepes pH 7.5, 1 mm EDTA, 12.5%
sucrose, 0.5 mm PMSF, and lysed using a motorized Dounce homogenizer. Homogenates
were spun at 1000×g for 5 min and the supernatant fluid loaded onto a 12-step sucrose
gradient from 18 to 60% sucrose in 10 mm Hepes pH 7.5, 1 mm MgCl2. Gradients were
centrifuged at 165,000×g for 3 h in an SW-40 rotor and divided into 15 or 16 fractions
starting from the top of the gradient. Aliquots of each fraction were assessed by
immunoblot.

Native immunoprecipitation (IP)
Methods to detect co-immunoprecipitating proteins by native IP have been described (12).
To measure ALP dimerization, semi-intact cell membranes expressing HA-tagged and
untagged versions of ALP were solubilized in B88-8 buffer [20 mm Hepes (pH 8), 250 mm
sorbitol, 150 mm KOAc, 5 mm Mg(OAc)2] containing 5 mm EDTA, 10 mm PMSF and 1%
digitonin. After a clearing spin, the solubilized material was subjected to IP in B88-8 buffer
containing 0.05% digitonin, protein A-Sepharose beads plus or minus 0.5 μg of monoclonal
anti-HA antibody (Covance) at 4^C for 1.5 h. Immune complexes bound to beads were
washed four times with B88-8/0.05% digitonin and precipitated proteins detected by
immunoblot.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
ALP constructs used in this study. Diagram of pro-ALP protein with the TMD (black) and
pro-sequence (dark grey) indicated. Putative N-glycosylation sites are shown by asterisks
and scissors indicate the pro-sequence cleavage site. The Och1p TMD and cytosolic
segments are shown as light grey boxes and the α-factor cleavable signal sequence as a
black line. The triple HA epitope is represented as HA on the carboxyl terminus.
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Figure 2.
ALP is inefficiently transported to the Golgi complex in erv26Δ cells. A) Wild-type
(CBY2151) and erv26Δ (CBY2240) strains expressing full-length pro-ALP (pFL8) were
monitored in pulse-chase experiments as described under Materials and Methods. Primary
IPs were performed with anti-ALP or anti-CPY serums followed by secondary IPs to
measure α1,6-mannose modified carbohydrate. Positions of pro-ALP (p), mature ALP (m)
and a soluble breakdown product (*) are indicated as are the ER (p1), Golgi (p2) and mature
(m) forms of CPY. B) Graphical representation of the results in (A) showing α1,6-mannose
modified target protein divided by total target protein at each time-point.
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Figure 3.
The cytosolic tail of ALP is dispensable for ER export. A) Wild-type (CBY2151) and
erv26Δ (CBY2240) cells expressing full-length pro-ALP (pSN92) or the tail deletion
construct (pNB4) were spheroplasted by lyticase treatment. Total cell extracts were resolved
on 8% polyacrylamide gels for immunoblots. Erv41p, a protein localized to ER and Golgi
membranes, was used as a loading control. The pro-ALP (p), mature ALP (m) and a soluble
breakdown product (*) are indicated. B) Cell extracts as in (A) were fractionated on sucrose
density gradients and fractions analysed by immunoblot as described under Materials and
Methods. Och1p and Sec61p served as Golgi and ER membrane markers, with peak
fractions for Och1p (G) and Sec61p (ER) indicated by arrowheads. C) Pulse-chase analysis
of ΔT-ALP in the wild-type and erv26Δ cells expressing the tail deletion construct (pNB4).
D) Graphical representation of the results in (C) showing α1,6-mannose modified ΔT-ALP
protein divided by total ΔT-ALP at each time-point.
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Figure 4.
The TMD of ALP does not specify Erv26p-dependent transport. A) Alignment of the ALP
and Och1p TMD sequences. A two amino acid linker (underlined) was introduced for
cloning purposes between the Och1p TMD and ALP lumenal domain in Och1TM-ALP.
Wild-type (CBY2151) and erv26Δ (CBY2240) cells expressing full-length pro-ALP (pFL8)
or the Och1TM-ALP construct (pAF13) were converted to spheroplasts and proteins
detected by immunoblot. The pro-ALP (p), mature ALP (m) and a soluble breakdown
product (*) are indicated. B) Cell extracts from strains expressing pAF13 were separated on
sucrose density gradients and fractions analysed by immunoblot. C) Pulse-chase analysis of
Och1TM-ALP in the wild-type and erv26Δ cells expressing pAF13. Graphical
representation of the results in (C) showing α1,6-mannose modified Och1TM-ALP protein
divided by total Och1TM-ALP at each time-point.
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Figure 5.
A soluble lumenal form of pro-ALP slowly exits the ER in an Erv26p-independent manner.
A) Wild-type (CBY2151) and erv26Δ (CBY2240) cells expressing full-length pro-ALP
(pFL8) or the αF-ss-ALP construct (pQC43) were lysed and equal amounts of intracellular
(I) and extracellular (E) proteins detected by immunoblot as described under Materials and
Methods. The pro-ALP (p), mature ALP (m) and a soluble breakdown product (*) are
indicated. B) Pulse-chase analysis of αF-ss-ALP in the wild-type and erv26Δ cells
expressing pQC43. C) Graphical depiction of the results in (C) showing α1,6-mannose
modified F-ss-ALP protein divided by total F-ss-ALP at each time-point.
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Figure 6.
The membrane-bound lumenal domain of ALP is sufficient to specify Erv26p-dependent
export. A) Wild-type (CBY2151) and erv26Δ (CBY2240) cells expressing full-length pro-
ALP (pFL8) or the Och1CT-ALP construct (pCIP2) were converted to spheroplasts and
proteins detected by immunoblot. The pro-ALP (p), mature ALP (m) and a soluble
breakdown product (*) are indicated. B) Extracts from the wild-type and erv26Δ cells
expressing Och1CT-ALP were fractionated on sucrose gradients and proteins detected by
immunoblot. C) Pulse-chase analysis of Och1CT-ALP in wild-type and erv26Δ cells
expressing pCIP2. D) Graphical representation of the results in (C) plotting α1,6-mannose
modified Och1CT-ALP protein divided by total Och1CT-ALP.

Dancourt and Barlowe Page 19

Traffic. Author manuscript; available in PMC 2010 October 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7.
The position of pro-ALPs lumenal domain from the inner ER membrane influences Erv26p-
dependent export. A) Wild-type (CBY2151) and erv26Δ (CBY2240) cells expressing either
full-length pro-ALP (pFL8), the 8 amino acid insertion (pEC5) or the 91 amino acid
insertion construct (pQC72) were converted to spheroplasts and proteins detected by
immunoblot. The pro-ALP (p), mature ALP (m) and a soluble breakdown product (*) are
indicated. B) Pulse-chase analysis of the 91aa-ALP protein in wild-type and erv26Δ strains
expressing pQC72. C) Graphical depiction of the results in (B) plotting α1,6-mannose
modified 91aa-ALP protein divided by total 91aa-ALP at the start of the time–course.
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Figure 8.
Dimerization of pro-ALP is required for efficient binding to Erv26p and ER export. A)
Primary sequence alignments of Escherichia coli PhoA (GenBankTM accession
BAE76164), Saccharomyces cerevisiae ALP (GenBankTM accession P11491), Drosophila
melanogaster ALP (GenBankTM accession NP_649897) and human placental ALP
(GenBankTM accession AAC97139). Invariant amino acids are shaded black, conserved
amino acids in grey. Residues of interest are bold and underlined (see text). B) Wild-type
(CBY2151) and erv26Δ (CBY2240) cells expressing full-length pro-ALP (pFL8) or the
Δ79-82ALP construct (pQC30) were converted to spheroplasts and proteins detected by
immunoblot. C) Immunoblots of anti-HA co-immunoprecipitation experiments as described
in Materials and Methods. Totals (T) represent 5% of the solubilized input material, mock
immunoprecipitations (−Ab) and anti-HA immunoprecipitations (+Ab) are labelled above
each lane. Sec61p (ER) and Och1p (Golgi) serve as negative controls to demonstrate
specificity of the immunoprecipitations. D) Graphical representation of the data in panel (C)
showing ALP dimer formation as the ratio of HA-tagged and untagged pro-forms of ALP in
lanes 9 and 12. E) The percentage of total Erv26p that co-immunoprecipitated with ALP-HA
in lanes 3 and 6 normalized by the ALP-HA signals in these same lanes. The positions of
pro-ALP (p), mature ALP (m), pro-ALP-HA (HA) and a soluble breakdown product (*) are
indicated.
Figure 9A, the Δ79-82ALP mutant was stabilized in erv26Δ and displayed a t1/2 of ~ 35
min in wild-type and >60 min in the erv26Δ strain (Figure 9B). The lack of vacuolar
cleavage even after 1 h of chase (and at steady state, Figure 8A) suggests that the
degradation is prevacuolar. A decrease in the electrophoretic mobility of the Δ79-82ALP
protein was observed at 30 and 60 min. We speculate that this dimerization mutant received
additional post-translational modification with prolonged residence in the ER. The
Δ79-82ALP protein did not efficiently receive Golgi-specific α1,6-man modifications in
either background (data not shown).
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Figure 9.
Δ79-82ALP is degraded by a proteasome-dependent ERAD pathway. A) Pulse-chase
analysis of Δ79-82ALP in wild-type (CBY2151) and erv26Δ (CBY2240) strains. B)
Graphical representation of the degradation rates in panel (A) showing the level of
Δ79-82ALP as a percentage of initial pulsed (t = 0) Δ79-82ALP protein. C) Degradation
rates of Δ79-82ALP-HA assessed in ise1Δ cells (CBY2771) pretreated either with 100 μm
MG132 (in DMSO) or 0.5% DMSO for 45 min prior to pulse. D) Degradation rates of
Δ79-82ALP-HA in ubc7Δ (CBY2773) and sel1Δ (CBY1323) strains compared to an
isogenic wild-type strain. E) Plots showing the degradation rates of Δ79-82ALP-HA protein
in a pep4Δ strain (CBY173) compared to an isogenic wild-type strain (CBY80).
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Table 1

Strains and plasmids used in this study.

Name Description Reference

Saccharomyces cerevisiae strains

CBY 1480 MAT α his3 leu2 lys2 ura3 erv26∷KAN (56)

CBY 2151 MAT α his3 leu2 lys2 ura3 pho8∷KAN (56)

CBY 2240 MAT α his3 leu2 lys2 ura3 erv26∷KAN pho8 ∷LEU2 This study

CBY 2771 MAT α his3 leu2 lys2 ura3 ise1∷KAN (56)

CBY 2773 MAT α his3 leu2 lys2 ura3 ubc7∷KAN (56)

CBY 1323 MAT α his3 leu2 lys2 ura3 sel1∷KAN (56)

CBY 80 MAT α his3 leu2 lys2 ura3 trp1 Barlowe lab

CBY 173 MAT α his3 leu2 lys2 ura3 trp1 pep4 ∷URA3 Barlowe lab

Plasmids

pFL8 pRS313 (CEN HIS3) with EcoRI/BamHI full-length PHO8 This study

pSN92 pRS316 (CEN URA3) with full-length PHO8 (18)

pNB4 pRS316 (CEN URA3) with ΔT-ALP (Δ2 – 31ALP) (18)

pAF13 pRS313 (CEN HIS3) with Och1TM-ALP This study

pQC43 pRS313 (CEN HIS3) with αF-ss-ALP This study

pCIP2 pRS313 (CEN HIS3) with Och1CT-ALP This study

pEC5 pRS313 (CEN HIS3) with 8aa-ALP This study

pQC72 pRS313 (CEN HIS3) with 91aa-ALP This study

pQC30 pRS313 (CEN HIS3) with Δ79-82ALP This study

pAE4 pRS313 (CEN HIS3) with ALP-HA This study

pCE1 pRS316 (CEN URA3) with ALP This study

pCF3 pRS316 (CEN URA3) with Δ79-82ALP This study

pCC1 pRS313 (CEN HIS3) with Δ79-82ALP-HA This study

pFA1 pRS313 (CEN HIS3) with 91aa-ALP-HA This study

pFB2 pRS316 (CEN URA3) with 91aa-ALP This study

Pulse chase and immunoprecipitation
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