Golgi localization of ERManl defines spatial
separation of the mammalian glycoprotein
quality control system
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ABSTRACT The Golgi complex has been implicated as a possible component of endoplasmic
reticulum (ER) glycoprotein quality control, although the elucidation of its exact role is lack-
ing. ERManl, a putative ER resident mannosidase, plays a rate-limiting role in generating a
signal that targets misfolded N-linked glycoproteins for ER-associated degradation (ERAD).
Herein we demonstrate that the endogenous human homologue predominantly resides in
the Golgi complex, where it is subjected to O-glycosylation. To distinguish the intracellular
site where the glycoprotein ERAD signal is generated, a COPI-binding motif was appended
to the N terminus of the recombinant protein to facilitate its retrograde translocation back to
the ER. Partial redistribution of the modified ERManl was observed along with an accelerated
rate at which N-linked glycans of misfolded a1-antitrypsin variant NHK were trimmed. Despite
these observations, the rate of NHK degradation was not accelerated, implicating the Golgi
complex as the site for glycoprotein ERAD substrate tagging. Taken together, these data
provide a potential mechanistic explanation for the spatial separation by which glycoprotein
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quality control components operate in mammalian cells.

INTRODUCTION

A current challenge in both cell biology and the biomedical sciences
is to elucidate how the processing of encoded proteins, rather than
the corresponding genomic blueprint, helps orchestrate the fidelity
of expressed biological information and contributes to the
pathophysiology of disease. To this end, protein biosynthetic quality
control, which is part of the cellular proteostasis network (Balch
et al., 2008), ensures that only properly folded and/or assembled
proteins are delivered to their sites of action, which is essential for
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numerous normal cellular activities. Approximately one-third of
newly synthesized polypeptides are translocated into the endoplas-
mic reticulum (ER), where they achieve native conformation, which is
a prerequisite for productive transport through the secretory path-
way (Ghaemmaghami et al., 2003). Those polypeptides unable to
adopt native structure are eventually identified as terminally mis-
folded and then subjected to ER-associated degradation (ERAD) by
cytoplasmic 26S proteasomes (Sommer and Wolf, 1997; Brodsky
and McCracken, 1999). Although the ER is a site for the retention of
many misfolded proteins (Nehls et al., 2000), evidence has sug-
gested that numerous lumenal ERAD substrates are likely delivered
to the Golgi complex and recycled back to the ER before retrograde
translocation into the cytosol for degradation (Hammond and
Helenius, 1994; Caldwell et al., 2001; Vashist et al., 2001). This ob-
servation implies that successful biosynthetic quality control likely
involves the spatial separation of some of its components. In sup-
port of this notion, the overexpression of three traditional Golgi
o1,2-mannosidases (IA, 1B, and IC) was recently shown to accelerate
the degradation of misfolded glycoproteins in mammalian cells
(Hosokawa et al., 2007). The descriptive nature of that study,
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however, stopped short of exploring the dynamics of ERAD sub-
strate generation or establishing the intracellular site where the
overexpressed molecules were able to accelerate ERAD.

The capacity to distinguish between terminally misfolded proteins
and properly folded wild-type intermediates as appropriate ERAD
substrates is one of the earliest defining steps in protein biosynthetic
quality control. Prior studies have indicated that the removal of termi-
nal mannose units from asparagine-linked Man9GIcNAc2 generates
the glycan component of an ERAD signal that operates in both yeast
and mammalian cells (Lederkremer, 2009). Confusion still exists, how-
ever, in understanding how this step operates in the mammalian sys-
tem because the analysis of ERManl function has exclusively involved
the overexpressed recombinant protein, and both ERManl (Hosokawa
et al., 2003; Avezov et al., 2008) and EDEM (ER degradation-enhanc-
ing mannosidase like protein; Hosokawa et al., 2001, 2010; Hirao
etal., 2006; Olivari et al., 2006) are apparently capable of hydrolyzing
the a1,2-linked mannose units.

Human ERManl consists of 699 amino acids with a calculated mo-
lecular mass of 79.5 kDa. Although ~50% homologous to the Golgi
ol,2-mannosidases IA, 1B, and IC sequences (Tremblay and Hers-
covics, 1999), it is predicted to function as an ER resident protein
based on the immunostaining of the yeast orthologue MNS1 (Burke
et al., 1996) and localization of the overexpressed recombinant hu-
man orthologue in mammalian cells (Gonzalez et al., 1999). The man-
nosidase was firstimplicated as a member of the glycoprotein quality
control system because deletion of the Mns1 gene in budding yeast
greatly hindered the degradation of an N-glycosylated ERAD sub-
strate (Jakob et al., 1998). The inhibition of ERAD was later observed
in several mammalian systems in response to the inhibition of class |
o1,2-mannosidases with kifunensine, and by small interfering RNA
(siRNA)-mediated gene knockdown (Liu et al., 1999; Cabral et al.,
2001, 2002; Sifers, 2003; Wu et al., 2003; Karaveg et al., 2005; Avezov
et al., 2008). The mammalian orthologue appears to function in a
dose-dependent manner, as its experimental overexpression acceler-
ates the degradation of terminally misfolded glycoproteins as well as
newly synthesized wild-type folding intermediates (Wu et al., 2003).

The clinical involvement of cellular proteostasis in disease patho-
genesis was recently revealed by a study from our group in which
homozygosity for a single nucleotide polymorphism located at the
3'-untranslated region of the human ERManl mRNA is associated
with the early onset of end-stage liver disease in patients with o.1-
antitrypsin deficiency (Pan et al., 2009). This observation implies that
the mannosidase, as part of the ER proteostasis network (Balch et al.,
2008; Bouchecareilh et al., 2010), can function as a genetic modifier
of disease and therefore is a potential target for the therapeutic in-
tervention of the associated liver and lung diseases (Sifers, 2010).

Both in vitro and in vivo studies have indicated that the participa-
tion of ERManl in glycoprotein quality control stems from its weak
enzymatic activity capable of cleaving one or more a1,2-mannose
residues from asparagine-linked Man9GIcNAc2 (Gonzalez et al.,
1999; Tremblay and Herscovics, 1999; Hosokawa et al., 2003;
Karaveg et al., 2005; Avezov et al., 2008). The covalent processing
event has been shown to disrupt the participation of misfolded gly-
coproteins in the calnexin folding cycle, allowing for their entrance
into ERAD (Cabral et al., 2001). Moreover, a recent study has shown
that proteasome inhibitor treatment causes experimentally overex-
pressed ERManl to localize to a presumed ER protein quality control
center (ERQC), where misfolded glycoproteins are suspected to
accumulate before their dislocation into the cytoplasm for protea-
somal degradation (Avezov et al., 2008). From these observations,
researchers have concluded that the enzyme might play an addi-
tional role as a lectin capable of sorting misfolded lumenal glycopro-
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teins to a specialized subcellular compartment before ERAD. Sup-
port for this notion was recently provided by the fission yeast model
(Kanehara et al., 2007). Despite these presented hypotheses, the
exact functional roles played by ERManl in mammalian glycoprotein
quality control are still poorly characterized.

A primary goal for the present study was to gain greater mecha-
nistic insight into the dynamics of ERAD substrate generation. A
panel of highly specific mAbs was generated against recombinant
human ERManl, and was then used to elucidate the intracellular lo-
cation and properties of the endogenous protein in cultured mam-
malian cells under basal conditions. Numerous lines of experimental
evidence indicate that the endogenous mannosidase exists pre-
dominately in an O-glycosylated form that is localized exclusively to
the Golgi apparatus, rather than the proposed ERQC (Kamhi-Nesher
etal., 2001; Avezov et al., 2008), where it participates in the genera-
tion of a glycoprotein ERAD disposal signal. The new findings pro-
vide additional molecular insight into the dynamics by which protein
folding and ERAD substrate generation operate throughout muilti-
ple compartments in mammalian cells.

RESULTS

Covalent modification of endogenous human ERManl

We previously generated rabbit polyclonal antisera against human
ERManl to assist our mechanistic analysis of glycoprotein quality
control (Wu et al., 2003). Poor detection limits, however, hindered
the reproducible detection of the endogenous protein. Therefore, a
panel of mAbs was generated using the GST-tagged, full-length hu-
man recombinant protein as antigen. Three hybridoma clones (1Dé,
3C2, and 4H12) were first chosen on the basis of specific immunore-
activity against GST-tagged human ERManl via an enzyme-linked
immunosorbent assay (unpublished data). Additional characteriza-
tion involved Western blotting of detergent lysates derived from
Hela cells transfected with either empty vector or with a human
ERManl cDNA expression construct. In mock-transfected Hela cells,
all three mAbs recognized a single protein band that exhibited an
apparent molecular mass of ~90 kDa, which is significantly greater
than the predicted value of the newly synthesized protein (79.5 kDa).
In extracts from Hela cells transfected with recombinant human
ERManl, each of the three mAbs recognized a ladder of bands mi-
grating between ~70 and ~90 kDa (Figure 1A and Supplemental
Figure S1). The slowest-migrating band exhibited an electrophoretic
mobility in SDS-PAGE that was identical to endogenous human ER-
Manl. The observation that the overexpression of the recombinant
protein enhanced the density of the 90-kDa species implied that this
species likely represents the endogenous form of the molecule.
Consistent with this notion, Hela cells separately transfected with
two different siRNAs that target distinct sequences of the human
ERManl mRNA diminished (by ~95%) the intracellular concentration
of the endogenous ~90-kDa protein when normalized against un-
transfected control cells or when cells were transfected with a non-
specific siRNA (Figure 1B). The specificity of this manipulation was
confirmed by the inability of the specific siRNAs to diminish the con-
centration of Golgi ManlA, which shares ~50% sequence similarity
with human ERManl. These data strongly indicated that the single
~90-kDa protein detected by all the mAbs represents the mature
form of endogenous human ERManl.

Next we asked whether the ladder of immunoreactive proteins
detected in transfected Hela cells represents degradation products
versus covalently modified forms of the molecule. To address this
issue, we took advantage of two polyclonal antibodies previously
generated against synthetic peptides identical to amino acid resi-
dues located in the N terminus (pAb-N) and C terminus (pAb-C) of
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FIGURE 1: Characterization of endogenous ERManl. (A) Cell lysates from Hela cells transfected with ERManl (+) or
empty vector (=) for 24 h were resolved by SDS-PAGE and immunoblotted with monoclonal anti-ERManl antibody clone
1D6 (top panel) and anti-tubulin antibody. (B) Cell lysates derived from untransfected Hela cells (none) or Hela cells
transfected with control siRNA, or two distinct siRNAs against ERManl, were resolved by SDS-PAGE and blotted with
antibodies against ERManl (clone 1Dé), ManlA, or tubulin. Numbers beneath ERManl blot show ratios against the
amount of ERManl in nontransfected cells. (C) Top panel, illustration of synthetic peptides used to generate the
antibody against N terminus (pAb-N) or C terminus (pAb-C) of ERManl. Bottom panel, Hela cells transfected with
empty vector (=) or ERManl cDNA (+) for 24 h were radiolabeled with [33S] Met for 30 min, and the derived cell lysates
were subjected to immunoprecipitation with pAb-N and pAb-C and observed by radiography. (D) PCL/PRF5, Huh7, and
HelLa cells were transfected with ERManl cDNA. Forty-eight hours after transfection, cells were radiolabeled with [*3S]
Met for 30 min and chased for 0.5 and 1 h. Nontransfected Hela cells were subjected to the same pulse-labeling and
chased for 0.5 h. Cells were collected from each time point, lysed, and subjected to immunoprecipitation with a
combination of pAb-N and pAb-C. *, modified forms of ERManl; arrowheads, unmodified ERManl; arrows: Nonspecific
bands. (E) Hela cell lysates were immunoprecipitated with either mouse IgG (mlgG) or anti-ERManl antibody 1Dé. The
immunoprecipitates were eluted and resolved by SDS-PAGE followed by silver staining. Arrows indicate the two

specific bands identified by mass spectrometry as ERManl.

human ERManl (Wu et al., 2003). Hela cells were transfected with
empty vector or the recombinant human ERManl cDNA expression
construct. Approximately 24 h posttransfection, cells were meta-
bolically radiolabeled with [3*S]Met for 30 min before cell lysis and
immunoprecipitation with either pAb-N or pAb-C. As shown in Fig-
ure 1C, the newly synthesized ~70-kDa band was immunoprecipi-
tated with either antibody. In some experiments, a faint ~70-kDa
band was also detected in control cells, possibly representing the
newly synthesized endogenous human ERManl (Figure 1C). Taken
together, the data imply that the ~70-kDa band represents full-
length, newly synthesized human ERManl before the onset of any
detectable posttranslational modifications.

To determine whether the ~90-kDa band is derived from the
newly synthesized precursor, recombinant human ERManl was ex-
perimentally overexpressed in multiple cell lines, including PCL/
PRF5 and Huh7 (human hepatoma cells), as well as in Hela cells.
The de novo biosynthesis and posttranslational processing of ER-
Manl were detected by metabolic pulse-chase radiolabeling and
immunoprecipitation with a combination of the pAb-N and pAb-C
polyclonal antisera. As shown in Figure 1D, human ERManl was ini-
tially synthesized as a ~70-kDa polypeptide in all three cell lines.
Most of the radiolabeled molecules were degraded, as recently re-
ported (Wu et al., 2007), but the remainder gradually increased in
apparent molecular mass, through the formation of multiple inter-
mediates, into a stable ~90-kDa form. The maturation of the trans-
fected recombinant protein, which varied among the different cell
lines, was least efficient in Hela cells and most efficient in PCL/
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PRF5. A similar experiment was performed with untransfected Hela
cells to characterize the maturation of endogenous human ERManl.
In contrast to the slow modification of the overexpressed recombi-
nant ERManl, the endogenous molecule was quickly modified, with
both the 70- and ~90-kDa bands detectable within the 20-min pulse
period. Furthermore, the 70-kDa band had disappeared at the
30-min chase, coinciding with an increase in the ~90-kDa band.
These observations demonstrate that the endogenous molecules
efficiently mature to the fully modified state following biosynthesis.
Considering these observations, it is entirely possible that the slower
maturation of overexpressed ERManl might represent saturation of
the modification system. Taken together, these results indicate that
an undegraded fraction of the newly synthesized endogenous hu-
man ERManl is subjected to a series of posttranslational modifica-
tions that eventually generate a mature ~90-kDa species.

In a final set of experiments, mass spectrometry was used as a
means to validate the identity of the 70- and 90-kDa forms. Hela
cell extracts were subjected to immunoprecipitation with either
mouse IgG (as negative control) or mAb1D6 (the mAb that exhib-
ited the greatest immunoprecipitation efficiency). Although nu-
merous proteins were detected in SDS-PAGE, the results of mass
spectrometry confirmed that the 70- and 90-kDa bands represent
human ERManl (Figure 1E and Supplemental Figure S2). Impor-
tantly, the 90-kDa band exhibited a greater intensity than did the
70-kDa band, confirming the notion that the former band repre-
sents the predominant intracellular species of endogenous human
ERManl.

Molecular Biology of the Cell



A B

Trypsin: - + T186 T230 $370 $393 T697
Digitonin: + + 4 4 4
cD Catalytic domain |

- ERManl

C D cHo __dID
Sialidase: - + wt S +8
-GM130
o 72-
- ManlA -
55- § >
Fetuin ERManl
E F
TT186 Ctrl WT T186A T230A TT180/230AA
WT T186A T230A Sialidase - s z ¥ - ¥ - ¥ - +

1230AA

95-

72-

FIGURE 2: ERManl is glycosylated at multiple sites in the luminal domain. (A) Hela cells were permeabilized with
digitonin followed by treatment with mock solution or trypsin. The cells were then lysed and immunoblotted with
antibodies against ERManl, GM130, or ManlA. (B) lllustration of five potential O-glycosylation sites in the luminal
domain of ERManl that are predicted by NetOGlyc3.1 and 2.0 software. (C) Fetuins purified from calf serum or Hela cell
extract were treated with (+) or without (=) Sialidase A. The samples were then resolved on SDS-PAGE, and the gels
were either stained with Coommassie blue (for futuin) or transferred and immunoblotted with anti-ERManl antibody
1D6 (for ERManl). (D) CHO cells and IdID cells were transfected with wild type or ERMan|©-def, respectively, and were
cultured in regular medium (for CHO cells) or basic medium containing no additional sugars (-S) or with additional
galactose and N-acetylgalactosamine (+S) (for IdID cells). Forty-eight hours after transfection, cells were lysed and
subjected to Western blotting with anti-ERManl antibody 1Dé. (E) Hepa1A cells transfected with wild type or indicated
mutants of ERManl for 48 h were lysed and immunoblotted with anti-ERManl antibody 1Dé. *, modified forms of
ERManl; arrowhead, newly synthesized unmodified ERManl. (F) Lysates of Hepa1A cells transfected with wild type or
indicated mutants of ERManl for 48 h were treated with (+) or without (-) Sialidase A, resolved by SDS-PAGE, and

immunoblotted with anti-ERManl antibody 1Dé6.

Endogenous human ERManl is O-glycosylated at multiple
sites in the luminal stem domain
We next directed our efforts toward identifying the modification(s)
responsible for altering the apparent molecular mass of newly
synthesized human ERManl. First, a protease protection assay was
performed with semipermeabilized Hela cells. Our reasoning was
that incubation with an exogenous protease would remove the
modification, dramatically shifting the apparent molecular mass, if it
occurs in the short N-terminal cytoplasmic domain. In contrast, the
modification would be protected from proteolysis if present on a
luminal domain. For this purpose, Hela cells were incubated in the
cold with digitonin to selectively permeabilize the plasma mem-
brane (Liu et al., 1999), followed by incubation with trypsin. As
shown in Figure 2A, the manipulation did not significantly alter the
mobility of endogenous human ERManl in SDS-PAGE, consistent
with proteolytic removal of only the short N-terminal cytoplasmic
tail. As a positive control, GM130, which is a Golgi matrix protein
localized predominantly on the cytoplasm surface of the endomem-
brane system (Nakamura et al., 1995), was completely susceptible
to trypsin digestion. In contrast, the negative control ManlA, a type
Il Golgi enzyme that is primarily luminal (Bieberich and Bause, 1995),
was entirely resistant to proteolysis under these conditions. The
combination of these results supported the notion that the post-
translational modiification of human ERManl occurs on a luminal por-
tion of the molecule.

Many types of posttranslational modifications, such as phospho-
rylation and glycosylation, can occur in the luminal domain of a
transmembrane protein, resulting in a significant shift in the appar-
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ent molecular mass. Analysis with the NetPhos2.0 algorithm pre-
dicts that human ERManl harbors several potential phosphorylation
sites. Digestion of either crude Hela cell lysates or immunoprecipi-
tated endogenous human ERManl with a variety of commercially
available phosphatases, however, did not appreciably alter the mo-
lecular mass of the endogenous ~90-kDa species (unpublished
data), implying the involvement of an alternative modification. Neg-
ative results were also obtained in response to the treatment of
Hela cell lysates or immunoprecipitated human ERManl with PN-
Gase, an enzyme that cleaves complex type N-linked oligosaccha-
rides, consistent with the absence of N-glycosylation sites in the
primary amino acid sequence. A third possibility is that the NetO-
Glyc2.0 and NetOGlyc3.1 algorithms identified several potential
consensus sequences for the O-glycosylation of human ERManl. As
illustrated in Figure 2B, the algorithms predicted that ERManl con-
tains multiple threonine and serine residues in the stem and catalytic
domains potentially capable of undergoing O-glycosylation. To test
this possibility, crude Hela cell lysates were generated and then in-
cubated with or without Sialidase A, an enzyme that cleaves termi-
nal sialic acids from N- or O-glycans. Changes in the mobility of
endogenous human ERManl were monitored by Western blotting
following SDS-PAGE, and commercially available glycoprotein fe-
tuin was used as a positive control. As shown in Figure 2C, treat-
ment with Sialidase A increased the electrophoretic mobility of im-
munoreactive human ERManl by nearly 15 kDa, indicating that sialic
acid—containing modifications were present.

To obtain additional evidence to support the observation that
human ERManl is subject to O-glycosylation, we transfected the
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FIGURE 3: Identification of additional O-glycosylation sites of ERManl. (A) lllustration of full-length or truncated ERManl
constructs that contain an N-terminal Flag tag. (B) The full-length or truncated flag-tagged ERManl constructs were each
transfected into HepalA cells. Forty-eight hours after transfection, cells were lysed, and the total protein extracts were
separated by SDS-PAGE followed by Western blotting with 1Dé. (C) Sequence of the stem region of ERManl. Amino
acids in red represent T186 and T230 identified in earlier experiments. Underlined amino acids represent the residues
mutated to Alanine. (D) Wild-type or mutant ERManl as indicated was transfected into Hepa1A cells. Forty-eight hours
after transfection, cells were lysed and subjected to Western blotting with 1Dé. (E) Experimentally validated positions of

the four O-linked glycans detected on human ERManl are depicted.

corresponding expression vector into both wild-type CHO cells
and a mutant CHO cell line designated IdID (Kozarsky et al., 1988).
The IdID cell line carries a defect in the 4-epimerase, an enzyme
that is responsible for the conversion of glucose and N-acetylglu-
cosamine into galactose and N-acetylgalactosamine, respectively.
As a consequence, the IdID cells are able to synthesize O-linked
oligosaccharides only when galactose and N-acetylgalactosamine
are added to the culture medium. Without these sugar additions,
no mucin-type, O-linked oligosaccharide chains are synthesized
(Kozarsky et al., 1988). As shown in Figure 2C, recombinant human
ERManl expressed in wild-type CHO cells migrated primarily as
either the 70-kDa, newly synthesized form or 90-kDa, fully modi-
fied form, with the existence of a few minor intermediate bands. In
IdID cells cultured without sugar supplementation, however, re-
combinant human ERManl migrated solely as the 70-kDa form.
When both galactose and N-acetylgalactosamine were added to
the culture medium, the electrophoretic migration of the recombi-
nant protein shifted to a maximum of 90 kDa, although the major-
ity of molecules were only partially modified, possibly due to satu-
ration of the responsible system. Taken together, these observations
confirmed that human ERManl is modified by mucin-type, O-linked
oligosaccharides.

Our next step was to use site-directed mutagenesis to identify
the amino acid residues responsible for the O-glycosylation of hu-
man ERManl. Predicted threonine and serine residues (Figure 2B)
were mutated to alanine, and the constructs were then transiently
expressed in mouse hepatoma cells HepalA because the mouse
orthologue is not recognized by any of the newly generated mAbs,
and therefore will not interfere with the detection of transfected
recombinant human ERManl. As before, changes in electropho-
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retic mobility were monitored by SDS-PAGE and Western blotting.
Among all five individual mutants (T186A, T230A, S370A, S393A,
and T697A), only T186A and T230A exhibited detectable mobility
changes in SDS-PAGE (Figure 2E and unpublished data). More-
over, a combination of these two mutations (the TT186/230AA
double mutant) exhibited the most dramatic mobility shift, as
would be expected if both were sites for O-linked glycosylation
(Figure 2E). The double mutant, however, did not completely con-
vert the mobility of ERManl to that of the newly synthesized
70-kDa form, implying that additional sites for O-glycosylation
and/or an alternative modification(s) remained. To distinguish be-
tween these two possibilities, we treated the transfected wild-type
and mutant human ERManl (TT186/230AA) with Sialidase A and
monitored changes in the protein’s electrophoretic mobility. As
shown in Figure 2F, Sialidase A treatment converted both the wild-
type and mutant ERManl to the 70-kDa form, indicating that ad-
ditional O-glycosylation sites exist that were not predicted by the
aforementioned algorithms.

To identify additional O-glycosylation sites, we generated Flag-
tagged cDNA constructs through serial truncation of the luminal
domain (Figure 3A) to narrow down the region in which human
ERManl undergoes O-glycosylation. Each of these constructs was
transfected into Hepa1A cells, and the encoded proteins were de-
tected by Western blotting using an anti-Flag antibody. As shown
in Figure 3B, the constructs truncated at the end of the stem re-
gion (amino acids 1-240) underwent the most robust modification,
whereas constructs truncated in the middle of the catalytic domain
(amino acids 1-480) showed modification similar to that of the
wild type, suggesting that O-glycosylation is limited to the stem
region where T186 and T230 reside. The modifications within the

Molecular Biology of the Cell
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Endogenous ERManl is a Golgi-resident protein. (A) Confocal images of Hela cells
coimmunostained with the anti-ERManl mAbs and anti-Giantin or anti-calnexin antibodies.
ERManl was visualized using Alexa 488-conjugated anti-mouse secondary antibody (green).
Giantin or calnexin was visualized using Alexa 555—conjugated anti-rabbit secondary antibodies
(red). Cell nuclei were counterstained with To-PRO3. (B) Flag-tagged ERManl was transfected
into Hela cells. Forty-eight hours after transfection, cells were fixed and coimmunostained with
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Endogenous human ERManl is
localized to the Golgi apparatus
Because O-glycosylation occurs predomi-
nantly in the Golgi apparatus, we next asked
whether the endogenous human ERManl
actually resides in this organelle, which is
inconsistent with its ER localization that has
been widely assumed (Burke et al., 1996;
Gonzalez et al., 1999). The intracellular lo-
calization of endogenous human ERManl in
Hela cells was determined by indirect im-
munofluorescence microscopy using a com-
bination of three anti-human ERMan| mAbs.
Cells were costained with either the Golgi
marker Giantin (Linstedt and Hauri, 1993) or
the ER marker Calnexin (Bergeron et al.,
1994) to examine organelle-specific colo-
calization. As shown in Figure 4A, the anti-
ERManl mAbs stained a juxtanuclear area in
the cytoplasm, which overlapped with the
; Golgi complex, but not the ER. The staining
¢ pattern was specific because the fluores-
cence signal was abolished upon siRNA-
mediated knockdown of endogenous hu-
man ERManl (Supplemental Figure S3).
Importantly, the human ERManl mAbs cho-
sen for immunofluorescence staining exhib-
ited similar patterns in Western blotting,
suggesting that similar epitope(s) on the
molecule are recognized (unpublished
data). To eliminate the possibility that the
epitope(s) were accessible only to the
Golgi-localized molecules, Hel a cells were
transfected with Flag-tagged human ER-
Manl, and then detected with an antibody
against that added epitope. As shown in
Figure 4B, Flag-tagged ERManl colocal-
ized with endogenous Giantin, confirming
that endogenous human ERManl is actu-
ally a resident of the Golgi complex.

anti-Flag and anti-Giantin antibodies. Flag-ERManl was visualized using Alexa 488-conjugated

anti-mouse secondary antibody (green). Giantin was visualized using Alexa 555-conjugated
anti-rabbit secondary antibodies (red). Arrows indicate the cells transfected with Flag-ERManl.
(C) Hela cells treated with 10 pM MG132 for 6 h were costained for ERManl (green) and BAP31

(red). Cell nuclei were counterstained with DAPI.

stem region contained terminal sialic acids, as confirmed by the
altered electrophoretic mobility change in response to Sialidase A
digestion (unpublished data). To identify the O-glycosylation sites,
each of the threonine and serine residues within the stem domain
were mutated to alanine (Figure 3C) in addition to the above iden-
tified T186 and T230, and the consequences were monitored by
the same approach as stated earlier in this article. Importantly,
single mutations of T204 and T239 each affected the electropho-
retic pattern of recombinant human ERManl (Figure 3D). Finally, a
combination of these two mutated sites together with the previ-
ously identified T186A and T230A shifted the mobility of recombi-
nant human ERManl to 70 kDa (Figure 3D), and was designated
O-glycosylation-deficient ERManl (ERMan|®9¢). Based on these
observations, we concluded that four threonine residues in the lu-
minal stem domain function as the primary sites for O-glycosyla-
tion (Figure 3E).
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Endogenous human ERManl does not
localize to the ERQC in response to
proteasome-inhibitor treatment
Previous studies have shown that, in re-
sponse to treatment with proteasome inhibi-
tors, overexpressed recombinant ERManl localizes to a specialized
intracellular compartment designated ERQC (Avezov et al., 2008).
Therefore, we asked whether the same might be true for the endog-
enous protein. For this, Hela cells were incubated for 12 h with the
proteasome inhibitor MG132 before fixation and staining with the
mixture of human ERManl mAbs and an antibody against BAP31,
the latter of which has been reported to reside in the ERQC (Wakana
et al., 2008). As shown in Figure 4C, endogenous BAP31 was con-
centrated in a perinuclear area, representing the ERQC. In contrast,
endogenous human ERManl exhibited a distinct punctate distribu-
tion adjacent to the ERQC without any demonstrable colocalization
with BAP31. Importantly, an identical observation was made using
another ERQC marker calnexin (Kamhi-Nesher et al., 2001) or in cells
incubated with different concentrations of lactacystin (unpublished
data), another proteasome inhibitor (Tomoda and Omura, 2000). This
combination of experimental results indicates that the endogenous
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FIGURE 5: Functional characterization of ERManl O-glycosylation. (A) Untransfected Hela cells or Hepa1A cells
transfected with either wild type or O-glycosylation-deficient ERMan|®<*f were lysed in buffer containing 0.5% NP-40.
Soluble proteins (S) were separated from insoluble proteins (P) by centrifugation, and both fractions were resolved

on SDS-PAGE and subjected to Western blotting with 1D6. (B) Hepa1A cells transfected with either wild type or
ERMan|©-f for 24 h were treated with 100 ug/ml cycloheximide (CHX) for indicated times, the stability of ERManl was
examined by Western blotting, and the protein bands were quantified (from three experiments) by densitometry using
NIH ImageJ software. (C) NHK was cotransfected into HeLa cells together with wild type or ERManI®<. Forty-eight
hours after transfection, cells were labeled with 33S[Met] for 30 min and chased for indicated times. NHK was
immunoprecipitated from cell lysates (IC) and medium (EC), collected at each time point, resolved by SDS-PAGE, and
detected by autoradiography. Bar graph at bottom shows the quantification of the level of NHK by densitometry (from
three experiments). (D) A representative Western blot shows the expression of wild type and ERMan|®-¢f using whole-cell

12hr  24hr  32hr

lysates derived from transfected Hela cells as stated in (C).

human ERManl does not colocalize with the ERQC, even under con-
ditions of proteasomal inhibition.

O-glycosylation influences the solubility of human ERManl

O-glycosylation is generally associated with changes in the solubil-
ity, stability, localization, and/or function of a protein (Van den Steen
et al.,, 1998; Goto, 2007). We therefore tested the capacity of
O-glycosylation to influence different aspects of human ERManl bi-
ology. To test the modification’s capacity to regulate solubility of the
enzyme, cells were first lysed in buffer containing selected biological
detergents, followed by centrifugation. The supernatant and pellet
were collected as soluble and insoluble portions, respectively, and
resolved by SDS-PAGE followed by Western blotting for human ER-
Manl. As a transmembrane protein, endogenous human ERManl is
readily extracted by a variety of nonionic and ionic detergents. In
response to our routine cell lysis buffer containing 0.5% NP-40, the
entire population of the endogenous ERManl in Hela cells was ex-
tracted into the supernatant (Figure 5A, left panel). In Hepa1A cells
that overexpress the wild-type recombinant protein, multiple immu-
noreactive bands between 70 and 90 kDa are displayed in response
to variable extents of O-glycosylation (Figure 5A, right panel).
Whereas the fully O-glycosylated 90-kDa form of the transfected
recombinant wild-type protein was completely extracted into the
NP-40 supernatant, a significant portion of the partially modified
molecules and the majority of the unmodified form (~70 kDa) re-
mained in the pellet (Figure 5A, left panel). Overall, the percentage
of soluble and insoluble portions of the wild-type protein was 51
and 49%, respectively (Figure 5A, right panel). In contrast, the major-
ity (60%) of the transfected O-glycosylation-deficient ERMan|©-def
remained in the pellet. Moreover, the NP-40 soluble fraction dis-
played a slightly slower electrophoretic mobility than did the insolu-
ble fraction (Figure 5A, right panel), suggesting that a minor post-
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translational modification still exists. This minor modification is
resistant to sialidase treatment, and its identity is currently under in-
vestigation. All in all, the correlation between O-glycosylation and
extraction with nonionic detergent implies that the modification sta-
bilizes the conformation of human ERManl, possibly by preventing
its intracellular aggregation.

To investigate the possibility that O-glycosylation might play a
role in promoting ERManl’s intracellular stability, Hepa1A cells were
transfected with either recombinant wild type or ERMan|®<¢f. The
intracellular turnover of the expressed molecules was then moni-
tored by Western blotting of cell lysates in cells treated with cyclo-
heximide to block new protein synthesis. No significant differences
were observed regarding the stability of wild type and ERMan|©-<¢f
(Figure 5B), indicating that the absence of O-glycosylation is not
sufficient to accelerate the intracellular turnover of ERManl.

Because mucin-type glycans are generated in the Golgi com-
plex, and apparently contribute to the solubility (i.e., conformational
stability) of the deployed molecule, we asked whether the modifica-
tion contributes to the subcellular localization of ERManl. To address
this question, HepalA cells were transfected with wild type or ER-
Manl|®-<¢f, followed by detection by immunofluorescence micros-
copy. Both wild type and ERManI®<f |ocalized predominantly to the
Golgi apparatus (Supplemental Figure S4), implying that either the
deployment or Golgi retention of the molecules is independent of
O-glycosylation.

Finally, we asked whether O-glycosylation might play a role in
the capacity of ERManl to tag misfolded luminal N-linked glycopro-
teins for ERAD in mammalian cells (Wu et al., 2003). To test this hy-
pothesis, a mutant variant of the glycoprotein a.1- antitrypsin, desig-
nated NHK (Sifers et al., 1988), that misfolds upon biosynthesis was
cotransfected with either wild type or ERManl®-<¢f into Hela cells.
Forty-eight hours posttransfection, cells were subjected to [¥*S]Met
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COPI binding motif alters the intracellular distribution of ERManl. (A) Wild type or
the ERManlI®OP" was transfected into NIH/3T3 cells. After culture on coverslips for 48 h, the cells
were fixed and coimmunostained with anti-ERManl mAbs and anti-PDI or anti-B-COP antibodies.
ERManl was visualized using Alexa 488-conjugated anti-mouse secondary antibody (green). PDI
or -COP was visualized using Alexa 555-conjugated anti-rabbit secondary antibodies (red). Cell
nuclei were counterstained with To-PRO3. The inset on the bottom of each merged image
shows a highly magnified view of the squared area. Arrowheads point to the cells transfected
with wild type or mutant ERManl. Arrows show the colocalization of ERManI®©™* with PDI or
3-COP. (B) NIH/3T3 cells transfected and stained as in (A) were counted double-blinded in three
repeated experiments. The bar graph shows the percentage of cells showing ERManl
localization solely in the Golgi (Golgi) or in both Golgi and ER (Golgi+ER). Error bars represent

SD from three repeated experiments.

metabolic labeling, and NHK was immunoprecipitated from cell
lysates and media. Consistent with our previous findings (Wu et al.,
2003), coexpression of recombinant wild-type ERManl accelerated
the rate at which NHK was subjected to ERAD, and decreased the
extent of its already impaired secretion as compared with control
(Figure 5C). Importantly, with an equivalent total level of expression
(Figure 5D), the absence of O-glycosylation did not significantly
impair the capacity of transfected ERMan|®°¢ to accelerate the
intracellular degradation of NHK over that of wild type. Rather, a
moderate increase in ERAD was observed, which led to a slight
decrease in NHK secretion as compared with recombinant wild-type
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ERManl. Taken together, these data indicate
that the absence of O-glycosylation, al-
though impairing the intracellular solubility
of ERManl, is not sufficient to significantly
disrupt its role played in glycoprotein qual-
ity control.

ER localization is not required for
ERManl'’s function in ERAD
Our finding that endogenous human ER-
Manl is actually localized to the Golgi com-
plex raises the question of where the mole-
cule resides when tagging glycoprotein
substrates for ERAD. Presumably, either the
Golgi-localized molecules play this role, or a
fraction might actually recycle back to the
ER. If the latter is true, by facilitating Golgi-
to-ER retrotranslocation of ERManl, an in-
crease in degradation of ERAD substrates
should be observed. The cytoplasmic do-
main of ERManl contains several di-basic
residues. None, however, are within the
range (the first five amino acids at the N ter-
minus) necessary for efficient COPI binding,
which is required for Golgi-to-ER retrotrans-
location (Schutze et al,, 1994; Lowe and
Kreis, 1998). We therefore generated an N-
terminal COPI binding site by mutating
MAACEGRRS into MSRRRS (ERManl|c©FH,
Letourneur et al., 1994; Schutze et al.,
1994). By doing so, a facilitated ER recycling
of ERManl and an accelerated intracellular
loss of transfected NHK are expected if ER-
Manl participates in ERAD in the ER. To de-
termine whether the incorporated COPI
binding motif facilitates Golgi-to-ER ret-
rotranslation of ERManl, both wild type and
the ERManl®©P* were transfected into the
immortalized mouse fibroblast cell line
NIH/3T3 because of its superior intracellular
organelle morphology. The intracellular lo-
calization of both molecules was then exam-
ined by indirect immunofluorescence using
the confocal microscope. The signal associ-
ated with the recombinant wild-type protein
completely colocalized with the endoge-
nous Golgi marker Giantin. In contrast, ER-
ManlCOP* exhibited only a partial overlap.
The remainder exhibited a punctate staining
pattern throughout the cytoplasm where it
partially overlapped with endogenous
B-COP, a component of COPI (Waters et al, 1991), and the ER
marker PDI (Figure 6A). Subsequent quantification indicated that,
although nearly 100% of cells transfected with wild-type ERManl
showed Golgi localization of the molecule, ~50% of the cells trans-
fected with ERMan|®®"* showed a combination of both Golgi and
ER localization (Figure 6B). These results confirmed that the manipu-
lation was sufficient to alter the intracellular distribution of recombi-
nant ERManl.

Presumably, if a fraction of Golgi-situated ERManl recycles back
to the ER to tag substrates for ERAD, then the forced ER recycling of
recombinant ERManl is predicted to accelerate the intracellular loss
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FIGURE 7: COPI binding motif does not promote ERManl’s function in ERAD. (A) NHK was
cotransfected with empty vector, wild-type ERManl, or ERManI®®"* into HeLa cells. Forty-eight
hours after transfection, cells were labeled with 3°S[Met] for 30 min and chased for indicated
times. NHK was immunoprecipitated from cell lysates (IC) and medium (EC) collected at each
time point and resolved on SDS-PAGE followed by autoradiography. Line graphs show the level
of NHK quantified by densitometry, and the error bars represent SD values from three
experiments. (B) A representative Western blot shows the equivalent expression of wild type
and ERManI®OP"* using whole-cell lysates derived from transfected Hela cells as in (A). (C) HeLa
cells transfected with wild-type ERManl (wt) or ERManI“CP* (COPI+) for 48 h were pulse-labeled
with 35S[Met] for 30 min and chased for 1 h. NHK was immunoprecipitated, and the
immunoprecipitates were treated with or without endoglycosidase H. The proteins were then
eluted and resolved on SDS-PAGE followed by autoradiography. (D) Hela cells transfected with
wild-type ERManl (wt) or ERManI“ (COPI+) for 48 h were pulse-labeled with 3°S[Met] for

30 min and chased for indicated times in the presence or absence of kifunensine (Kif). NHK was
immunoprecipitated from cell lysates, and culture medium was collected from each time point.
Immunoprecipitates were resolved on SDS-PAGE followed by autoradiography.

that the anomaly represented an acceler-
ated rate at which N-glycans were trimmed.
Furthermore, the increased electrophoretic
mobility was completely abrogated in cells
treated with kifunensine, indicating that
the modification observed in untreated
cells represents the removal of terminal
al,2-linked mannose units (Figure 7D),
as predicted. With equivalent amounts
of wild-type ERManl and ERMan|©"* ex-
pressed (Figure 7B), no significant differ-
ences were detected in the rates of either
intracellular NHK degradation or NHK se-
cretion (Figure 7A). The combination of
these experimental results argues against
the current notion that the ERManl-medi-
ated removal of mannose units to initiate
ERAD occurs in the ER. Rather, the data fa-
vor the idea that the glycan-based tagging
of substrates for ERManl takes place in the
Golgi complex.

DISCUSSION

The cotranslational addition of asparagine-
linked glycans provides a scaffold by which
the cellular proteostasis network is allowed
to engage the productive folding and selec-
tive elimination of nascent misfolded pro-
teins translocated into the secretory path-
way. In the present study a panel of highly
specific mAbs was used to demonstrate that
endogenous human ERManl, which plays a
pivotal rate-limiting role in ERAD substrate
generation, is actually localized to the Golgi
apparatus and therefore physically sepa-
rated from the ER. Evaluating the conse-
quences of appending a COPI binding motif
to the N terminus of the recombinant pro-
tein, and identifying four sites for O-linked
glycosylation, allowed us to establish that
the enzyme functions in this organelle,
rather than in the ER, to participate in the
generation of a covalent tag that promotes
the eventual intracellular disposal of specific
N-glycosylated ERAD substrates.

The Saccharomyces cerevisiae ortho-
logue, designated MNS1, was originally
demonstrated to function as an ER-resident
protein. The conclusion was based on its
major enzymatic product (asparagine-linked

of transfected NHK. To test this hypothesis, we transfected either
wild type or ERManI®©"* into Hela cells and examined changes in
the rate at which cotransfected NHK was subjected to ERAD. Sev-
enty-two hours posttransfection, cells were subjected to [3°S]Met
metabolic labeling followed by the immunoprecipitation of NHK
from cell lysates. As expected, transfection with wild-type ERManl
increased the rate of NHK intracellular degradation, with a concom-
itant decrease in the extent of its secretion (Figure 7A). Consistent
with the facilitated recycling of ERManI“©P* into the ER, the electro-
phoretic mobility of newly synthesized NHK in SDS-PAGE was
greatly accelerated at 1 h of chase. The capacity of endoglycosidase
H treatment to remove the mobility difference (Figure 7C) validated
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Man8GIcNAc2), which is predominantly associated with glycopro-
teins that accumulate in budding yeast bearing the sec18 mutation,
which disrupts the vesicular transport of protein cargo between the
ER and Golgi (Esmon et al., 1984). Subsequently, immunofluores-
cence and immunoelectron microscopy localized the yeast ortho-
logue (MNS1p) to the ER (Burke et al., 1996). The human ortho-
logue, ERManl, was identified and cloned on the basis of its close
sequence homology and was therefore predicted to localize and
function in the ER (Gonzalez et al., 1999; Tremblay and Herscovics,
1999), irrespective of its more than 50% sequence homology with
Golgi a1,2-mannosidases IA, 1B, and IC (Tremblay and Herscovics,
1999). In previous studies, subcellular localization of the human
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orthologue to the ER was limited to the overexpressed or tagged
recombinant molecule (Gonzalez et al., 1999), whereas others re-
ported a juxtanuclear localization reminiscent of the Golgi complex
(Avezov et al., 2008). To our knowledge, the present study provides
the first unambiguous evidence demonstrating that endogenous
ERManl is predominantly localized to the Golgi apparatus in mam-
malian cells. In support of this notion, a recent study reported that
the plant Arabidopsis thaliana orthologue is localized to the Golgi
complex (Liebminger et al., 2009). The Golgi localization of ERManl
is apparently necessary for its function in ERAD, because overex-
pression of the COPI signal-modified recombinant molecule, which
exhibited a partial intracellular redistribution and promoted the re-
moval of a1,2-mannose units, was not capable of further accelerat-
ing misfolded glycoprotein degradation. These observations, to-
gether with the previous finding that Golgi a1,2-mannosidase A,
IB, and IC are all involved in glycoprotein quality control (Hosokawa
et al., 2007), support a functional explanation as to why some
N-glycosylated ERAD substrates must apparently cycle through the
Golgi complex as a prerequisite for proteasomal destruction. Con-
sidering this arrangement, one might speculate that the evolution-
ary placement of ERManl in the Golgi complex (where all of the
o1,2-mannosidases reside in higher eukaryotes), rather than in the
ER, functions to prevent any direct competition between the folding
and degradation systems. Nevertheless, we cannot rule out the pos-
sibility that ERManl might play a more complex role in ERAD than
merely to remove a/1,2-linked mannose units. Importantly, our pres-
ent analysis of endogenous ERManl indicates that Lederkremer’s
(Avezov et al., 2008) detection of the recombinant protein in the
ERQC likely represents an unfortunate artifact associated with its
overexpression and treatment with proteasome inhibitors. In fact,
our data support the original model proposed by Lederkremer and
Glickman (Lederkremer and Glickman, 2005) in which vesicle recy-
cling rather than strict ER retention contributes to the “timed” deg-
radation of secretion-incompetent glycoproteins.

In budding yeast, two distinct substrate sorting mechanisms for
ERAD have been reported. Whereas some substrates are constantly
retained by a static ER retention mechanism before dislocation into
the cytoplasm for disposal (retention pathway), others are packed
into COPII vesicles and transported to the Golgi apparatus before
their retrieval back to the ER for subsequent degradation (retrieval
pathway) (Vashist et al., 2001). Functional heterogeneity also has
been observed in other ways. For example, yeast MNS1p is required
for the efficient degradation of CPY* and CPL* (Jakob et al., 1998;
Hosomi et al., 2010), whereas it is dispensable for degradation of
RTA and RTL (Hosomi et al., 2010). Therefore, any requirement for
the mannosidase to function in ERAD is apparently substrate-de-
pendent, and must be taken into consideration when studying gly-
coprotein quality control in mammalian cell lines. Cooper’s group
has proposed that involvement of the Golgi complex in ERAD re-
quires that substrates contain ER exit signals (Kincaid and Cooper,
2007). No such signal has ever been identified, however, for the
ol-antitrypsin molecule. Nevertheless, it is certainly possible that
any role played by the mannosidase requires transient transport of
the substrate to the Golgi apparatus. In support of this hypothesis,
NHK was reported to partially localize to the Golgi complex under
steady-state conditions (Hosokawa et al., 2007), indicating that it is
capable of exiting the ER. In this system, the cycling of specific
ERAD substrates through the Golgi complex apparently provides a
method to spatially separate the sequential stages of glycoprotein
biosynthetic quality control.

Multiple lines of evidence indicate that those molecules of ER-
Manl that are not immediately degraded following biosynthesis and
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translocation in the ER lumen (Wu et al., 2007) are instead subjected
to O-glycosylation following delivery to the Golgi complex. The
slow rate at which sialic acid units are added to the overexpressed
recombinant molecules, as compared with the endogenous wild-
type counterpart, however, has precluded an accurate assessment
of the real glycosylation dynamics. Nevertheless, the molecules’ al-
tered electrophoretic mobility in response to Sialidase A treatment
indicates that the appendages are of the mucin type, which contains
terminal sialic acid residues. O-glycosylation occurs at the stem
region (amino acids 103-240), which contains a high frequency
of serine, threonine, and proline residues, similar to that of the
O-glycosylated ectodomain of several mucins (Jensen et al., 2010).
The exact O-glycan structure is unknown. It seems to be cell type-
dependent, however, as Sialidase A treatment nearly abolished all
the altered electrophoretic migration detected in Huh7, but only
partially removed the modification in HeLa and PLC/PRF5 cells (un-
published data). In addition, although the modification of ERManl is
sensitive to Sialidase A, it is resistant to Sialidase V (Corfield et al.,
1983; unpublished data). The properties and biological functions
acquired by ERManl in response to O-glycosylation are currently
under investigation. Based on our results, the modification is not
required for localization in the Golgi compartment or its function in
ERAD. However, the glycans might play an important role in pre-
venting or promoting specific protein—protein interactions by pos-
sibly hindering the flexibility of the lumenal stem domain (Van den
Steen et al., 1998; Jensen et al., 2010). In conclusion, identifying the
Golgi complex as the primary location where endogenous ERManl
operates has allowed us to propose a potential functional explana-
tion as to why a class of misfolded glycoprotein ERAD substrates,
such as NHK, is transported to the Golgi complex in mammalian
cells.

The reported capacity of overexpressed ERManl to result in the
inappropriate degradation of wild-type o.1-antitrypsin and transfer-
rin (Wu et al., 2003) implies that the wild-type folding intermediates
likely recycle through the Golgi complex before reengagement with
the molecular chaperone calnexin for subsequent conformational
maturation. Taken together, the new findings shed additional light
on the dynamics by which glycoprotein folding and ERAD operate
as part of the cellular proteostasis network.

MATERIALS AND METHODS

cDNA constructs

ERManll cDNA clone MGC-1215 (IMAGE:3533651) was purchased
from the American Type Culture Collection (ATCC; Manassas, VA).
The gene's coding region as well as its 3" untranslated region were
amplified by PCR using forward primer 5'-ataagcttgcctgggtgge-
gaattc-3' containing Hindlll and EcoRI restriction endonuclease
sites, and reverse primer 5’-agcggccgcatagatgectcgag-3'containing
Notl and Xhol restriction endonuclease sites. The cDNA fragment
was subsequently digested with Hindlll and Notl and cloned into
vector pMH (Roche Applied Science, Indianapolis, IN). To generate
the GST-ERManl construct, ERManll cDNA was released from the
original MGC-1251 c¢DNA clone by EcoRI and Xhol digestion and
subcloned into pEGX4T1 (GE Bio-Sciences, Piscataway, NJ). To gen-
erate the Flag-tagged ERManl construct, the ERManl cDNA was
amplified using forward primer AAGACAAGCTT ATGGCTGCCT-
GCGAGGGCA containing Hindlll site and reverse primer AATGCG-
GCCGCCTAGGCAGGGGTCCAGATAGGCA containing Notl site.
The cDNA fragment was then digested with Hindlll and Notl and
cloned into pFlag-CMV vector. The O-glycosylation site mutations,
as well as the N-tm mutant were generated using the QuikChange
site-directed mutagenesis kit purchased from Stratagene (LaJolla,
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CA) following the manufacturer’s instructions. The mutagenic prim-
ers are designed using the QuikChange primer design program
from Stratagene, and the sequences are available upon request. Al
cDNA constructs were verified by nucleotide sequencing. cDNA
constructs of al-antitrypsin NHK were described previously (Wu
et al., 2003).

Antibodies

Anti-ERManl monoclonal antibodies were generated using puri-
fied GST-ERManl recombinant protein as antigen. Production and
purification of GST-ERManl recombinant proteins was performed
following the procedure described previously (Pan et al., 2006).
Injection of the purified GST-ERManl into BALB/c mice and screen-
ing of individual hybridoma clones were performed by A&G Preci-
sion Antibody (Columbia, MD). Polyclonal antibodies against N-
terminal or C-terminal synthetic peptides of ERManl were
generated by Alpha Diagnostic (San Antonio, TX). Polyclonal anti-
BAP31 antibodies were generous gifts from Mitsuo Tagaya (Tokyo
University of Pharmacy and Life Sciences, Tokyo, Japan). Anti-ac-
tin, anti-ManlA, and anti-Calnexin polyclonal antibodies, as well as
anti-Flag tagged mAb, were purchased from Sigma Aldrich
(St. Louis, MO). Anti-Giantin polyclonal antibodies were purchased
from Abcam (Cambridge, MA). Anti-human o1-antitrypsin anti-
bodies were purchased from MP Biomedicals (Solon, OH). Anti-
PDI polyclonal antibodies were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA).

Cell lines

Hela cells were cultured in DMEM (Mediatech, Manassas, VA) sup-
plemented with 10% fetal bovine serum (FBS) (Gemini Bio-Products,
West Sacramento, CA) and 1% ampicillin/streptomycin (Invitrogen,
Carlsbad, CA). Huh7 and PCL/PRFS5 cells (provided by Gretchen J.
Darlington, Baylor College of Medicine, Houston, TX) were cultured
in MEM (Mediatech) supplemented with 10% FBS and 1% ampicil-
lin/streptomycin. Wild-type CHO cells and IdID cell lines were pro-
vided by Monty Krieger (Massachusetts Institute of Technology,
Boston, MA). The wild-type CHO cells were cultured in a-MEM (In-
vitrogen) supplemented with10% fetal calf serum (Gemini). The IdID
cells were grown and maintained in Ham’s F-12 growth medium
supplemented 5% dialyzed FBS (Invitrogen). When necessary, 20 M
galactose and 200 pM N-acetylgalactosamine (Sigma Aldrich) were
added to restore the O-glycosylation process.

Transient transfection and Western blotting

The day before transfection, cells were plated into six-well dishes
and allowed to reach 80% confluence by the time of transfection.
cDNA plasmids (4 pg) or 4 pl of 20-nM siRNA were transfected into
each well with Lipofectamine 2000 (Invitrogen) following the manu-
facturer's instructions. Posttransfection (24 or 48 h), cells were lysed
and immunoblotted for ERManl following the protocol described
previously (Wu et al., 2003). All siRNAs used in this study were pur-
chased from Ambion (Austin, TX). The two ERManl-specific siRNA
target sequences were GCTTTGGCGAGAGCTATGA (siRNA#1) and
GTTACACTTTGAAAAGGAC (siRNA #2).

Protein identification by mass spectrometry

Hela cell pellets (~2 ml) were lysed in buffer containing 50 mM
TrisHCI, 150 mM NaCl, 0.5% NP-40, 2 mM phenylmethylsulfonyl
fluoride (PMSF), and additional protease inhibitors (Sigma) on ice for
30 min. After spinning down at 10,000 x g for 30 min, the superna-
tant was collected and incubated with 5 mg of 1Dé antibody im-
mobilized onto 40 pl of protein G-agarose beads at 4°C overnight.
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After being washed six times with the lysis buffer, the immunopre-
cipitates were eluted with 100 pl of Laemmli sample buffer and re-
solved by 1% SDS-PAGE. The gel was silver-stained following pro-
tocols described previously (Pan et al., 2006), and the protein bands
specifically precipitated by 1D6 were excised and identified at the
Mass Spectrometry Core facility at Baylor College of Medicine.

Immunofluorescence staining

Hela cells were cultured on 18-mm glass coverslips placed in a 35-
mm culture dish before staining. Fixation, permeabilization, and
staining of the cells were performed as previously described (Pan
et al., 2006). Alexa Fluor 488—conjugated goat anti-mouse antibod-
ies, Alexa Fluor 555-conjugated goat anti-rabbit antibodies, DAPI,
TO-PRO3, and Prolong Gold mounting solution were purchased
from Invitrogen. Images were captured using either an inverted Carl
Zeiss fluorescence microscope or a Carl Zeiss LSM 510 Meta confo-
cal microscope with 63x or 100x immersion oil objective (Carl Zeiss,
Thornwood, NY). For the confocal microscope, the pinhole was set
using the optimum condition button, and pixel time was set at
3.20 ps for an average of eight scans per track on each slice. Z-stack
slices were set to 0.2 pm. Collected images by fluorescence micro-
scope were processed using AxioVision Rel. 4.6 software, and the
confocal images were processed using LSM 510 Image ver 3.2 SP2
(Carl Zeiss). The confocal images were taken in the Integrated Mi-
croscopy Core Laboratory, Baylor College of Medicine (Houston,
TX).

Metabolic radiolabeling and immunoprecipitation

Cells cultured for at least 24 h were starved in methionine- and
cysteine-free medium for 1 h and then were subjected to metabolic
pulse-radiolabeling with [3°S] Met for 20 min and chased for differ-
ent time points following methods described previously (Graham
et al., 1990). For kifunensine treatment, cells were preincubated for
1 h in 0.1 mM kifunensine (Toronto Research Chemicals, Ontario,
Canada) before starvation, and the drug was present through the
entire pulse-chase period. At each time point, cells were incubated
on ice in lysis buffer containing 50 mM Tris-HCI, 150 mM NaCl, 0.5%
NP-40, 2 mM PMSF, and additional protease inhibitors (Sigma). Fol-
lowing centrifugation at 4°C for 30 min, the supernatant of each
sample was collected and mixed with primary antibodies and pro-
tein G agarose beads (Calbiochem, Gibbstown, NJ). The mixtures
were rotated at 4°C overnight. After stringent washes with lysis buf-
fer, the immunoprecipitates were eluted with SDS sample buffer and
separated by SDS-PAGE. In some experiments, immunoprecipi-
tated protein was subjected to digestion with endoglycosidase H
(New England Biolabs, Beverly, MA) as described previously (Sifers
et al., 1988). Radiolabeled proteins were detected by autoradiogra-
phy and quantified by NIH ImageJ software.

Protease protection assay

Subconfluent Hela cells were washed in CSK buffer (0.3 M su-
crose, 0.1 M KCL, 2.5 mM MgCl,, 1 mM EDTA, and 10 mM PIPES
(pH 6.8) before incubating with 0.05 mg/ml Digitonin at room
temperature for 5 min to selectively permeabilize the plasma
membrane. After washing with CSK buffer, the permeabilized
cells were incubated with 10 pg/ml trypsin on ice for 15 min. The
reaction was stopped by the addition of 20 pg/ml trypsin inhibitor
followed by washing with phosphate-buffered saline. Cells were
then lysed with SVC buffer (50 mM Tris-HCI, pH 7.5, and 150 mM
NaCl) containing 0.5% NP-40 and separated by SDS-PAGE, fol-
lowed by Western blotting using ERManl, GM130, and ManlA
antibodies.
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Sialidase A treatment

Sialidase A was purchased from ProZyme (Hayward, CA). Hela
cells were lysed in SVC buffer containing 0.5% NP-40 on ice for
30 min, and the cell extracts were obtained by centrifugation at
10,000 x g for 30 min. The cell extracts were then used for Siali-
dase A treatment following the manufacturer’s instructions. Briefly,
the cell extracts were mixed with reaction buffer supplemented
with 1% SDS and 0.5% B-mercaptoethanol, followed by heat de-
naturing at 95°C for 5 min. After cooling down to room tempera-
ture, the sample was mixed with 1 ul of mock solution or Sialidase
A and subsequently incubated at room temperature overnight.
The samples were then mixed with SDS sample buffer and sub-
jected to SDS-PAGE, followed by Western blotting using ERManl
mAb.Fetuin (30 pg) derived from FBS (Sigma Aldrich) was used as
a positive control.
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