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Protein folding and quality control in the early secretory pathway function as posttranslational
checkpoints in eukaryote gene expression. Herein, an aberrant form of the hepatic secretory
protein �1-antitrypsin was stably expressed in a human embryonic kidney cell line to elucidate the
mechanisms by which glycoprotein endoplasmic reticulum-associated degradation (GERAD) is
administered in cells from higher eukaryotes. After biosynthesis, genetic variant PI Z underwent
alternative phases of secretion and degradation, the latter of which was mediated by the protea-
some. Degradation required release from calnexin- and asparagine-linked oligosaccharide mod-
ification by endoplasmic reticulum mannosidase I, the latter of which occurred as PI Z was bound
to the molecular chaperone grp78/BiP. That a distinct GERAD program operates in human
embryonic kidney cells was supported by the extent of PI Z secretion, apparent lack of polymer-
ization, inability of calnexin to participate in the degradation process, and sequestration of the
glycoprotein folding sensor UDP-glucose:glycoprotein glucosyltransferase in the Golgi complex.
Because UDP-glucose:glycoprotein glucosyltransferase sustains calnexin binding, its altered dis-
tribution is consistent with a GERAD program that hinders the reentry of substrates into the
calnexin cycle, allowing grp78/BiP to partner with a lectin, other than calnexin, in the recognition
of a two-component GERAD signal to facilitate substrate recruitment. How the processing of a
mutant protein, rather than the mutation itself, can contribute to disease pathogenesis, is dis-
cussed.

INTRODUCTION

Numerous checkpoints exist in the eukaryote to maintain
the integrity of genomic information (reviewed by Hartwell
and Weinert, 1989; Zhou and Elledge, 2000). Importantly,
these are not limited to the nucleus or restricted to the
surveillance of DNA. Rather, these systems extend to com-
partments of the cell in which the conformational matura-
tion of expressed gene products is facilitated to ensure the
structural fidelity of the proteome (Pandey and Mann, 2000),
which is, by definition, the expressed cellular genome.

In the eukaryote, secretory and cell surface proteins are
transported through a series of membranous organelles be-
fore their final deployment (reviewed by Ellgaard and He-

lenius, 2001). The first of these compartments is the endo-
plasmic reticulum (ER) where nascent polypeptides rely on
molecular chaperones to facilitate conformational matura-
tion (reviewed by Gething and Sambrook, 1992), the latter of
which is essential for biological activity. As a rule, protein
delivery to the Golgi is tightly coupled to the acquisition of
native protein structure (reviewed by Rothman, 1987; Klaus-
ner and Sitia, 1990). Misfolded polypeptides and unas-
sembled protein subunits are usually subjected to ER-asso-
ciated degradation (ERAD) (McCracken and Brodsky, 1996;
Sommer and Wolf, 1997; Fewell et al., 2001), which concludes
with the retro-translocation of substrates into the cytoplasm
before elimination by the multicatalytic proteasome (re-
viewed by Bonifacino and Weissman, 1998). Although
ERAD likely contributes to the molecular pathogenesis and
phenotypic variation associated with many loss- and gain-
of-toxic function disorders (reviewed by Thomas et al., 1995;
Choudhury et al., 1997; Cabral et al., 2001), the exact mech-
anisms by which the entire process is orchestrated, espe-
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cially at the earliest steps, is only now becoming clear (Ell-
gaard et al., 1999).

Protein folding and quality control is best understood for
those molecules to which Glc3Man9GlcNAc2 is covalently
attached (reviewed by Helenius, 1994) during translocation
into the ER (reviewed by Kornfeld and Kornfeld, 1985). The
hydrolysis of two terminal glucose units by glucosidase I
and glucosidase II (Hammond et al., 1994) promotes cotrans-
lational association with the ER lectins calnexin and calreti-
culin (Hammond and Helenius, 1995), both of which bind
high-mannose monoglucosylated oligosaccharides (re-
viewed by Ellgard et al., 1999; Parodi, 2000). The eventual
removal of the remaining glucose by glucosidase II dissoci-
ates the glycoprotein–lectin complexes (Hebert et al., 1995;
VanLeeuwen and Kearse, 1996). Reentry into the calnexin
cycle, which can facilitate additional folding (Hammond et
al., 1994), requires oligosaccharide reglucosylation by the
glycoprotein folding sensor UDP-glucose:glycoprotein glu-
cosyltransferase (UGT) (Zapun et al., 1997), an ER resident
protein in rat liver hepatocytes (Trombetta et al., 1991). Con-
formational maturation abolishes recognition by UGT
(Sousa et al., 1992), ensuring that native glycoproteins are
released from the calnexin cycle and transported to the Golgi
complex (Hammond et al., 1994).

A picture recently emerged in which the modification of
asparagine-linked Man9GlcNAc2 by an ER-situated �-1,2
mannosidase (i.e., ER mannosidase I) (Gonzalez et al., 1999;
Tremblay and Herscovics, 1999) plays a central role in gen-
erating a common signal that targets a diverse set of aberrant
and unassembled glycoproteins for clearance from the ER
(reviewed by Frigerio and Lord, 2000), by a process recently
coined glycoprotein ERAD (GERAD) (reviewed by Cabral et
al.,2001). Because the glycan modification does not target
correctly folded glycoproteins for degradation, nonnative
protein structure likely functions as an inherent aglycone
(i.e., noncarbohydrate) GERAD signal component (Cabral et
al., 2001). Although asparagine-linked glycosylation and the
earliest asparagine-linked glycan-processing events are con-
served from yeast to mammals (Gonzalez and Jordan, 2000;
Parodi, 2000; Herscovics, 2001), examples exist in which a
given glycoprotein substrate is handled differently in dis-
tinct animal cell lines (Sitia et al., 1990; Qu et al., 1996;
Novoradovskaya et al., 1998; Cabral et al., 2000). These ob-
servations, plus the apparent discrepancy as to whether
calnexin promotes, or prevents, the degradation of bound
glycoprotein substrates (Ayalon-Soffer et al., 1999), suggests
that different strategies might orchestrate GERAD in distinct
animal cells (reviewed by Cabral et al., 2001).

Serum �1-antitrypsin (AAT) deficiency has provided a
medically relevant paradigm to investigate ER quality con-
trol as a posttranslational checkpoint in eukaryote genome
expression (reviewed by Sifers et al., 1992). The spontaneous
loop-sheet polymerization (Lomas et al., 1992) of a late fold-
ing intermediate (Yu et al., 1995) is responsible for hindering
the secretion of genetic variant PI Z from liver hepatocytes
(Sifers et al., 1992). Chronic obstructive pulmonary disease
and liver cirrhosis are the associated loss- and gain-of-toxic
function disorders, respectively (reviewed by Perlmutter
and Pierce, 1989; Kopito and Ron, 2000; Carrell and Lomas,
2002), and the latter has been linked to a hindered rate of PI
Z polymer degradation (Wu et al., 1994), possibly augment-
ing the accumulation of insoluble polymers in the hepato-

cyte ER (Carlson et al., 1988; Graham et al., 1990; Volpert et
al., 2000). In the murine hepatoma cell line Hepa1a, modifi-
cation by ER mannosidase I leads to the proteasomal deg-
radation of terminally misfolded AAT by abrogating its
dissociation from calnexin (Liu et al., 1999), resulting from
the attenuated rate in which glucose is removed by gluco-
sidase II in the absence of the full compliment of mannose
units (Grinna and Robbins, 1980). That calnexin can function
as a bona fide participant in GERAD, at least in Hepa1a, was
established by several additional lines of evidence (Liu et al.,
1999), including degradation by a coexisting nonproteaso-
mal pathway in response to the spontaneous formation of
variant PI Z loop-sheet polymers, which prevents posttrans-
lational physical engagement with the ER lectin (Cabral et
al., 2000). In the present study, variant PI Z was used as a
reporter protein to characterize the administration of
GERAD in the human embryonic kidney (HEK) 293 cell line
as a first step toward elucidating the specific organizational
differences in quality control systems among cells in higher
eukaryotes. Alternative phases of secretion and degradation
were detected after biosynthesis. Degradation was mediated
by the ubiquitin–proteasome system, and required the mod-
ification of asparagine-linked glycans by ER mannosidase I,
but only after release from calnexin and assembly with
grp78/BiP. Unlike its reticular distribution in Hepa1a, the
bulk of UGT is sequestered downstream of the ER in
HEK293, providing a mechanism by which the reentry of PI
Z into the calnexin cycle is eventually blocked, and leads to
physical interaction with grp78/BiP. Taken together, the
data uncover a posttranslational mechanism that mediates
the transfer of an aberrant glycoprotein into an alternate
folding system before degradation, and identify the exis-
tence of distinct GERAD programs that diverge in the man-
ner by which a two-component GERAD signal is recognized.

MATERIALS AND METHODS

Stable Cell Transfection, Selection, and Expansion
The recombinant human �1-antitrypsin PI Z variant cDNA (Le et al.,
1990) was subcloned into the unique EcoRI site of pCDNA3.1/
Zeo(�) (Invitrogen, Carlsbad, CA) to generate an appropriate mam-
malian expression vector. The LipofectAMINE-mediated transfec-
tion (Invitrogen) of the cell line HEK293 (peak; Edge Biosystems,
Gaithersburg, MD) led to the isolation and expansion of the repre-
sentative stable cell line HEK/Z-1 after zeocin (Invitrogen) selec-
tion.

Metabolic Radiolabeling
Semiconfluent monolayers of HEK/Z-1 were grown at 37°C in a
humidified CO2 atmosphere to equal cell density in 100-mm dishes
precoated at room temperature with poly-d-lysine (0.025 mg/ml).
Metabolic radiolabeling was preceded by a 30-min methionine star-
vation at 37°C in methionine-free DMEM (ICN Biomedical, Inc.,
Aurora, OH) containing 10% fetal calf serum before a 15-min pulse
with [35S]methionine (Easy Tag Express Mix; PerkinElmer Life Sci-
ences, Boston, MA) as described previously (Liu et al., 1997). Mono-
layers were washed with Dulbecco’s phosphate-buffered saline (In-
vitrogen) to remove unincorporated radiolabel and then chased for
the desired period at 37°C with methionine starvation medium
supplemented with a 10-fold excess of unlabeled methionine. Un-
less otherwise stated, the inhibition of specific glycosidase activities
was accomplished by a 60-min incubation of cells at 37°C in normal
growth medium containing the desired compound before methio-
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nine starvation. The specified compound was also included in the
media used for methionine starvation, pulse radiolabeling, and the
chase. Proteasomal activity was inhibited with 0.25 mM lactacystin (E.J.
Corey Laboratories, Harvard Medical School, Cambridge, MA). ER
mannosidase I was inhibited with 0.1 mM kifunensine (Toronto Re-
search Chemicals) or 1 mM 1-deoxymannojirimycin (Roche Applied
Science, Indianapolis, IN). ER mannosidase II was inhibited with 0.1
mM swainsonine (Sigma-Aldrich, St. Louis, MO). Glucosidases I and II
were inhibited with 0.2 mg/ml castanospermine (Roche Applied Sci-
ence). Routine buffers and salts were procured from Sigma-Aldrich.

Cell Lysis and Immunoabsorption
Equal cell monolayers grown to semiconfluence in 100-mm dishes
were lysed by scraping in buffered NP-40 detergent (Calbiochem,
San Diego, CA) at 4°C (Liu et al., 1997) either immediately after the
pulse or after the chase as described previously (Le et al., 1990). Cell
media were collected at each time point and adjusted to 0.5% NP-50.
Centrifugation of all samples (3000 � g, 5 min, 4°C) was used for the
removal of NP-40 insoluble material before the addition of an IgG
fraction of goat anti-human �1-antitrypsin (ICN Biomedical Re-
search Products), which was preimmobilized to protein G-agarose
(Calbiochem, Toronto, ON) as described previously (Le et al., 1994).
The immunoabsorption of variant PI Z was accomplished during a
2-h incubation, with constant rotation, at 4°C, and then washed as
described previously (Liu et al., 1999). For the detection of radiola-
beled PI Z bound to either calnexin or grp78/BiP, cell lysates were
incubated with a rabbit polyclonal rabbit antibody raised against
the cytoplasmic tail of canine calnexin (StressGen, Victoria, British
Columbia, Canada) or the KDEL retrieval motif (StressGen), respec-
tively. In all procedures, equal aliquots of radiolabeled PI Z immu-
noprecipitated from the cell lysate and medium were resolved by
SDS-PAGE and then detected by fluorographic enhancement of the
vacuum-dried gels before quantitation by liquid scintillation count-
ing of excised gel pieces (Le et al., 1994). The percentage of pulse-
radiolabeled PI Z subjected to degradation was determined as that
amount lost from the initial pulse and not recovered in either the
cell lysate or medium. Lithium dodecyl sulfate extraction of the
insoluble NP-40 cell lysate pellet from each time point, in combina-
tion with immunoprecipitation with �1-antitrypsin antiserum as
described previously (Graham et al., 1990), was used to detect
insoluble PI Z polymers.

Enhanced Chemiluminescence (ECL) Western
Blotting
After resolution by SDS-PAGE, immunoprecipitated proteins were
electrophoretically transferred onto Hybond ECL nitrocellulose
membranes (Amersham Biosciences, Piscataway, NJ) and blotted as
described previously (Choudhury et al., 1997). Ubiquitin-conjugated
PI Z was detected with a 1:500 dilution of a polyclonal rabbit
antiserum against bovine ubiquitin (Calbiochem). The detection of
calnexin was accomplished with a 1:1000 dilution of a polyclonal
rabbit antiserum against a synthetic peptide homologous to the
cytoplasmic tail of the canine homolog (StressGen). Grp78/BiP was
detected with a 1:400 dilution of a purified monoclonal antibody
against a synthetic peptide homologous to the six carboxyl-terminal
residues of the rat homolog (KDEL retrieval motif) (StressGen).
Incubation with conjugated secondary antibodies, subsequent
washings, and the use of detection reagents was performed in a
manner identical to that reported previously (Choudhury et al.,
1997).

Indirect Immunofluorescence Microscopy
HEK293 and Hepa1a cells were grown on glass coverslips to �70%
confluence, rinsed with phosphate-buffered saline (PBS), and fixed
for at least 10 min in methanol at �20°C. The cells were then
rehydrated in PBS and incubated separately with the following

antibodies: rabbit polyclonal antiserum against rat UDP-glucose:
glycoprotein glucosyltransferase (a generous gift from Dr. Armando
Parodi, Instituto de Investigaciones Bioquimicas, Buenos Aires, Ar-
gentina), rabbit polyclonal antiserum against the catalytic domain of
�-mannosidase II (Moremen et al., 1991), a polyclonal rabbit anti-
serum against a synthetic peptide homologous to the cytoplasmic
tail of canine calnexin (StressGen), a rabbit polyclonal antiserum
against recombinant human calreticulin (Affinity Bioreagents,
Golden, CO), and polyclonal rabbit antiserum against the KDEL
retrieval motif (StressGen). All primary antisera recognized the
appropriate band(s) in ECL Western blotting of soluble NP-40 cell
lysates and were incubated with cells for 1 h at 37°C in a humid
chamber. After several washes in PBS, the cells were incubated with
species-specific fluorescein isothiocyanate-conjugated donkey anti-
rabbit IgG (Santa Cruz Biotechnology, Santa Cruz, CA). In all cases,
antibody specificity was again tested by incubating coverslips with
each primary antibody and the cross-species secondary antibody to
ensure the absence of immunofluorescence. Brefeldin A (Epicenter
Technologies, Madison, WI) was added to cells 1.5 h before meth-
anol fixation at a final concentration of 2 �g/ml where indicated to
redistribute Golgi proteins into the ER (Lippincott-Schwartz et al.,
1989). Samples were viewed by epifluorescence by using an Op-
tiphot microscope equipped with a 40� fluor objective (Nikon,
Melville, NY). Images were acquired using a DMX-1200 digital
camera (Nikon).

RESULTS

Alternative Phases of Secretion and Disposal
The fate of variant PI Z after stable transfection of HEK293
cells (cell line HEK/Z1) was monitored by pulse-chase ra-
diolabeling and immunoprecipitation (see MATERIALS
AND METHODS). The secretion of radiolabeled PI Z was
not initiated until after the first 60 min of chase (Figure 1A)
and was essentially complete by 3 h (Figure 1B) at which
time 40% of the pulse-radiolabeled molecules were detected
in the medium (Figure 1A). The slower migration in SDS-
PAGE, relative to the intracellular species, reflects the cova-
lent addition of sialic acid to asparagine-linked oligosaccha-
rides during transport although the trans-Golgi network (Le
et al., 1990). Only 10% of the radiolabeled molecules re-
mained in the cell lysate at 7 h of chase (Figure 1B), and none
were detected in the insoluble NP-40 cell lysate at any time
point (Figure 1A), indicating that 50% had been degraded.
Because degradation had not yet been initiated at 3 h of
chase (Figure 1B), the fate of pulse-radiolabeled PI Z could
be separated into distinct, and sequential, phases of secre-
tion and disposal. Importantly, neither the extent of PI Z
secretion nor the rate of its degradation deviated by �20%
when analyzed in three additional stable transfectants (our
unpublished data).

Degradation by Proteasome
The proteasome has been implicated in mediating the deg-
radation of numerous aberrant proteins from the ER (re-
viewed by Bonifacino and Weissman, 1998). To determine
whether the multicatalytic system contributes to the turn-
over of PI Z in HEK/Z1, the pulse-radiolabeled molecules
were subjected to a 5-h chase in medium containing 0.025
mM lactacystin, an irreversible covalent inhibitor of the
proteasome (Fenteany et al., 1995). PI Z turnover was com-
pletely arrested under these conditions (Figure 2A, compare
lanes 2 and 3), and quantitative analysis of the immunopre-
cipitated material revealed that the percentage of radiola-
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beled molecules secreted into the medium was enhanced
�50% (Figure 2, compare lanes 4 and 5). The latter observa-
tion did not result from the saturation of ER retention ma-
chinery, because none of the secretion-incompetent AAT
variant null(Hong Kong) (Sifers et al., 1989; Le et al., 1990)
was secreted under an identical set of conditions (our un-
published data). The data indicate that the elimination of
secretion-impaired PI Z is mediated by the proteasome in
HEK293.

Sequential Interaction with Molecular Chaperones
Calnexin and grp78/BiP
A transient interaction with calnexin, resulting from loop-
sheet polymerization, ablates the secretion of all but �10–
15% of pulse-radiolabeled PI Z from the hepatoma cell line
Hepa1a (Le et al., 1992; Cabral et al., 2000). Considering the
extent of PI Z secretion from HEK/Z-1, coimmunoprecipi-
tation in combination with ECL Western blotting was a
means to detect and identify any molecular chaperones that
might bind to variant PI Z as an alternate ER retention
mechanism, because these interactions are often responsible
for both facilitating protein folding and retaining misfolded
proteins in the early secretory pathway (reviewed by Geth-
ing and Sambrook, 1992). First, we asked whether a physical

association with calnexin, which facilitates the folding of
numerous glycoproteins, including AAT in hepatoma cells
(Ou et al., 1993), was detectable. Consistent with this predic-
tion, immunoreactive calnexin was detected in PI Z immu-
noprecipitates generated from HEK/Z-1 cells under steady-
state conditions (Figure 3A, lane 2). Importantly, no signal
was detected when the samples were incubated with protein
G-agarose alone (our unpublished data). Blotting with the
anti-KDEL antiserum, which recognizes a common epitope
for ER retention (Vaux et al., 1990), resulted in the detection
of coimmunoprecipitated grp78/BiP (Figure 3A, lane 2). The
specificity of the interaction was established by the absence
of coimmunoprecipitating grp94, which is one of the two
most abundant KDEL-bearing proteins (Koch et al., 1986), as
confirmed by our analysis of an NP-40 HEK/Z1 cell extract
(Figure 3A, lane 1). Importantly, no interaction with calreti-
culin, a soluble homolog of calnexin (Danilczyk et al., 2000),
or additional ER chaperones, was detected under numerous
conditions (our unpublished data).

Coimmunoprecipitation with the chaperone antisera, in
combination with pulse-chase radiolabeling allowed us to
elucidate the time course in which PI Z bound calnexin and
grp78/BiP after a 15-min pulse with [35S]methionine. Radio-
labeled PI Z was maximally bound to calnexin immediately
after biosynthesis, with little, or no, physical interaction with
grp78/BiP (Figure 3B, lane 1). Physical interaction with the
ER lectin gradually diminished until it was almost absent at
3 h of chase (Figure 3B, lane 4). Conversely, physical inter-
action with grp78/BiP increased until maximal binding was
detected at 3 h (Figure 3B, lane 4) and diminished thereafter
(Figure 3B, lanes 4–6).

Because the initiation of degradation did not occur until
after 3 h of chase (Figure 1B), a time point in which the
intracellular fraction of PI Z was no longer bound to calnexin
(Figure 3B, lane 4), we asked whether physical interaction
with the ER lectin was even necessary for intracellular turn-
over. HEK/Z1 cells were incubated with castanospermine,
an inhibitor of ER glucosidases (Elbein, 1991), before the
15-min pulse with [35S]methionine to arrest the removal of
all three terminal glucose units from the asparagine-linked
Glc3Man9GlcNAc2 precursor (Kornfeld and Kornfeld, 1985),
and block cotranslational assembly between newly synthe-

Figure 2. Proteasome-mediated degradation of PI Z in HEK/Z1.
Fluorographic detection after SDS-PAGE of variant PI Z (Z) immu-
noprecipitated from the cell lysate (cells) and medium (med.) from
HEK/Z1 after a 15-min pulse with [35S]methionine and a 5-h chase
with (�) or without (�) media supplemented with 0.025 mM lac-
tacystin (Lct). The discrete mobility shift (*) reflects asparagine-
linked oligosaccharide modification during intracellular retention.

Figure 1. Secretion, degradation, and asparagine-linked oligosac-
charide processing for synthesized variant PI Z in HEK/Z1. (A)
Fluorographic detection after SDS-PAGE of variant PI Z (Z) immu-
noprecipitated from the NP-40-soluble (s) and insoluble (i) cell
lysates (c) and medium (m) after a 15-min pulse of HEK/Z1 with
[35S]methionine, and chase for up to 7 h. The discrete mobility shift
(*) reflects asparagine-linked oligosaccharide modification during
intracellular retention. (B) Results from the pulse-chase experiment
are depicted as the percentage of radiolabeled variant PI Z remain-
ing in the cells (open circles), the percentage secreted into the
medium (closed circles), and the percentage degraded (shaded cir-
cles) at each time point.
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sized PI Z and calnexin. Under these conditions physical
interaction with calnexin was prevented, but interaction
with grp78/BiP was observed (our unpublished data). Im-
portantly, PI Z turnover did not deviate by �16% during a
5-h chase compared with control (Table 1). Furthermore,
degradation was almost completely arrested under these
conditions when cells were coincubated with lactacystin
(Table 1) and ruled out the possibility that intracellular
clearance had been accomplished by an alternate nonprotea-
somal disposal pathway, as occurs in Hepa1a where coex-
isting proteolytic systems operate (Cabral et al., 2000).

Next, the fate of pulse-radiolabeled PI Z was examined in
cells in which castanospermine was added immediately af-
ter pulse radiolabeling (Figure 4, step 2) to prevent the
posttranslational removal of glucose by ER glucosidase I,
which dissociates glycoprotein–calnexin complexes (Hebert

et al., 1995). Under these conditions, physical interaction
with grp78/BiP was entirely blocked (our unpublished
data), and variant PI Z degradation was arrested (Table 1).
These results indicated that the molecules of PI Z eventually
bound to grp78/BiP were first engaged with calnexin, and
confirms that release from the ER lectin is necessary for
degradation. Taken together, these findings indicate that PI
Z secretion coincides with a period in which all the newly
synthesized molecules are undergoing physical interaction
with calnexin, and that degradation by the proteasome is
preceded by physical engagement with grp78/BiP, and re-
quires release from the ER lectin (Figure 4).

Requirement for Modification by ER Mannosidase I
Next, we asked whether the modification of asparagine-
linked oligosaccharides by ER mannosidase I (Figure 5A)
generates a signal that mediates the recognition of secretion-
impaired variant PI Z by GERAD machinery for degradation
by the proteasome. Because �1-antitrypsin contains three
asparagine-linked oligosaccharides (Long et al., 1984), the
glycan modification is indirectly detected by the accelerated
mobility of the ER-retained radiolabeled molecules in SDS-
PAGE (Le et al., 1992; Liu et al., 1997). The aberrant mobility
was maximally detected at 3 h of chase (Figure 1A), at which
time the secretion-impaired fraction had been released from
calnexin and was bound to grp78/BiP (Figure 3B), before the
onset of intracellular degradation (Figure 1B). To determine
whether modification by ER mannosidase I was responsible

Figure 3. Newly synthesized variant PI Z undergoes sequential
physical interaction with calnexin and grp78/BiP. (A) Calnexin and
KDEL immunoblots of variant PI Z (PI Z) immunoprecipitates
(Immppt.) generated under steady-state conditions from HEK/Z1
(lane 2) and from the total cell extract (Extract) (lane1), the latter of
which was used merely to show the relative migration of the en-
dogenous immunoreactive protein. The immunological detection of
calnexin (Cxn), grp78/BiP and grp94 is shown. (B) SDS-PAGE and
fluorographic detection of immunoprecipitated variant PI Z (Z)
released from a calnexin (Cxn3 Z) or grp78/BiP (Grp78/BiP3 Z)
immunoprecipitate after a 15-min pulse of HEK/Z1 with [35S]me-
thionine and chase.

Table 1. Contributions of molecular chaperones and mannosidase
activity toward proteasomal degradation in HEK/Z1

Treatmenta
Percent

degradation

Proteasome inhibition
Control 42.0
Lct (0.025 mM) 8.3

Altered interaction with calnexin
Control 58.1
Cst (0.2 mg/ml) 41.8
Cst (0.2 mg/ml) � Lct (0.025 mM) 5.1
Cst (0.2 mg/ml) � Kif (0.1 mM) 17.8
Post-Cst (0.2 mg/ml) 6.3

Mannosidase inhibition
Control 43.5
Kif (0.1 mM) 6.0
Swn (0.1 mM) 54.6
Dmj (1 mM) 8.8

Monolayers of HEK/Z1 were pulse-radiolabeled with [35S]methi-
onine for 15 min and chased for 5 hrs. Variant PI Z immunoprecipi-
tated from NP-40 cell lysates was resolved by SDS-PAGE, and
protein degradation was determined as described in MATERIALS
AND METHODS.
a Cells were treated with lactacystin (Lct), kifunensine (Kif), swain-
sonine (Swn), deoxymannojirimycin (Dmj), or castanospermine (Cst)
as described in MATERIALS AND METHODS, except for the case
of post-CST in which the compound was added immediately after
metabolic radiolabeling to allow cotranslational assembly with cal-
nexin but to prevent dissociation. The data are separated into dis-
tinct sets of experiments, and the control used in each is designated.
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for the electrophoretic anomaly, and was required for pro-
teasomal degradation in HEK293, we examined the effect of
kifunensine, an inhibitor of the processing enzyme (Weng
and Spiro, 1993). During a 5-h chase, PI Z degradation was
completely arrested (Table 1), as was the altered electro-
phoretic mobility in SDS-PAGE (Figure 5B, compare lanes 2
and 3). In contrast, incubation with swainsonine (Weng and
Spiro, 1996), an inhibitor of ER mannosidase II (Figure 5A),
had no detectable effect (Table 1).

In cells treated with kifunensine, the percentage of radio-
labeled molecules secreted into the medium increased al-
most 50% (Figure 5B, compare lanes 4 and 5), similar to that
observed when degradation was arrested with lactacystin
(Figure 2A). As before, the altered electrophoretic mobility
of the secreted fraction (Figure 5B, lane 5) reflects the ab-
sence of sialic acid addition to asparagine-linked oligosac-
charides in the late Golgi complex, which occurs in response
to the arrested removal of mannose (Sifers et al., 1989). That
enhanced secretion of PI Z did not result from the saturation
of the general ER retention machinery was confirmed by the
absence of terminally misfolded �1-antitrypsin variant
null(Hong Kong) secretion (Le et al., 1990) under an identical
set of conditions (our unpublished data). Furthermore, treat-
ment with kifunensine arrested the proteasome-mediated
degradation of PI Z in HEK/Z-1 preincubated with castano-
spermine (Table 1), which prevented physical assembly with
calnexin (Figure 4, step 1). Taken together, these data indi-
cate that glycan modification by ER mannosidase I plays a
central role in tagging variant PI Z for elimination by the

Figure 4. Proposed order of events that coincide with the secre-
tion, or intracellular retention and degradation of newly synthe-
sized variant PI Z in HEK/Z1. A model is depicted in which partial
deglucosylation by glucosidases I and II (step 1) leads to the assem-
bly of newly synthesized and unfolded AAT (a) with calnexin (Cxn)
(step 2) before conformational maturation (A) (step 3) and secretion.
The remaining nonnative population of molecules eventually fails
to bind calnexin and assemble with grp78/BiP (BiP) (step 4) before
degradation by the proteasome, which requires asparagine-linked
oligosacharide modification by ER mannosidase I (step 5) and rec-
ognition by a lectin (step 6). In the absence of proteasomal degra-
dation, a significant fraction of nonnative molecules can attain con-
formational maturation (dashed arrow), and are secreted. The steps
inhibited with castanospermine (Cst) or kifunensine (Kif) are
shown, as are the predicted number of glucose (G) and mannose (M)
units.

Figure 5. Kifunensine-sensitive degradation of variant PI Z in
HEK/Z1. (A) Structural organization of the 14-unit asparagine-
linked oligosaccharide precursor consisting of glucose (open
squares), mannose (closed ovals), and N-acetylglucosamine (closed
squares), attached to the Asn-x-Ser/Thr concensus sequence, is
shown. The sites of hydrolysis by glucosidase I (Glc’ase I), glucosi-
dase II (Glc’ase II), ER mannosidase I (ER ManI), and ER mannosi-
dase II (ER Man II) are depicted, as is the glucose transferred by
UDP-UGT. The two hydrolytic sites for glucosidase II are shown (a
and b), and the combinations of sugars that constitute the Man8B
isomer are depicted with a plus (�). (B) Fluorographic detection
after SDS-PAGE of variant PI Z (Z) immunoprecipitated from the
cell lysates (cells) and medium (med.) from HEK/Z1 after a 15-min
pulse with [35S]methionine and 5-h chase with (�) or without (�)
media supplemented with 0.1 mM kifunensine (Kif). The discrete
mobility shift (*) reflects asparagine-linked oligosaccharide modifi-
cation during intracellular retention. Also, the band intensities in
lanes 4 and 5 are misleading, possibly resulting from changes in
band density caused by altered oligosaccharide modification and
mobility. (C) Calnexin and KDEL immunoblots of variant PI Z (PI Z)
immunoprecipitates (Immppt.) generated under steady-state condi-
tions from HEK/Z1 under control conditions (lane 2) or treated
with deoxymannojirimycin (�Dmj) (lane 3), as well as from a
HEK/Z1 cell extract (Extract) (lane 1), the latter of which was used
merely to show the relative migration of the endogenous immuno-
reactive protein. The immunological detection of calnexin (Cxn) and
grp78/BiP is shown by the arrows.
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proteasome in HEK293, after release from calnexin and en-
gagement with grp78/BiP.

Differential Distribution of UGT in Secretory
Pathway
The differential ability of calnexin to actively participate in
proteasomal degradation was a definite clue that a distinct
GERAD program, and not merely overlapping pathways,
might operate in HEK293 and Hepa1a. Considering the du-
ration in which PI Z binds calnexin, we concluded that
multiple rounds of binding to the ER lectin likely occur. For
this reason, we asked whether a distinct mechanism is re-
sponsible for eventually inhibiting the reentry of PI Z into
the calnexin cycle (Figure 4, step 2), favoring engagement
with grp78/BiP (Figure 4, step 4). Otherwise, modification
by ER mannosidase I would be counterproductive and block
PI Z turnover in response to its abrogated dissociation from
a population of calnexin unable to participate in GERAD.
Because Man7GlcNAc2 is a very poor substrate for UGT
(Parodi et al., 1983), we asked whether processing by ER
mannosidase II, in addition to ER mannosidase I (Figure
5A), might be responsible for eventually blocking the inter-
action with calnexin. To address this possibility, cells were
treated under steady-state conditions with 1-deoxyman-
nojirimycin, an inhibitor of �1,2-mannosidases I and II (El-
bein, 1991) to prevent formation of the asparagine-linked
Man7GlcNAc2 structure (Figure 5A). Although PI Z degra-
dation was completely arrested (Table 1), likely owing to the
inhibition of ER mannosidase I, grp78/BiP-bound PI Z in-
creased threefold (Figure 5C, compare lanes 2 and 3),
whereas the number of molecules bound to calnexin was
similar to that of control (Figure 5C, compare lanes 2 and 3).
Although the hypothesis was negated, the data are consis-
tent with the notion that formation of the GERAD signal
requires modification by ER mannosidase I when PI Z is
bound to grp78/BiP (Figure 4, step 5).

Because asparagine-linked oligosaccharide reglucosyla-
tion induces glycoprotein assembly with calnexin (Zapun et
al., 1977), in the next set of experiments we asked whether an
elevated concentration of grp78/BiP might provide a subtle
competitive advantage that eventually blocks recognition by
UGT, thereby hindering the reentry of PI Z into the calnexin
cycle. However, no significant difference in the total intra-
cellular concentrations of the two proteins was detected by
ECL Western blotting of soluble NP-40 cell extracts gener-
ated from HEK/Z-1, the untransfected HEK293 cell host, or
Hepa1a cells (our unpublished data).

Next, indirect immunofluorescence microscopy was used
to identify any differences that might exist in the distribution
of UGT between Hepa1a and HEK293 cells, because a di-
minished concentration of the glycoprotein folding sensor in
the ER could conceivably hinder the efficiency by which PI Z
reenters the calnexin cycle. In Hepa1a, UGT exhibited a
reticular distribution (Figure 6A), similar to that of calnexin
(Figure 7B), and distinct from Golgi mannosidase II (Figure
6C). In contrast, only minimal reticular staining of UGT was
detected in HEK293, and the bulk was distributed in a
perinuclear manner (Figure 6D), similar to that of Golgi
mannosidase II (Figure 6F). Consistent with the conclusion
that the bulk of UGT was sequestered downstream of the
ER, UGT staining was redistributed into a distinct reticular
pattern in response to the treatment of cells with brefeldin A

(Figure 6E), which induces the redistribution of proximal
Golgi contents into the early secretory pathway (Lippincott-
Schwartz et al., 1989). That the altered distribution of UGT in
HEK293 was not representative of the general ER chaperone
content was confirmed by the reticular staining of calreticu-
lin, calnexin, and grp78/BiP in both cell lines (Figure 7).
Importantly, in parallel studies, the pattern of chaperone
staining was unaffected in both host cell lines following
stable transfection with PI Z (our unpublished data), indi-
cating that the selective distribution of UGT in HEK293
reflects a cell-specific organizational distinction, rather than
a differential response to PI Z synthesis.

DISCUSSION

Posttranslational Quality Control as a Modifier of
Protein Fate
In the ER, a compartment through which all secretory and
cell surface proteins must pass, folding and quality control
systems work in parallel as a posttranslational checkpoint in
eukaryote genome expression (reviewed by Cabral et al.,
2001). Therefore, a central goal of the present study was to
determine whether the mechanism by which a newly syn-
thesized glycoprotein is handled after biosynthesis is suffi-
cient to modify its defective secretion, and thereby poten-
tially contribute to the phenotypic variation of disease, or
even disease penetrance. Variant PI Z was chosen as a
reporter protein because the spontaneous loop-sheet poly-
merization (Lomas et al., 1992) of a late folding intermediate
(Yu et al., 1995) leads to its defective secretion from liver
hepatocytes and is directly responsible for chronic obstruc-
tive pulmonary disease as a loss-of-function phenotype (re-
viewed by Culliton, 1989; Kopito and Ron, 2000).

In stably transfected HEK293, the degradation of secre-
tion-impaired PI Z was mediated by the ubiquitin-protea-
some system, rather than by a coexisting nonproteasomal
system used in the hepatoma cell line Hepa1a (Cabral et
al.,2000). Furthermore, as much as 40% of the newly synthe-
sized molecules were eventually secreted into the medium
under control conditions, which is a significant increase over
the 10–15% secreted from Hepa1a (Le et al., 1990, 1992;
Cabral et al., 2000). Because loop-sheet polymerization
blocks formation of the secretion-competent �1-antitrypsin
monomer (Yu et al., 1995), a 50% enhancement in secretion
from HEK293 under conditions that stopped degradation by
the proteasome suggests that polymerization plays no sig-
nificant role in mediating ER retention in the foreign folding
and quality control environment. Consistent with this idea,
calnexin and grp78/BiP sequentially bound secretion-in-
competent PI Z, although neither of these molecules is ex-
pected to persistently interact with the polymer. However,
we cannot disregard the possibility that the small fraction of
molecules never secreted from HEK293, under any circum-
stances, might consist of the polymerized material. Finally, it
is noteworthy that the extent to which PI Z is secreted from
HEK293 is hypothetically sufficient to prevent the elastolytic
destruction of lung connective tissue, if faithfully duplicated
in vivo. As such, the present study provides a proof-of-
principle to support the notion that the manner in which a
newly synthesized gene product is processed is potentially
sufficient to modify the severity of a loss-of-function pheno-
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type, implicating a possible role for protein biosynthetic
quality control as a modifier of disease.

Recognition of a Two-Component GERAD Signal
In the present study, variant PI Z bound grp78/BiP before
its degradation in HEK293, and required oligosaccharide
modification, possibly by ER mannosidase I. Because the
glycan modification is not sufficient to target native glycop-
roteins for degradation, we (Cabral et al.,2001) recently pro-
posed that nonnative protein structure likely participates as
an additional aglycone (noncarbohydrate) GERAD signal
component. If one accepts the two-component signal hy-
pothesis, and assumes that GERAD functions in a manner
similar to other multistep biological processes, then the ini-
tiation of a downstream step requires the completion of a
preceding event. As such, the enhanced physical interaction
with grp78/BiP under conditions that inhibit formation of
the glycan-based signal component might indicate that the
molecular chaperone functions, at least in HEK293, as an
aglycone (noncarbohydrate) signal recognition factor.

Because interaction with grp78/BiP and subsequent mod-
ification by ER mannosidase I are completed well before the
onset of proteasomal degradation (Figure 1B), it is likely that
recognition of the modified oligosaccharide, functions as the
rate-limiting step for substrate recruitment into GERAD.
Consistent with this idea, Nagata and coworkers recently
demonstrated that the elevated expression of an inactive
mammalian homolog of ER mannosidase I, designated

EDEM, was sufficient to accelerate the proteasomal degra-
dation of terminally misfolded �1-antitrypsin variant
null(Hong Kong) in HEK293 (Hosokawa et al., 2001). The
idea is that EDEM likely functions as a glycan-based
GERAD signal recognition factor by recognizing the Man8B
product generated by ER mannosidase I, a role recently
implicated for its yeast homologs Htm1p (Jakob et al., 2001)
and Mnl1p (Nakatsukasa et al., 2001). In this manner, aspar-
agine-linked oligosaccharide modification would play a piv-
otal role in the partitioning of grp78/BiP-bound PI Z be-
tween folding and degradation pathways.

In the present study, PI Z secretion was enhanced 50%
after mannosidase inhibition (Figure 5B). Therefore, one can
assume that a significant fraction of the molecules is main-
tained in a folding-competent state when bound to grp78/
BiP, and can eventually attain secretion-competence, if not
degraded. In the event that grp78/BiP does function as an
aglycone signal recognition factor, as we suspect, its part-
nering in the recognition of a two-component GERAD signal
provides an attractive explanation as to how a molecular
chaperone can participate in both protein folding and deg-
radation pathways, thereby addressing a central unan-
swered question in protein folding and quality control re-
search. Although a direct correlation was detected between
grp78/BiP binding, glycan modification, and degradation,
we cannot entirely rule out the possibility that an alternate
factor, or even EDEM itself, might be capable of functioning
as the aglycone GERAD signal recognition factor. Finally, it

Figure 6. Intracellular distribution of UGT by in-
direct immunofluorescence microscopy (see MATE-
RIALS AND METHODS). Hepa1a (H1A) cells (A–C)
and HEK293 (HEK) cells (D–F) were grown on cov-
erslips, fixed in methanol and incubated with anti-
bodies against UDP-UGT, calnexin (CNX), or Golgi
mannosidase II (GMII), before incubation with spe-
cies-specific fluorescein isothiocyanate-conjugated
fluorescent secondary antibodies. In each case, the
fluorescence pattern was indicative of �95% of cells.
Brefeldin A (BFA) was added to H1A cells (B) and
HEK cells (E) 1.5 h before methanol fixation at a final
concentration of 2 �g/ml.
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should be noted that the cellular machinery that facilitates
the recognition and recruitment of aberrant nonglycosylated
proteins into ERAD, a close relative of GERAD, has not yet
been identified, nor was this a goal of the present study.

Evidence for Distinct GERAD Programs
Our (Liu et al., 1999; Cabral et al., 2000) original finding that
the proteasome-mediated degradation of aberrant AAT in
the hepatoma cell line Hepa1a requires physical interaction
with calnexin was met with some speculation because the
interaction is known to suppress substrate degradation in
many cell lines (reviewed by Ellgaard et al., 1999; Frigerio
and Lord, 2000). Initially, we thought that the proteasomal
degradation of PI Z in HEK293 might simply reflect its
inability to divert PI Z polymers into a nonproteasomal
degradation pathway, which is used in Hepa1a (Cabral et al.,
2000). However, this is probably not the case because PI Z
polymers are of low abundance in HEK293, if they exist at
all.

Considering the distinct roles and intracellular locations
of calnexin and UGT, respectively, it is unlikely that alter-
nate branches of the same degradation system operate in the
two cell lines. Rather, we propose that the data are more
compatible with a model in which distinct GERAD pro-
grams are administered. Whether this difference reflects a
component of cell differentiation, or merely a difference in
cell adaptation mechanisms is not yet known. However,

possibly favoring the former idea, a post-ER distribution for
UGT has been detected in additional extrahepatic cells lines
(Cannon and Helenius, 1999; Zuber et al., 2001), including
that in which variant PI Z is degraded by the proteasome
(Novoradovskaya et al., 1998). Although one might question
the value of sequestering a glycoprotein folding sensor
downstream of the ER, it was recently suggested that some
newly synthesized glycoproteins might actually utilize this
situation as they fold when cycling between early compart-
ments in the secretory pathway (Cannon and Helenius,
1999). As such, the exploitation of specific steps in the
GERAD program, and not the entire program itself, might
explain why some proteins exhibit different fates in distinct
cell lines, whereas others do not (Sitia et al., 1990; Qu et al.,
1996; Novoradovskaya et al., 1998; Cabral et al., 2000).

Divergence at Level of GERAD Signal Recognition
One interpretation of our present findings is that the puta-
tive cell-specific GERAD programs converge at the earliest
steps, including signal formation, but diverge in the manner
by which the signals are recognized. In Hepa1a, the protea-
somal degradation of aberrant AAT requires physical en-
gagement with calnexin (Liu et al., 1999; Cabral et al., 2000),
suggesting that the ER lectin might replace EDEM as the
glycan-based signal recognition factor. In this scenario, it
would follow that UGT replaces grp78/BiP as the partnering
aglycone signal recognition factor, which results in the for-

Figure 7. Intracellular distribution of molecular
chaperones by indirect immunofluorescence micros-
copy (see MATERIALS AND METHODS). Hepa1a
(H1A) cells (A–C) and HEK293 (HEK) cells (D–F)
were grown on coverslips, fixed in methanol, and
incubated with antibodies against calreticulin
(CRT), calnexin (CRT), or grp78/BiP (BiP) (see MA-
TERIALS AND METHODS) before incubation with
species-specific fluorescein isothiocyanate-conju-
gated fluorescent secondary antibodies. In each case,
the fluorescence pattern was indicative of �95% of
the cells.
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mation of a ligand for calnexin that, when modified by ER
mannosidase I, is a poor substrate for glucosidase II (Liu et
al., 1999), thereby leading to molecular capture by the ER
lectin. Of course, we cannot entirely ignore the possibility
that an alternative, or additional, protein such as the oxi-
doreductase ERp57, which is bound to calnexin and facili-
tates intramolecular disulfide bond formation (Oliver et al.,
1997), might function, or play a role, because the aglyone-
based signal recognition step. However, this seems unlikely
because only a single cysteine residue exists in human AAT
(Long et al., 1984).

Final Remarks
By studying early protein folding events, Helenius’ group
recently discovered that the site of asparagine-linked glyco-
sylation on the nascent polypeptide contributes to the rules
that govern cotranslational chaperone selection in the ER
(Molinari and Helenius, 2000). In the present study, our
analysis of glycoprotein disposal led to the discovery of a
posttranslational mechanism capable of causing the transfer
of a GERAD substrate into distinct folding pathways. Al-
though not directly studied, it is entirely possible that the
initial role for the transfer event is to provide the newly
synthesized protein with an additional folding landscape to
facilitate conformational maturation as a last resort, just
before the onset of degradation. Whether latent engagement
with grp78/BiP is responsible for hindering PI Z loop-sheet
polymerization in HEK293, is not yet understood, and will
require additional analysis.

Because the mechanism by which a mutant gene product
is processed, rather than the mutation itself, can potentially
play a profound role in the severity of a loss-of-function
disorder, it is now evident that GERAD has the potential to
function as an epigenetic modifier of disease, especially in
the event of its inappropriate development or dysregulation.
Whether the utilization of distinct GERAD programs reflects
a previously unappreciated component of cell differentia-
tion, is not yet known, but will be the focus of future studies.
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