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A 90 kOa protein co-immunoprecipitates with a secretion-impaired variant of human alpha1
antitrypsin. The naturally-occurring nulIHong Kongvariant of human alpharantitrypsin is
truncated at its carboxyl terminus which predicts misfolding of the polypeptide following its

-biosynthesis. The nUIlHongKongvariant is retained and degraded in a pre-Golgi compartment of
stably transfected murine hepatoma cells. Because retention of unassembled and misfolded
polypeptides in the endoplasmic reticulum (ER) is often accompanied by their association with a
molecular chaperone, we sought to identify cellular proteins that might be stably associated
with the retained nullHong Kongvariant. We used long-term metabolic radiolabeling of cells with
[35S]methionine in combination with a low stringency immunoprecipitation technique and
identified the specific co-immunoprecipitation of a radiolabeled 90 kDa protein, which we
designated p90.

Evidence for a hydrophobic interaction between co-precipitating p90 and the misfolded alpha 1
antitrypsin polypeptide. To test for a hydrophobic interaction between calnexin and the nUIlHong
Kongvariant, immunoprecipitates were washed with a variety of relatively mild detergents.
Significantly, of those tested only deoxycholate was able to dissociate the complex in a specific
manner. This suggests that calnexin probably binds an exposed hydrophobic region of the
misfolded polypeptide.

The 90 kDa protein is identical to the molecular chaperone calnexin. Several criteria including
mobility in SOS-PAGE, absense of asparagine-linked oligosaccharides, and immunoreactivity of
the deoxycholate-dissociated protein with peptide-specific antiserum indicated that p90 is
identical to calnexin, a calcium-binding phosphoprotein of the ER membrane.

Bound calnexin is phosphorylated. Performing immunoprecipitation experiments with [32 P]
demonstrated that co-precipitating calnexin is phosphorlyated. This demonstrates that it is the
phosphorylated form of this molecular chaperone that actually binds the retained misfolded
nUIlHongKongvariant.

BindinQ of calnexin to the misfolded human alpha1-antitrypsin variant requires calcium.
Results from co-immunoprecipitation analyses and velocity sedimentation experiments have
verified that chelation of calcium ions in vitro results in the dissociation of calnexin from the

nulIHong Kongvariant. These data indicate that calcium might playa significant role in forming
or even maintaining the alpha1-antitrypsin - calnexin complex within the cell.
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Calnexin binds the misfolded alpha1-antitrypsin polypeptide via a stoichiometric association.
A gift of antiserum against calnexin was used to immunoprecipitate the protein from cells.
Approximately 20-30 % of the retained null(HK) variant polypeptides co-precipitated with
calnexin. Using velocity sedimentation experiments, 20-30% of the retained null(HK) variant
polypeptides sedimented in association with calnexin, in the form of a 7.6 S complex. Metabolic

incorporation of [35S]methionine into both the nulIHongKongvariant and co-precipitating
calnexin indicated that the two proteins are combined in a 1:1 stoichiometric association.
Overall, these experiments verified that 20-30 % of the retained misfolded nUIlHongKong
variant polypeptides are bound stoichiometrically to the molecular chaperone calnexin.
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The naturally occurring null Hong Kong variant of hu
man at-antitrypsin is truncated at its carboxyl termi
nus, and is retained and degraded in a pre-Golgi com
partment of stably transfected murine hepatoma cells
(Le, A., Graham, K. S., and Sifers, R. N. (1990) J. BioI.
Chern. 265, 14001-14007). Long-term metabolic radiola
beling with [35S1methionine or [32Plorthophosphate in
combination with low stringency immunoprecipitation
of the nullHong Kong variant has resulted in the co-pre
cipitation of a radiolabeled 9O-kDa protein designated
p9O. Several criteria, including mobility in SDS-poly
acrylamide gel electrophoresis, absence of asparagine
linked oligosaccharides, and immunoreactivity with
peptide-specific antiserum, have indicated that co-pre
cipitating p90 is identical to caInexin, a calcium-binding
phosphoprotein of the endoplasmic reticulum mem
brane (Wada, I. W.,Rindress, P. H., Ou, W..J., Doherty, J.
J., Louvard, D., Bell, A. W., Dignard, D., Thomas, D. Y.,
and Bergeron, J. J. M. (1991) J. BioI. Chern. 266, 19599
19610). Finally, results from co-immunoprecipitation
analyses and velocity sedimentation experiments have
verified that approximately 30% of the retained
null Hong Kong variant polypeptides are associated with
calnexin in a 1:1molar ratio and can be dissociated with
either deoxycholate or chelation of calcium ions at 37 °c.
Overall, these findings may extend our current under
standing of the molecular pathogenesis of serum at-an
titrypsin deficiency.

In eukaryotic cells, "secretory proteins" enter the exocytic
pathway as the nascent polypeptides are translocated across
the membrane of the rough endoplasmic reticulum (ER)I (1).
Present evidence suggests that these soluble polypeptides exit
the ER via their bulk flow (2) into nonselective carrier vesicles

that bud from the smooth region of the organelle (3). Signifi
cantly, export of many newly synthesized soluble and integral
membrane proteins from the ER requires that they must first
fold or assemble into their native conformation, and failure to
fulfill this requirement can often result in their retention and
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subsequent degradation in the cell (for reviews, see Refs. 4 and
5). An important problem in cell biology is to identify and char
acterize the various cellular components responsible for this
intracellular retention mechanism.

Human aI-antitrypsin (AAT) inhibits the hydrolytic activity
of serine proteinases (6, 7) and is a major constituent of human
serum. The protein is secreted predominantly from hepatocytes
and exists as a monomeric glycoprotein of 394 amino acids (8).
The primary structure of human AAT has been deduced by
nucleotide sequence analysis (9, 10) and by direct sequencing of
the protein (11). The macromolecule exhibits extensive poly
morphism throughout the world population, and several allelic
variants are associated with a decreased concentration of the

proteinase inhibitor in serum (12, 13). Significantly, this phe
nomenon is often caused by the intracellular retention of a
mutant variant AAT polypeptide within the hepatic ER (14). A
primary physiologic role of human AAT is to protect lung elas
tin fibers from degradation by neutrophil elastase, and its de
ficiency or absence from serum can result in an uninterrupted
degradation of elastin fibers which has been implicated in em
physema (15, 16).

A TC dinucleotide deletion within the naturally occurring

nullHong Kongvariant allele predicts the premature termination
of the encoded polypeptide at 333 amino acids (17). The entire

cohort of newly synthesized nullHong Kongvariant polypeptides
are retained in the ER of stably transfected murine hepatoma
cells (17) and are subsequently degraded in a nonlysosomal
pre-Golgi compartment (18). Because retention ofunassembled
and misfolded polypeptides in the ER is often accompanied by
their association with a molecular chaperone (4, 19), we have
sought to identify cellular proteins that are stably associated

with the retained nullHong Kongvariant. Using long-term meta
bolic radiolabeling of cells, low stringency immunoprecipita
tion, and velocity sedimentation analyses, we have identified a

stable stoichiometric complex consisting of the null Hong Kong

variant and calnexin, a calcium-binding phosphoprotein of the
ER membrane (20).

MATERIALS AND METHODS

Chemicals and Reagents-Routine growth media for mammalian tis
sue culture, fetal bovine serum, and methionine-deficient Dulbecco's
modified Eagle's medium (DMEM) were purchased from Life Technolo
gies, Inc. Phosphate-deficient DMEM, all phosphatase inhibitors, and
Tran35S-label (specific activity> 1000 Ci/mmo!) were purchased from
ICN Biomedicals. (32P]Orthophosphoric acid (specific activity> 8000
Ci/mmo]) and 125I-protein A (specific activity, 70-100 ).lCi/)lgprotein)
were purchased from DuPont NEN. Protein G-Sepharose 4FF was pur
chased from Pharmacia LKB Biotechnology Inc. Recombinant endogly
cosidase H (cloned from Streptomyces plicatus) and all biological deter
gents were purchased from Boehringer Mannheim. EDTA, EGTA. and
all buffers and salts were purchased from Sigma.

Antisera-An immunoglobulin fraction of goat anti-human AAT was
purchased from Organon Teknika-Cappel. Rabbit polyclonal antisera
against amino acid residues 30-45 of canine calnexin (anti-calnexin
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monomers. The nullHongKongvariant was immunoprecipitated at low
stringency conditions from individual gradient fractions and then sub
jected to SDS-PAGE. Radiolabeled proteins were detected by fluorogra
phy and quantitated by scintillation counting of excised gel pieces. In all
experiments, reported values are expressed following subtraction of
"background" radioactivity from an identical procedure performed with
radiolabeled Hepa 1A cells.

FIG.1. A nonglycosylated 9O-kDa protein co-immunoprecipi
tates with the nullHon •. Kon •. variant. A, nonreducing SDS-PAGE of
proteins immunoprecipitated with anti-human AAT at low stringency
conditions from Hepa la lIane 1) and H1A1N13 lIane 2) cells metaboli
cally radiolabeled with [35S]methionine for 5 h. Lane 3, result of pre
blocking the antibody with human serum AAT prior to immunoprecipi
tation from a radiolabeled HlAIN13 cell lysate. B, proteins immuno
precipitated from radiolabeled Hepa 1a lIanes 1 and 4) and H1A1N13
(lanes 2 and 5) cells fractionated by SDS-PAGE without (lanes 1 and 2 I
and with lIanes 4 and 5) disulfide-reducing agents. Lane 3 is a blank. C.
immunoprecipitated proteins from radiolabeled H1A1N13 cells sub
jected to either mock-digestion (lane ]) or digestion overnight Mth
endoglycosidase H (lane 2). Migration of molecular weight standards,
the nUI!HongKongvariant (NHK), and p90 (p90) in SDS-PAGE is shown
with horizontal arrows.
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RESULTS

Co-immunoprecipitation of a Nonglycosylated 90-kDa
Protein-Murine hepatoma cells that stably synthesize the
nullHong Kong variant (cell line HIAIN13) were metabolically
radiolabeled for 5 h in medium containing (35S]methionine.
Cells were lysed with 0.5% Nonidet P-40, and the 45-kDa

null Hong Kong variant was immunoprecipitated at low strin
gency conditions from the soluble cell lysate (Fig. lA, lane 2 J.

Although several radio labeled proteins of varying masses were
identified in the immunoprecipitated material, a single radio
labeled 90-kDa protein, designated p90, was present only in the
immunoprecipitate from stably transfected cells (lane 2), but
not in the immunoprecipitate from nontransfected cells (lane 11

or when the cell lysate had been incubated with an antibody
that had been preblocked with human serum AAT (lane 3 ).

Whereas reduction of disulfide bonds with )3-mercaptoetha
nol altered the mobility in SDS-PAGE of several nonspecifically
bound proteins (Fig. lB, compare lanes 1 and 4 l, neither the
intensity or mobility of p90 was affected significantly 1compare
lanes 2 and 5). This result confirmed that p90 did not consist

of a disulfide-linked homodimer of the 45-kDa null Hong Kong
variant. Furthermore, mobility of the immunoprecipitated

null HongKongvariant was increased in SDS-PAGE following its
deglycosylation by endoglycosidase H (Fig. IC, lane 2), How
ever, this treatment did not alter the mobility of co-precipitat
ing p90 (lane 2) and indicated that the protein does not contain
asparagine-linked oligosaccharide moieties.

Specific Dissociation of p90 with Deoxycholate-Retention of
misfolded and unassembled proteins within the ER is often
accompanied by their hydrophobic interaction with one or more
molecular chaperones (19), Thus, considering that p90 might

associate with the nullHong Kong variant through hydrophobIc

peptide 1) or against residues 487-505 in the cytoplasmic tail of the
molecule (anti-calnexin peptide 3) were gifts from Dr. John J. M.
Bergeron, McGill University. Rabbit polydonal antiserum to grp94 was
a generous gift from Dr. Michael Green, Saint Louis University.

Stably Transfected Murine Hepatoma Cells-Preparation of clonal
lines of stably transfected murine hepatoma cells (line Hepa 1a) syn
thesizing either the null HongKongvariant Icell line H1A1N13) or the
normal human PiMIVaI213) variant 1cell line H1A1M15l was described
previously 1171.

Metabolic Radiolabeling of Proteins-For metabolic radiolabeling of
methionine residues. 100-mm diameter dishes of confluent cells were
incubated in 3 ml of methionine-deficient DMEM supplemented with 1
x glutamine. ICe fetal calf serum. 3 mg/liter unlabeled L-methionine,
and 100-300 liCi of rranJ5S-label. Metabolic radiolabeling of phospho
rylated proteins was accomplished by first washing confluent cell mono
layers ••••ith 37 'C phosphate-deficient DMEM, followed by incubation in
3 ml of that medium supplemented with 1 x glutamine, 100e fetal calf
serum. and 70--180 liCI of (:32PJorthophosphoric acid.

LoU' Stringency Immunoprecipitation of Proteins-Radiolabeled cell
monolayers were washed with ice-cold phosphate-buffered saline, set on
an ice cold metal surface, and lysed at 4 DCby scraping with a spatula
in 0.5-1 ml of 0.05 ~ Tris-HCI, pH 7.4, 0.15 ~ NaCI (Buffer SI containing
1 ffi.\lphenylmethylsulfonyl fluoride IPMSF) and 0.5% Nonidet P-40.
Alternative detergents were utilized for cell lysis in some experiments
as described in the appropriate figure legends. For analysis of phospho
rylated proteins, radiolabeled cells were lysed as described above with
ice-cold 0.1 ~ NaP04, pH 7.4, 10 ffi.\l sodium pyrophosphate, 10 ffi.\l
sodium fluoride, 0.5% Nonidet P-40, and 1 ffi.\lphenylmethylsulfonyl
fluoride. Following centrifugation of lysed cells at 10.000 x g for 3 min,
the supernatant was subjected to immunoprecipitation at low strin
gency conditions. This included a 2-h incubation with continuous gentle
mixing of the soluble cell lysate in Buffer S with an appropriate anti
body pre-immobilized to protein G-Sepharose 4FF beads. The pre-im
mobilization procedure was performed by incubating the antibody and
protein G-Sepharose for 30 loin at 23°C. An identical incubation of the
immobilized material with bovine serum albumin 120 mg/mI) was then
performed to block nonspecific binding sites. Following the 2-h incuba
tion, beads were washed with four changes of ice-cold cell lysis buffer
containing 0.5% Nonidet P-40 plus four changes of the same solution
containing 0.5 \l NaCl. Each wash included a mechanical agitation for
1 min prior to centrifugation and removal of the supernatant. Washed
immunocomplexes were heated for 10 loin at 75 DCin disruption buffer
containing 20/e sodium dodecyl sulfate. Eluted proteins were separated
from the beads by centrifugation and then fractionated by SDS-PAGE.
Radiolabeled proteins were detected by fluorographic enhancement of
the vacuum-dried gel, as described previously (18).

Detergent Sensitivity Analysis-NullHong Kongvariant polypeptides
were immunoprecipitated from [35S]methionine-radiolabeled H1A1N13
cells and washed at low stringency conditions as described above. The
immobilized material was then washed four times with ice-cold Buffer
S to remove all detergent from the beads. The washed beads were
aliquoted into several fresh tubes and each was incubated with gentle
mixing for 5 min at 4 DCwith 1 ml of a selected detergent in Buffer S.
Beads were collected by centrifugation, washed once with ice-cold
Buffer S, and bound proteins were eluted with disruption buffer and
fractionated by SDS-PAGE. Radiolabeled proteins were detected by
fluorography.

Western Blot Analysis-The nullHongKongvariant was immunopre
cipitated at low stringency conditions from several dishes of nonradio
labeled cells that had been lysed with 0.5% Nonidet P-40, as described
above. Beads were washed with selected detergents, and dissociated
proteins were collected in the supernatant following centrifugation.
Samples were concentrated to approximately 50 }IIwith Centricon-30
ultrafiltration units IAmiconJ, and proteins were subjected to SDS
PAGE. Fractionated proteins were electrophoretically transferred to
nitrocellulose paper, and nonspecific protein binding sites were blocked
with Tris-buffered saline, pH 7.4, containing 0.05% sodium azide and
5% skim milk, as described pre\iously (9). Blocked filters were then
probed overnight by incubation at 23 'C with the desired antibody,
followed by washing, and then incubation with 125I_proteinA (5 x 105
cpm/mll for 3 h. Filters were washed, and radioactive signals were
detected by autoradiography.

Sedimentation Velocity Centrifugation-HIA1Nl3 cells were meta
bolically radiolabeled with [J5S]methionine for 24 h. Cell monolayers
were lysed at 4 DCwith a selected detergent, and the soluble superna
tant was subjected to velocity sedimentation in linear 5-20% sucrose
gradients as described previously (21), except that 0.1% sodium cholate
was included in the gradient to provide an environment of detergent
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FIG. 2. Recognition of detergent-dissociated p90 with anti-ca!
nexin peptide 1 antiserum. A, stability of the p90-nullHongKongvar
iant complexin various detergents.Aliquotsof the immunoprecipitated
p90-nUllHongKongvariant complexfrom (35S]methionine-radiolabeled
H1A/N13cellswereincubatedas describedunder "Materialsand Meth
ods"with either no detergent (lane 1) or 0.5%of the followingdeter
gents: Nonidet P-40 (lane 2), Triton X-IOO (lane 3), Tween20 (lane 4),
octyl-i3-glucoside(lane 5), digitonin (lane 6), sodium cholate (lane 7),
sodiumdeoxycholate(lane 8), CHAPS(lane 9), or lithium dodecylsul
fate (lane 10). B, immunoreactivityof detergent-dissociatedp90 with
anti-calnexin peptide 1 antiserum. Detergent washes, as described
above,were performedon immunocomplexesprepared from nonradio
labeled cells. Western blotting of the released proteins was performed
with anti-calnexin peptide 1 antiserum (see "Materials and Methods").
Lane 1, deoxycholatewash of immunocomplexfrom Hepala cells;lane
2, deoxycholatewash of a mock-immunoprecipitationfrom H1A/N13
cells;lane 3, deoxycholatewash ofimmunocomplexfromH1A/N13cells;
lane 4, cholate wash of an immunocomplexfromHWN13 cells;lane 5,
crude extract fromHepa la cells.Migrationofmolecularweight stand
ards, the nullHongKongvariant (NHK), and p90 (p90) in SDS-PAGEis
shown with horizontal arrows.

identical to that of co-precipitating p90 in [35S]methionine-ra
diolabeled cells (lane 1) and murine calnexin immunoprecipi
tated from cells radio labeled with either reagent (lanes 2 and
5). Moreover, digestion of 32P-radiolabeled p90 and 32P-radio
labeled calnexin with V8 proteinase resulted in the generation
of identical peptide maps (data not shown).

Chelation of Calcium Ions Dissociates p90-Because cal
nexin is a calcium-binding protein (20, 23, 24), we asked
whether the availability of free calcium ions in a cell lysate
would affect the stability of the p90-nullHong Kongvariant com
plex. To address this question, [35S]methionine-radiolabeled
HIAIN13 cells were lysed with Nonidet P-40, and aliquots of
the soluble lysate were incubated in the presence of divalent
cation chelators prior to low stringency immunoprecipitation of
the null HongKongvariant. As shown in Fig. 4, incubation of cell
lysates in the presence of either 2 IIlMEDTA (lane 5) or 2 Ill..",\
EGTA (lane 6) at 4°C did not prevent the co-precipitation of
p90 with the null HongKongvariant as compared with that of a
nontreated control sample (lane 1). In contrast, incubation
with 2 mMEDTA at 37°C for 10 min completely abrogated the
co-precipitation of p90 (lane 3), and the elevated temperature
alone was not sufficient to destabilize the complex (lane 2),
Ability of 2 IIlMEGTA to dissociate the complex at the elevated
temperature (lane 4) confirmed that chelation of calcium ions
was responsible for dissociation of p90 from the null HongKong
variant.

Stoichiometric Association between p90 and a Subset of Re

tained NullHong Kong Variant Polypeptides-To determine the
actual percent of retained nullHong Kongvariant polypeptides
that associated with p90, [35S]methionine-radiolabeled HIA/
N13 cells were lysed with Nonidet P-40 and small aliquots of
the soluble cell lysate were incubated with an excess of immu-

interactions, we examined the potential ability of several de
tergents to dissociate the two macromolecules. For this,
nullHong Kongvariant polypeptides were immunoprecipitated
at low stringency conditions from (35S]methionine-radiola
beled HINN13 cells lysed with Nonidet P-40. Aliquots of the
immunocomplexes were then incubated at 4 DC with one of
several detergents prior to subjecting them to SDS-PAGE and
fluorography (see "Materials and Methods"). As expected, in
cubation of the immunoprecipitated material with the harsh
ionic detergent lithium dodecyl sulfate dissociated p90 and all
nonspecifically bound proteins, plus partially disrupted bind
ing of the null HongKongvariant to the immobilized antibody
(compare lanes 1 and 10). Significantly, ofthe detergents tested
only incubation with sodium deoxycholate specifically and
quantitatively dissociated p90 from the immunoprecipitated
null HongKongvariant (lane 8).

Recognition of p90 by Antiserum against Calnexin-The
identity of co-precipitating p90 was accomplished by combining
the specificity of its deoxycholate-mediated dissociation from
the immunoprecipitated null HongKongvariant with its specific
immunologic cross-reactivity. For this, retained null HongKong
variant polypeptides were first immunoprecipitated at low
stringency conditions from several dishes of nonradiolabeled
HIAIN13 cells following their lysis with Nonidet P-40. The
immunoprecipitated material was then washed with sodium
deoxycholate as described above. Eluted proteins were concen
trated by ultrafiltration, fractionated by SDS-PAGE, and elec
trophoretically transferred to nitrocellulose. Because of the
relative migration of co-precipitating p90 in SDS-PAGE and
the intracellular location of the retained null HongKongvariant,
filters were first probed with antiserum against the ER-resi
dent protein grp94 (22), but no immunoreactivity was detected
(data not shown). However, in a subsequent experiment, a
single immunoreactive 90-kDa protein was identified when the
filter was probed with a polyclonal peptide-specific antiserum
raised against amino acids 30-45 of canine calnexin (Fig. 2B,
lane 3). Moreover, migration of the immunoreactive protein in
SDS-PAGE was identical to that of endogenous murine cal
nexin present in a crude Hepa IA cell extract (lane 5). Further
more, no cross-reactive proteins were detected in a sodium
cholate wash of the p90-nullHong Kongcomplex (lane 4), a de
oxycholate wash of an immunocomplex generated from non
transfected Hepa IA cells (lane 1), or from a deoxycholate wash
of a mock-immunoprecipitate from HIAIN13 cells (lane 2).
Overall, these data confirmed that the detergent-mediated dis
sociation of the immunoreactive 90-kDa protein was identical
to that of p90, and that p90 shared an antigenic epitope with
murine calnexin.

,\Ietabo/ic Phosphorylation of p90-Because the calnexin
polypeptide can undergo phosphorylation in vitro (23, 24), we
asked whether co-precipitating p90 would incorporate radiola
beled phosphate during metabolic radiolabeling of cells. For
this, dishes of cells were incubated for 5 h in medium contain
ing either [35S]methionine or [32P]orthophosphate, and soluble
celllysates were prepared with 0.5% Nonidet P-40. As shown in
Fig. 3A, whereas the immunoprecipitated null HongKongvariant
was detected in HIA/N13 cells radio labeled with [35S]methi
onine (lane 1), it was not identified in cells radiolabeled with
(32plorthophosphate (lane 3). This result was expected because
the human AAT polypeptide is not a substrate for phospho
rylation. However, four phosphorylated proteins did apparently
co-precipitate with the nullHongKongvariant in the 32P-radiola
beled HIA./N13 cells (lane 3), but three of these were also
present in the immunocomplex generated from Hepa IA cells
(lane 4, asterisks) which indicated that their association with
the beads was of a nonspecific nature. Significantly, migration
of the remaining 32P-radiolabeled 90-kDa protein (lane 3) was
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nexin (data not shown), Quantitative analysis indicated that
approximately 25-30% of the entire population of retalnl'd
radio labeled null Hong Kongvariant polypeptides co-preclpltatL'd
with murine calnexin (compare lanes 1 and 2),
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FIG. 3. Metabolic phosphorylation of p90 and co-precipitation
of the nullHong Kongvariant with antiserum to calnexin. A, meta
bolic phosphorylation of co-immunoprecipitating p90. HIA/NI3 cells
I lanes 1, 2, and 3 J and Hepa la cells Ilanes 4 and 5) were radiolabeled
for 5 h with [:J5SJmethionine I:355I or [32Plorthophosphate 132P I. Cells
were lysed with 0.5'7c Nonidet P-40 and subjected to low stringency
immunoprecipitation with either a polyclonal antibody to human AAT
Ilanes 1. 3. and 4 Ior anti-calnexin peptide 3 antiserum (lanes 2 and 5)
at more stringent conditions. Asterisks denote prominant "background"
bands. B, co-immunoprecipitation of the null HongKongvariant with an
tiserum to calnexin. [:l5S1Methionine-radiolabeled HIA/N13 cells were
lysed with 0.5'7cNonidet P-40, and identical aliquots were subjected to
low stnngency immunoprecipitation with a polyclonal antibody to hu
man AAT I/ane 1) or with anti-calnexin peptide 3 antiserum Uane 21.
Migration of molecular weight standards, the nUIlHongKongvariant
INHK" and p90 Ip90) in SDS-PAGE is shown with horizontal arrows.

noprecipitating antiserum raised against residues 487-505 in
the cytoplasmic tail of canine calnexin Ianti-calnexin peptide 3)
(see "Materials and Methods"). Quantitative immunoprecipita
tion of murine calnexin at low stringency conditions resulted in
the co-precipitation of a radio labeled 45-kDa protein IFig. 3B,
lane 2) that was not detected when celllysates were incubated
in the absence of antiserum to calnexin, and additional anti
serum did not increase the amount immunoprecipitable cal-

FrG. 4. Calcium chelators dissociate p90. HIA/NI3 cells were ra
diolabeled with [J'SJmethionine for 5 h and lysed with Nonidet P-40.
Soluble lysates were incubated for 10 min at various conditions prior to
low stringency immunoprecipitation of human AAT.Lane 1, 4 'C with
no additions: lane 2. 37C with no additions; lane 3, 37°C with 2 m..\l
EDTA; lane 4, 37C with 2 I1L\lEGTA; lane 5, 4 'C with 2 m..\lEDTA;
lane 6, 4 'C ..•ith 2 m" EGTA. Migration of molecular weight standards,
the nullHongKongvariant INHK), and p90 'p90) in SDS-PAGE is shown
with hOrizontal arrows.
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was restricted to the 7.6 S species (Fig. SA, graph). This 90-kDa

protein was dissociated from the variant polypeptides and sub
sequently immunoprecipitated with anti-calnexin peptide 3 an
tiserum, which confirmed its identity as p90/calnexin (not
shownl. Quantitation of immunoprecipitated proteins from
fraction 27 (Fig. 5A. inset i, which should contain primarily the
7.6 S species. demonstrated that co-precipitating p90 exhibited
1.B-fold more radiolabel than did the immunoprecipitated

null Hong Kong variant 1quantitation not shown),
In subsequent experiments. a specific loss of the 7.6 S species

was observed when radiolabeled H1A/N13 cells were either

lysed with deoxycholate IFig. 5E I or lysed with Nonidet P-40
and then incubated for 10 min at 37 DC with 2 m~l EGTA (Fig.

5C I. Sedimentation of the nullHong Kongvariant was not signifi
cantly altered when celllysates were incubated at 37 'C in the
absence of EGTA (data not shown!. Importantly, loss of the 7.6
S species resulted in the concomitant and quantitative appear
ance of a 4.5 S species of AAT, and no co-immunoprecipitating
90-kDa protein was identified in either this or the remaining
6.5 S species IFigs. 5, E and C I. Moreover, the newly appearing
4.5 S species sedimented in a manner identical to that of the
secreted normal human AAT polypeptide (Fig. 5A). Quantita
tion of the 4.5 S peak from either the deoxycholate lysis or
EGTA treatment indicated that it accounted for 25-30<;1- of the

total population of retained null HongKongvariant polypeptides.

DISCUSSION

Calnexin (or p88 and IP901 is an abundant calcium-binding
phosphoprotein of the ER membrane (20, 23, 24). Its role as a
molecular chaperone has been implicated for integral mem
brane proteins, such as the histocompatibility class I molecule
125-27) and the T- and B-cell antigen receptor (281. Initially,
interaction of calnexin with soluble secretory proteins was not
anticipated (25 I. However, following the submission of this ar
ticle, Ou et ali29J reported a transient association between cal
nexin and a variety of newly synthesized secretory glycopro
teins, including AAT, in the human hepatoma cell line HepG2.

Brodbeck and Brown 130 Ihave shown that removal of only 4
amino acids from the carboxyl terminus of the human AAT
polypeptide totally abrogates its secretion from cells. Signifi
cantly, truncation of carboxyl-terminal amino acids of the natu
rally occurring null Hong Kongvariant polypeptide not only pre
vents its secretion (17 I, but also predicts the disruption of
i3-pleated sheets Band C that are present in the normally
folded macromolecule (31). Because secretory glycoproteins
synthesized in the presence of azetidine-2-carboxylic acid,
which should cause them to misfold, stabilizes their association
with calnexin in HepG2 cells 129 I, it would be predicted that the
misfolded nullHon" Kon" variant might associate with this mo
lecular chaperone 1291. Several criteria, including mobility in
SDS-PAGE. absence of asparagine-linked oligosaccharides, and
immunoreactivity with peptide-specific antiserum, have indi
cated that p90 which co-precipitates with a subset of the re

tained null Hong Kongvariant is identical to calnexin.
In the present study, results from co-immunoprecipitation

analyses and velocity sedimentation experiments were in agree
ment that approximately 25-30* of the retained null HongKong
variant polypeptides are associated with calnexin. These data
suggest that calnexin does not dissociate from the variant
polypeptides during sedimentation velocity centrifugation. Be
cause the number of methionine residues in the reported se
quence of canine calnexin 120) is exactly twice that of the
null Hong Kongvariant 117 I, association of a 2-fold excess of ra
diolabel should be associated with calnexin as compared with
the variant polypeptide if the molecules are bound stoichio
metrically. Indeed, a 1.6-fold excess of radioactivity was asso
ciated with calnexin that co-precipitated with the null HongKong

variant present in the 7.6 S complex. Considering the potential
contamination of the calnexin-nuIlHong Kong variant complex
with AAT polypeptides from the 6.5 S species plus the slow
turnover of the molecular chaperone (29), we suspect that the
two proteins are associated in a 1:1 molar ratio.

Dissociation of the calnexin-nullHong Kong variant complex
with deoxycholate suggests that their interaction might result
from the exposure of hydrophobic regions at the surface of the

misfolded variant polypeptide. However, the specificity of this
detergent for inducing the dissociation event is not yet under
stood. Because EGTA caused the dissociation of the complex it
is likely that the availability of calcium ions plays a role in the
interaction between the two molecules. In this regard, Wada et
al. (20) have reported that several proteins, including pgp35/
SSRa, co-purify with calnexin isolated from canine pancreas
microsomes. Although we have not detected additional proteins

that specifically co-precipitate with the null HongKongvariant in
our experiments, it is conceivable that these are actually pre
sent but are poorly radiolabeled because of their low rate of
turnover in the cell. Finally, protein aggregation favors an as
sociation with BiP/grp78, but this molecular chaperone has not

been observed to associate with the null Hong Kongvariant (32).
Considering this latter observation, it is premature to conclude
that the abundant 6.5 S species of human AAT which is devoid
of calnexin results merely from the aggregation of the mis
folded macromolecules.

Recently, a novel mechanism coined "loop-sheet" polymeriza
tion has been implicated in the intracellular accumulation of

the naturally occurring Z variant (33, 34) and Siiyama i35) var
iant of human AAT. Truncation of the null Hong Kong variant
eliminates the reactive center loop of AAT which is utilized in
this aggregation pathway (33). Whereas calnexin can immobi

lize 30<;1-of the retained null Hong Kongvariant molecules to the
membrane of the ER and thus prevent their secretion. the
actual role that this molecular chaperone exerts on the intra
cellular retention of the misfolded polypeptide will be the sub
ject of future investigations. Nonetheless, identification of the

calnexin-nullHong Kongvariant complex may extend our current
understanding of the molecular pathogenesis of serum a1-an
titrypsin deficiency.
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