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We present the first identification of transient folding intermediates of endogenous thyroglobulin (Tg; a
large homodimeric secretory glycoprotein of thyrocytes), which include mixed disulfides with endogenous
oxidoreductases servicing Tg folding needs. Formation of disulfide-linked Tg adducts with endoplasmic retic-
ulum (ER) oxidoreductases begins cotranslationally. Inhibition of ER glucosidase activity blocked formation
of a subgroup of Tg adducts containing ERp57 while causing increased Tg adduct formation with protein
disulfide isomerase (PDI), delayed adduct resolution, perturbed oxidative folding of Tg monomers, impaired
Tg dimerization, increased Tg association with BiP/GRP78 and GRPY94, activation of the unfolded protein
response, increased ER-associated degradation of a subpopulation of Tg, partial Tg escape from ER quality
control with increased secretion of free monomers, and decreased overall Tg secretion. These data point
towards mixed disulfides with the ERp57 oxidoreductase in conjunction with calreticulin/calnexin chaperones
acting as normal early Tg folding intermediates that can be “substituted” by PDI adducts only at the expense

of lower folding efficiency with resultant ER stress.

Membrane and secretory proteins are cotranslationally
translocated in the lumen of the endoplasmic reticulum (ER),
where they acquire their three-dimensional structure (includ-
ing the formation and isomerization of disulfide bonds), typi-
cally culminating in oligomeric assembly. This is a complex
task, both facilitated and monitored by ER folding enzymes
and molecular chaperones. Glycoproteins are an important
subset of exportable proteins, and those bearing Asn-linked
oligosaccharides fold preferentially with the aid of calreticulin
(CRT) and calnexin (CNX), both of which possess a lectin-like
binding site that prefers association with monoglucosylated
oligosaccharide processing intermediates (4). CRT and CNX
might directly influence protein folding (32), but an additional
critical function of these proteins is to bring newly synthesized
exportable glycoproteins in close proximity with ERp57 (47),
an oxidoreductase that works in a complex with CRT/CNX and
promotes proper disulfide bond formation (21, 46, 54).

Another molecular chaperone is BiP (GRP78), which binds
to unfolded polypeptides, helps to prevent protein aggregation
through noncovalent associations regulated by its ATPase do-
main (9), and works cooperatively with protein disulfide
isomerase (PDI) to promote oxidative protein folding (36).
Indeed, recently the concept of two distinct chaperone-oxi-
doreductase complexes, one comprising CRT/CNX/ERp57
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and the other including BiP/PDI (37), has emerged. This fits
well with earlier proposals of a reticular-like matrix in the ER
lumen in which different chaperone systems are organized (25,
51). In this view, PDI plays a role in the BiP system analogous
to that of ERp57 in the CRT/CNX system. However, while the
absence of the CRT contribution to the ERp57 system can be
functionally compensated for by the presence of CNX, the
simultaneous absence of both lectin-like chaperones cannot be
compensated for by BiP (40).

In vitro studies suggest that mixed-disulfide bonds between
oxidoreductase and substrate polypeptides are intermediates
in the formation of native intrachain disulfide bonds (23). Such
mixed disulfides have been described for virally infected cells
(42) and for cells overexpressing various exportable proteins
after transfection (1-3, 38). Lindquist et al. (34) have even
reported a mixed disulfide between ERp57 and newly synthe-
sized endogenous major histocompatibility complex class I
molecules, but it has remained unclear whether the intermo-
lecular association recovered represents an authentic, covalent
oxidoreductase-unfolded substrate intermediate (10). Thus,
the challenge to isolate mixed disulfides between endogenous
oxidoreductases and endogenous unfolded substrates (17) has
yet to be convincingly achieved.

Native thyroglobulin (Tg), the precursor protein for thyroid
hormone synthesis, is a large secretory glycoprotein comprised
of noncovalently associated homodimers of 660 kDa (28), with
up to 60 intramolecular disulfide bonds and 10 to 15 N-linked
oligosaccharides per Tg monomer (11). The folding of newly
synthesized Tg is slow: completion of oxidative folding requires
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about 60 to 90 min (14), while the half-life of medial Golgi
arrival is about 90 to 120 min (29). Multiple ER resident
proteins, including CRT/CNX (14) and BiP (26, 27), have been
implicated in Tg folding. In this report we wished to test the
hypothesis that in living cells, the folding pathway of Tg, as a
representative exportable glycoprotein, is likely to involve dis-
tinct chaperone-oxidoreductase systems that include formation
of distinct mixed-disulfide complexes. As the dominant glyco-
protein synthesized endogenously in thyrocytes, Tg presents
itself as a unique model protein with which to explore this
hypothesis.

MATERIALS AND METHODS

Materials. Coon’s modified Ham’s F-12 medium was from Sigma. Protein
A-Sepharose was from Calbiochem. Endo-B-N-acetylglucosaminidase H (endo
H) was from Roche. Peptide N-glycohydrolase F (PNGase F) was from New
England Biolabs. [**S]cysteine and [**S]methionine Promix was from Amersham.
Polyvinylidene difluoride membranes were from Millipore. The enhanced chemi-
luminescence kit was from Amersham. All other chemicals were from Sigma.

Cell culture and biological reagents. FRTL-5 (ATCC CRL 8305) (F. S. Amb-
esi-Impiombato, 1986, U.S. patent no. 4,608,341) and PC-CI3 cells are continu-
ous, cloned lines of thyroid differentiated cells. These cells were maintained as
described previously (12). Polyclonal anti-Tg rabbit antibodies were raised
against rat Tg as previously described (12). Anti-CNX antibodies were from
Stressgen; anti-CRT, anti-BiP, and anti-GRP94 antibodies were from Affinity
Bioreagents; and anti-IkB antibodies were from Santa Cruz Biotechnology.

Metabolic labeling and immunoprecipitation. FRTL-5 and PC-CI3 cells were
incubated for 30 min in methionine-free, cysteine-free medium, labeled for 15
min (unless otherwise indicated) at 37°C in the same medium containing 50
wCi/ml [*3S]cysteine and [**S]methionine labeling mix, and chased either in
complete medium with an excess of cold methionine and cysteine or, for exper-
iments employing thapsigargin, in a nominally free Ca?>* medium with the same
excess of unlabeled amino acids. All subsequent manipulations were performed
at 4°C. The labeled cells were washed with cold phosphate-buffered saline (PBS)
containing 20 mM N-ethylmaleimide (NEM) in order to alkylate free sulfhydryls
and lysed in 1 ml of lysis buffer (150 mM NaCl, 0.5% Triton X-100, 25 mM Tris
[pH 7.4], and Complete protease inhibitor mixture [Roche]) plus 20 mM NEM.
Nuclei and cell debris were removed by centrifugation at 10,000 X g for 10 min
at 4°C. The lysates were incubated for 1 h at 4°C with the respective antibodies
and tumbled with protein A-Sepharose for 3 h. The beads were washed three
times with lysis buffer and boiled in sodium dodecyl sulfate (SDS) sample buffer
(4% SDS, 0.2% bromophenol blue, 20% glycerol, 100 mM Tris-HCI [pH 6.8])
with or without 20 mM dithiothreitol, and the supernatant was subjected to
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and autoradiography.

For BiP immunoprecipitation, labeled cells were washed with cold PBS con-
taining 20 mM NEM and then three times with PBS alone and lysed in 1 ml of
lysis buffer plus 20 U/ml apyrase (to enzymatically deplete ATP). After 60 min,
cells were processed as described above.

For immunoprecipitations of GRP94 and BiP, in situ chemical cross-linking
was performed as previously reported (43), with minor modifications. Briefly,
labeled cells were rinsed with PBS and then incubated at 4°C for 30 min with 2
mM dithiobis(succinimidylpropionate) (DSP) freshly prepared in 90% PBS, 10%
dimethyl sulfoxide. Control samples were incubated identically but without DSP.
Cells were then rinsed with cold PBS and alkylated with 20 mM NEM. Cells were
lysed with 1 ml of lysis buffer plus 20 mM NEM and 50 mM glycine to quench
excess cross-linker. Lysates were then processed as described above.

For immunoprecipitation in denaturing conditions, cells were labeled, washed,
and lysed as described above. One-half of the lysate was immunoprecipitated as
described above, and the other half was brought to 5% SDS and boiled for 5 min.
The latter samples were then diluted 10-fold with 1% Triton X-100 in 150 mM
NaCl, 25 mM Tris (pH 7.4). Immunoprecipitates of denatured samples were
washed three times with 0.05% Triton X-100, 0.1% SDS, 0.3 M NaCl, 10 mM
Tris (pH 8.6). For some experiments (see Fig. 4C and D and 5), the amount of
lysate immunoprecipitated with anti-ERp57 and anti-PDI and their respective
controls was three times greater than the amount of lysate immunoprecipitated
with anti-Tg, in order to obtain comparable band intensities and to accurately
judge band migration. For sequential immunoprecipitation, the samples were
first immunoprecipitated under nondenaturing conditions and then brought to
5% SDS and boiled for 5 min. The samples were then diluted 10-fold with 1%
Triton X-100, 150 mM NaCl, 25 mM Tris (pH 7.4) and reimmunoprecipitated.
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Quantitations were performed using a PhosphorImager from Molecular Dynam-
ics.

Western blotting. PC-CI3 cells were pretreated for 1 h with 6 wg/ml cyclohex-
imide, followed by 0.5 ng/ml tumor necrosis factor (TNF) for 60 and 180 min.
Alternatively, cells were pretreated for 1 h with 6 wg/ml cycloheximide plus in the
last 10 min with 10 pM MG132, followed by 0.5 ng/ml TNF for 60 and 180 min.
After evaluation of protein content, 30 g of cell extract was analyzed by SDS-
PAGE and electrotransferred to polyvinylidene difluoride. Blocking was for 15 h
at 4°C with Tris-buffered saline-Tween 20 (TBST) buffer (10 mM Tris [pH 8.0],
150 mM NaCl, 0.1% Tween 20) containing 10% nonfat dry milk, followed by
incubation in TBST buffer for 2 h at room temperature with a 1:2,000 dilution of
anti-IkB. After being washed with TBST, the blot was incubated for 1 h at room
temperature with antirabbit horseradish peroxidase-conjugated antibodies di-
luted 1:3,000 in TBST. Band detection was by enhanced chemiluminescence.

In vitro transcription/translation of truncated Tg. The coding region from the
rat Tg cDNA was excised from the 1Tg-2 plasmid in pCDNA3 (19) with EcoRI
and HinclI and subcloned into the EcoRI and Smal sites of pGEM7z. A DNA
template encoding the rat Tg signal peptide plus the first 177 residues of the
mature rat protein and lacking a stop codon was generated by linearizing the
DNA with HindIII. This was transcribed with T7 RNA polymerase (Promega),
and the resulting mRNA was translated in a rabbit reticulocyte lysate system
supplemented with canine pancreatic microsomes and [*>S]methionine (47) for
25 min at 30°C. When protein synthesis was followed by treatment with puro-
mycin (2 mM), a synthesis period of 15 min at 30°C was followed by a further 15
min at 30°C with puromycin to force release of nascent rat Tg chains from the
ribosome (47). When employed, castanospermine (CST) was included in the
translation mix at 1 mM. After synthesis and puromycin treatment as appropri-
ate, membrane-associated chains were isolated by centrifugation, resuspended,
and analyzed directly or following treatment with 50 uM bismaleimidohexane, a
homobifunctional alkylating agent that reacts with free cysteine residues (15).
Total products were recovered by precipitation with trichloroacetic acid and then
solubilization in SDS sample buffer, whereas specific products recovered by
immunoprecipitation with antisera specific for Tg, ERp57, and PDI were treated
as previously described (15). The labeled proteins were finally analyzed by SDS-
12% PAGE under reducing conditions.

Other procedures. Sucrose gradient centrifugation, endo H, and PNGase F
digestions were performed as reported previously (12, 13).

RESULTS

Intermolecular disulfide-linked adducts containing newly
synthesized Tg in the folding pathway. In the absence of chem-
ical cross-linkers, newly synthesized Tg immunoprecipitated
from PC-CI3 or FRTL-5 cells was resolved as multiple species
upon nonreducing SDS-PAGE. The most abundant species
had a molecular mass of 330 kDa (the size of “free” mono-
mers) (Fig. 1A), which migrated slightly faster than the intra-
cellular Golgi form (termed band “G”) that serves as the im-
mediate precursor to Tg recovered in culture media (Fig. 1A).
At early chase times, three higher-molecular-mass species,
termed bands “A,” “B,” and “C” were also specifically immu-
noprecipitated with anti-Tg antibodies (band B may be com-
prised of two subcomponents; see below). Although precise
high-molecular-mass markers are unavailable, we estimate that
bands A, B, and C migrated approximately in the 390- to
480-kDa region of the gel, much more slowly than secreted Tg
or Tg with fully reduced thiols (Fig. 1A, left), indicating that
these bands could not possibly represent partially oxidized free
Tg monomers. Indeed, under reducing conditions, Tg species
A, B, and C were no longer recovered, suggesting that they
represent covalent adducts of newly synthesized Tg interacting
via mixed disulfides with one or more proteins (Fig. 1A, right).
These adducts were more readily detected at early chase times.
Interestingly, the time-dependent disappearance of these mi-
nor Tg species in cells correlated well with the kinetics of Tg
dissociation from CRT and CNX (as quantified by Tg coim-
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FIG. 1. During folding, Tg forms intermolecular disulfide-bonded complexes. (A) PC-CI3 cells were labeled as outlined in Materials and
Methods and chased for the indicated times. Cell lysates and culture media were immunoprecipitated with anti-Tg antibodies. Immunoprecipitates
were resolved by SDS-PAGE under nonreducing and reducing conditions. The positions of Tg secreted to the medium (M), 330-kDa Tg, Golgi
Tg (G), and intermolecular disulfide-linked adducts (A, B, and C) are indicated. The gels were intentionally overexposed in order to optimally
visualize the presence of bands A, B, and C under nonreducing conditions and their absence under reducing conditions. For densitometry, shorter
exposures were used. (B) Kinetics of band A, B, and C disappearance as well as Tg coimmunoprecipitation with CRT and CNX. The means of
three separate experiments have been plotted. max, maximum. (C) Kinetics of recovery for each of the various forms of Tg. The term “330 kDa”
refers to Tg recovered intracellularly at the 330-kDa position as indicated in panel A. The mean values from three separate experiments have been

plotted.

munoprecipitation [Fig. 1B]). When Tg was immunoprecipi-
tated immediately after a short pulse (30 s; data not shown), it
was already possible to isolate disulfide-linked Tg complexes,
indicating that adduct formation begins as an early event in Tg
folding. Not surprisingly, disulfide-linked Tg complexes were
completely endo H sensitive (Fig. 2A).

Importantly, despite being adducts, Tg species A, B, and C
were recovered within the broad sucrose gradient peak com-
prising Tg monomers and not at all recovered in the Tg dimer
fraction (Fig. 2B), thereby excluding the possibility that these
species represent improperly formed homotypic covalent com-
plexes (i.e., between Tg and other copies of itself).

Next, we asked if these disulfide-linked Tg adducts might be
normal Tg folding intermediates en route to secretion. Three
lines of reasoning support the conclusion that species A, B, and
C are unlikely to be “dead-end” products destined for ER-
associated degradation (ERAD). First, Tg A, B, and C band
intensities were maximal immediately after the pulse and de-
clined thereafter (Fig. 1A and B), whereas “dead-end” ER
folding byproducts are generally reported to accumulate after
a lag before their proteasomal degradation (6, 7). Indeed, both
short pulse-labeling studies and in vitro translation studies

(described below) suggest that formation of disulfide-linked Tg
adducts may occur even before nascent Tg molecules have
completed their translation/translocation into the ER, prior to
any commitment of the polypeptide to “on-pathway” or “off-
pathway” products. Second, quantitation of the abundance of
intermolecular disulfide-bonded Tg species showed that the
initially recovered amount was nearly 30% of total Tg, while
time-dependent disappearance of these species was not accom-
panied by any loss of total Tg (total being the sum of all species
shown in Fig. 1C), consistent with the interconversion of Tg
forms rather than ERAD.

Finally, we tested directly the disappearance of the species
A, B, and C in the presence of 10 uM MG132, an inhibitor of
the 26S proteasome. As a control, we confirmed that this dose
of MG132 quantitatively blocked TNF-induced proteasomal
degradation of IkB (8) in the same cells over a 4-h period (data
not shown). Although proteasome inhibition slowed the secre-
tory process for newly synthesized Tg from cells to medium,
the disappearance of Tg adducts was not blocked (Fig. 3, top;
kinetics shown at bottom right). Kifunensine, the ER manno-
sidase I inhibitor, is also exceptionally effective in blocking the
ERAD of misfolded Tg species (52); nevertheless, this too
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FIG. 2. Intermolecular disulfide-linked Tg adducts are endo H sen-
sitive and cosediment with monomeric Tg. (A) PC-CI3 cells were
labeled as outlined in Materials and Methods and chased for the
indicated times. Cell lysates were immunoprecipitated with anti-Tg
antibodies and digested or mock digested with endo H. (B) PC-CI3
cells were labeled as outlined in Materials and Methods and chased for
90 min. Cell lysates were subjected to sucrose gradient centrifugation,
and selected fractions from the dimer (DIM) and monomer (MON)
peaks were immunoprecipitated with anti-Tg antibodies and mock-
digested or digested with endo H. For both panels, immunoprecipi-
tates were resolved by SDS-PAGE under nonreducing (lanes 1 to 4)
and reducing (lanes 5 to 8) conditions. The positions of Golgi Tg
(G) and intermolecular disulfide-bonded Tg complexes (A, B, and C)
are indicated.

failed to prevent disappearance of Tg adducts (Fig. 3, top).
Although the data do not formally exclude the possibility of
ERAD for some subpopulation of disulfide-linked Tg com-
plexes, taken together, the results are consistent with the hy-
pothesis that species A, B, and C are disulfide-linked adducts
that involve endogenous newly synthesized Tg en route to
productive folding.

Higher-molecular-mass Tg complexes include noncovalent
chaperone associations as well as covalent, disulfide-linked
ERp57- and PDI-containing adducts. Because many ER resi-
dent proteins are long-lived, to begin to explore the protein
composition of higher-molecular-mass Tg complexes, we ra-
diolabeled thyrocytes with **S-amino acids for 48 h in the
hopes of identifying slowly labeled ER resident oxidoreducta-
ses that might form disulfide-linked adducts with newly syn-
thesized, immunoprecipitated Tg. After resolution by SDS-
PAGE and exposure to X-ray film, the region containing
disulfide-linked adducts A, B, and C was identified, excised,
and reanalyzed by SDS-PAGE under reducing conditions (Fig.
4A). As expected, labeled 330-kDa Tg was the major radioac-
tive component from these reanalyzed Tg immunoprecipitates.
At least three additional protein bands were also recovered in
the molecular mass region between 49.5 kDa and 80 kDa,
which might plausibly include PDI, ERp57, and ERp72, as well
as other ER resident proteins. To begin to identify some of the
specific components of the high-molecular-mass Tg complexes,
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we then performed a series of immunoprecipitation experi-
ments.

Under nondenaturing conditions, immunoprecipitations of
CRT and CNX are known to coimmunoprecipitate Tg (Fig.
1B; see also reference 14). When such immunoprecipitates
were analyzed by nonreducing SDS-PAGE, antibodies to CRT
and CNX coimmunoprecipitated disulfide-linked Tg adducts
A, B, and C (Fig. 4B, left). CRT coprecipitated more Tg than
did CNX and concomitantly coprecipitated more Tg adducts.
However, under denaturing conditions, anti-CRT and anti-
CNX antibodies could no longer coimmunoprecipitate Tg ad-
ducts (Fig. 4B, right), indicating that CRT and CNX were not
directly involved in mixed disulfides with Tg.

Cell lysates were then immunoprecipitated under nondena-
turing and denaturing conditions with anti-ERp57 and anti-
PDI. Both antibodies immunoprecipitated disulfide-linked Tg
adducts under nondenaturing conditions (Fig. 4C, left), as ex-
pected. Also, dramatically, under denaturing conditions, anti-
ERp57 and anti-PDI effectively coimmunoprecipitated newly
synthesized disulfide-linked Tg adducts (Fig. 4C, right), sug-
gesting that these oxidoreductases were directly covalently
bound to Tg. In particular, ERp57 appeared to be engaged
primarily with a slower subcomponent of the B species, while
PDI appeared to be engaged primarily with a faster subcom-
ponent (Fig. 4C). By contrast, only a negligible fraction of
330-kDa monomeric Tg was coimmunoprecipitated with anti-
ERp57 or anti-PDI antibodies even under nondenaturing con-
ditions, indicating that most of the recoverable Tg interactions
with these oxidoreductases employ mixed-disulfide bonds.

To directly demonstrate that disulfide-linked Tg adducts
contain ERp57 and PDI, we performed sequential immuno-
precipitation experiments. Tg immunoprecipitates were again
denatured before a second-round immunoprecipitation was
performed; anti-ERp57 still specifically recovered the major,
slower B subcomponent of Tg, while anti-PDI still specifically
recovered the minor, faster B subcomponent (Fig. 4D). Under
reducing conditions, the complexes dissociated and the Tg
contained in both ERp57- and PDI-containing adducts ran
with identical mobility (and increased intensity) at the 330-kDa
monomer position.

As PDI and ERp57 differ in molecular mass by only a few
kilodaltons, this alone would not be expected to be distinguish-
able by SDS-PAGE in the 400-kDa molecular mass region.
(Preliminary time course experiments established that our in-
cubation conditions gave complete PNGase F digestion.) We
considered that these distinct Tg adducts might reflect sequen-
tial complexes in the Tg folding pathway, with progression of
intramolecular Tg oxidation to the faster migrating subcompo-
nent. If sequential, then one might expect a significant time-
dependent shift of Tg from one chaperone-oxidoreductase
complex to another. However, when the relative recovery of
labeled Tg engaged in mixed disulfides with ERp57 and PDI
was compared by coimmunoprecipitation from pulse-labeled
thyrocytes at 10 min versus 60 min of chase, there was little
shift in the relative distribution of labeled Tg from one cova-
lent complex to the other (Fig. 5, left). This experiment was
then repeated in cells pretreated with the glucosidase inhibitor
CST, which blocks the lectin-like binding of CRT/CNX to
nascent Tg (14). Under these conditions, formation of Tg-
ERp57 adducts was abrogated, while recovery of Tg-PDI ad-
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FIG. 3. The A, B, and C species represent intermediates of the productive folding pathway of Tg. (Top) PC-CI3 cells were labeled as outlined
in Materials and Methods and chased for up to 4 h in the absence or presence (during labeling and chase) of 10 uM MG132 or 100 uM kifunensine
(KIF). Cell lysates (lanes 1 to 9) and culture media (lanes 10 to 18) were immunoprecipitated with anti-Tg antibodies. Immunoprecipitates were
resolved by nonreducing SDS-PAGE. The intermolecular disulfide-bonded Tg complexes (A, B, and C) are clearly visible at time zero but
subsequently disappear. (Bottom) Time course of the disappearance of the species A, B, and C in the absence or presence of 10 uM MG132. Each

value shown is the mean from three experiments.

ducts was not diminished (and actually appeared to increase)
(Fig. 5, right).

Since it has been estimated to require several minutes to
translate the entire Tg polypeptide (11), we sought evidence
that initial Tg interaction with ERp57 and PDI might occur
even before completion of nascent chain synthesis. We there-
fore exploited a truncated N-terminal Tg fragment encoding
the first, amino-terminal Asn-linked glycosylation site (at res-
idue 91 of the mature polypeptide) and including 15 Cys res-
idues as potential targets for the thiol-specific cross-linking
analysis previously used to identify the interaction of ERpS57
with newly synthesized glycoproteins (47). When mRNA was
omitted from the otherwise complete in vitro translation reac-
tion, no labeled peptides were detected (data not shown).
However, when the Tg fragment was synthesized as a ribo-
some-bound translocation intermediate in the presence of dog
pancreas microsomes, labeled truncated Tg chains in the ~25-
kDa range were produced and these appeared endo H sensi-
tive (Fig. 6A), confirming that the N-terminal region of the
truncated polypeptide had been translocated into the ER lu-
men and modified by N glycosylation. When the translocation
intermediates were treated with puromycin (forcing release
from ribosomes), association of the Tg fragment with ER lu-
minal chaperones could be stabilized by cross-linking, and un-
der normal conditions, discrete adducts with both ERp57 and
PDI could be observed after immunoprecipitation (Fig. 6B,
lanes 3 and 4). (Since truncated rat Tg is in the 20- to 30-kDa
range and ERp57 is ~57 kDa, a 1:1 cross-link stoichiometry
should produce adduct bands that run in the 80- to 90-kDa

range if molecular mass is taken as the only consideration.)
Anti-ERp57 selectively pulled down two cross-linked Tg ad-
ducts of about 130 kDa and 80 kDa, while anti-PDI pulled
down (more weakly) two cross-linked Tg adduct bands that
were faster in mobility than their ERp57-Tg counterparts.
When a similar analysis was carried out with CST present
during translation to prevent the trimming of glucose residues
from the N-glycan present on the Tg fragment, the association
between ERp57 and the truncated Tg could no longer be
detected. These data indicate that the cross-linking to ERp57
observed under control conditions reflects specific interactions.
Under conditions of CST treatment, both Tg translation effi-
ciency and association between PDI and truncated Tg were
unaffected (Fig. 6B). Taken together, these data suggest that
the N-terminal fragment of Tg has sufficient information to
recruit the ER oxidoreductases ERpS57 and PDI, with the as-
sociation of ERp57 being dependent upon the presence of a
correctly trimmed N-linked glycan.

CST decreases efficiency of Tg folding. Prevention of both
CNX/CRT interaction and ERp57 adduct formation for newly
synthesized Tg in cells pretreated with CST provides an op-
portunity to examine the significance of the contribution of
ERp57 oxidoreductase activity in Tg maturation and to review
earlier conclusions suggesting that ER glucosidase inhibition
has only very limited effects on Tg secretion (16). Under CST
pretreatment conditions (which shift nascent Tg folding com-
plexes away from ERp57 adducts but not away from PDI
adducts [Fig. 5]), the disappearance of Tg adducts appeared
delayed (Fig. 7, top; quantitated in line drawing, bottom). Tg
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mixed disulfides. (A) PC-CI3 cells were metabolically labeled continuously for 48 h. Immunoprecipitated Tg was analyzed by nonreducing
SDS-PAGE. The radioactive sample was exposed to film and realigned with the original sample, and the disulfide-linked Tg adducts A, B, and C
were excised, eluted, and reanalyzed by SDS-PAGE under reducing conditions. Associated bands liberated upon reduction of Tg adducts are
highlighted with arrowheads; the positions of molecular mass markers (in kiladaltons) are shown at right. (B) CRT and CNX associate
noncovalently with bands A, B, and C. PC-CI3 cells were labeled as outlined in Materials and Methods and chased for 15 min. Cell lysates were
immunoprecipitated (IPPT) under nondenaturing or denaturing conditions with nonimmune serum (NI) or anti-Tg, anti-CRT, or anti-CNX
antibody (Ab) and resolved by nonreducing SDS-PAGE. The positions of the 330-kDa Tg, intermolecular disulfide-linked Tg adducts (A, B, and
C), CRT, and CNX are indicated. (C) Immunoprecipitation of ERp57 and PDI recovers Tg adducts representing mainly the B species. PC-CI3
cells were labeled and chased as described for panel B. Cell lysates were immunoprecipitated under nondenaturing and denaturing conditions with
nonimmune serum or anti-Tg, anti-ERp57, anti-EsR (a negative control), or anti-PDI antibody and resolved by nonreducing SDS-PAGE. The
positions of the 330-kDa Tg, intermolecular disulfide-linked Tg adducts (A, B, and C), ERp57, and PDI are indicated. (D) Direct proof that ERp57
and PDI are engaged in mixed disulfides with Tg. PC-CI3 cells were labeled and chased as described for panel B. Cell lysates were first
immunoprecipitated with anti-Tg antibodies and then boiled in SDS and finally reimmunoprecipitated with nonimmune serum or anti-Tg,
anti-ERp57, anti-EsR (a negative control), or anti-PDI antibody and resolved by nonreducing and reducing SDS-PAGE. The positions of the
330-kDa Tg and intermolecular disulfide-linked Tg adducts (A, B, and C) are indicated. Retardation of a low-molecular-mass protein (near bottom
of the gel) is indicative of reduction of proteins in the gel.

tinct mobility of newly synthesized Tg after CST pretreatment
could reflect differences in either carbohydrate processing or

secretion was also decreased, and by SDS-PAGE the main
secreted Tg band migrated distinctly from normal (consistent

with persistence of terminal glucoses on N-glycans). In addi-
tion, there was a “streak” of Tg molecules which migrated
above the main Tg band and which was still apparent under
reducing conditions (Fig. 7; discussed further below). The dis-

folding, or both. Certainly, after CST pretreatment, carbohy-
drate processing was altered such that Tg never acquired endo
H resistance, regardless of folding, dimerization, or secretion
(Fig. 8A). However, to evaluate Tg disulfide maturation inde-
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FIG. 5. ERp57 operates early in the folding pathway of Tg and in
a CRT/CNX-dependent manner, while PDI action is more extended in
time and is not dependent on CRT/CNX. PC-CI3 cells were pretreated
or not with CST and then labeled as outlined in Materials and Meth-
ods and chased for 10 and 60 min in the presence or absence of CST.
Cell lysates were immunoprecipitated under nondenaturing conditions
with nonimmune serum (NI) or anti-Tg, anti-ERp57, anti-EsR (a neg-
ative control), or anti-PDI antibody (Ab) and resolved by nonreducing
SDS-PAGE. The positions of the 330-kDa Tg, intermolecular disul-
fide-bonded complexes (A, B, and C), ERp57, and PDI are indicated.

pendently of the consideration of differences in glycosylation,
samples were first treated with PNGase F. Importantly, degly-
cosylated Tg derived from CST-treated cells showed an abnor-
mally slow SDS-PAGE mobility selectively under nonreduced
(but not reduced) conditions (Fig. 8B). Together the data
suggest that concomitant with loss of formation of ERp57-
containing adducts is a folding defect of newly synthesized Tg,
including impairment/delay of adduct resolution and intra-
chain disulfide bond maturation (Fig. 7 and 8B), which is
essential to the dimerization that leads to Tg secretion (14).

Quality control of Tg in the ER of thyrocytes after CST
pretreatment. To further explore the secretory defect after
CST pretreatment, we examined Tg dimerization by sedimen-
tation velocity sucrose gradient centrifugation. We found that
efficiency of Tg dimerization was significantly diminished, as
reflected by an increased monomer:dimer ratio (Fig. 8C). Un-
der the expected conditions of normal ER quality control, an
increased load of undimerized Tg is predicted to be efficiently
retained within the ER and prevented from anterograde trans-
port until the impaired/delayed maturation of intrachain disul-
fide bonds has been rectified or the molecules degraded by
ERAD. Our observations partially fulfilled these predictions.

On one hand, quantitation of total labeled Tg at 120 and 180
min of chase indicated diminished recovery (30 and 40%, re-
spectively) in CST-pretreated cells (Fig. 8D), suggesting en-
hanced ERAD. As noted above, ERAD of misfolded Tg is
known to be inhibited by kifunensine, an inhibitor of ER man-
nosidase I (52) that processes ERAD substrates for retrotrans-
location in conjunction with EDEM family members (22, 35,
39, 44, 45, 53). The fact that kifunensine blocked the dimin-
ished recovery of labeled Tg (Fig. 8D) strongly suggests en-
hanced ERAD of labeled Tg in CST-pretreated cells.

On the other hand, after CST pretreatment, labeled Tg did
not appear to be efficiently retained within the ER, as a sig-
nificant fraction of secreted Tg was recovered as monomers
(Fig. 9A), suggesting a decrease in the quality control of Tg in
the ER. While it could be argued that these “secreted mono-
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FIG. 6. Translation of truncated Tg bearing only the first N-glyco-
sylation site, and association of the truncated protein with ERp57 and
PDI. A cDNA encoding a truncated rat Tg lacking a stop codon was
prepared as outlined in Materials and Methods. Using a coupled in
vitro transcription/translation system, the truncated protein was syn-
thesized in the presence of **S-amino acids and pancreatic micro-
somes. (A) The translation period was 25 min and was concluded
without the use of puromycin. The labeled products were analyzed by
SDS-PAGE after mock-digestion or digestion with endo H. (B) The in
vitro translation either omitted (control [Con]) or included (+Cst) 1
mM CST, and all translations were terminated by incubation with 2
mM puromycin to release nascent chains. The translation mix was
divided into four equal portions that were either precipitated with 10%
trichloroacetic acid (TCA) or immunoprecipitated with one of the
antibodies shown. Molecular mass markers (in kilodaltons) are shown
at sides of gels.

mers” are an artifact of dimer dissociation during sucrose gra-
dient centrifugation, this is probably not the case. Clearly,
deglycosylated Tg monomers recovered intracellularly from
CST-pretreated cells had incomplete disulfide oxidation (a
slightly slower mobility upon nonreducing SDS-PAGE) com-
pared to those from control cells (Fig. 9B, lane 16 versus lane
15). Although subtle, most of the secreted deglycosylated Tg
recovered as monomers from CST-pretreated cells (Fig. 9B,
lane 8) appeared to match the band mobility of intracellular
monomers from these cells (Fig. 9B, lane 16) more closely than
that from intracellular dimers within the same cells (Fig. 9B,
lane 12). In this case, the monomers recovered in the secretion
from CST-pretreated cells must be comprised at least in part of
Tg molecules secreted directly as free monomers rather than as
dimers. Because proper monomer folding and efficient Tg
dimerization normally occur within the ER before export (14,
26), the export of free monomers indicates diminished ER
quality control of Tg after CST pretreatment in addition to the
enhanced ERAD. None of these effects were mediated by any
detectable change in ER chaperone levels during at least the
first 2 h of these experiments (data not shown).
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FIG. 7. CST inhibits but does not block Tg secretion and adduct maturation. PC-CI3 cells were preincubated with 1 mM CST for 1 h and then
labeled and chased in the presence of CST. Cell lysates and culture media were immunoprecipitated with anti-Tg antibodies. (Top) Immuno-
precipitates were resolved by SDS-PAGE. The positions of Tg secreted to the medium (M), 330-kDa Tg, Golgi Tg (G), and intermolecular
disulfide-bonded Tg complexes (A, B, and C) are indicated. The gels were intentionally overexposed in order to improve the visualization of bands
A, B, and C under nonreducing conditions and to document their absence under reducing conditions. (Bottom) The disappearance of bands A,
B, and C (triangles, X’s, and filled squares, all overlapping) and 330-kDa Tg (circles) and the appearance of Tg in the medium (open squares) have
been quantitated from the means of three experiments under control and CST pretreatment conditions, as shown.

Acutely after CST pretreatment, newly synthesized Tg bind-
ing to BiP and GRP94 was dramatically increased (Fig. 9C), a
feature reminiscent of the shift of Tg chaperone preference
from CRT/CNX/ERp57 to BiP and GRPY4 that occurs after
thapsigargin treatment (14). Indeed, after thapsigargin, an
even stronger ER perturbant than CST, there is a very poor
ability of thyrocytes to advance disulfide-linked Tg adducts
through the folding pathway (Fig. 9D) and the unfolded pro-
tein response (UPR) is strongly activated (14, 33). Under such
conditions, increased engagement of BiP with Tg (14, 30) or
other proteins in the ER is typically associated with UPR
activation (20), which transcriptionally and translationally up-

regulates ER chaperone levels. To examine UPR activation in
thyrocytes, we monitored steady-state protein levels of BiP,
GRPY4, and CRT, three ER chaperones known to be upregu-
lated by ER stress (30). Indeed, by Western blotting, all three
chaperones were induced at 1 day after CST treatment and
remained elevated thereafter (Fig. 10). The levels of CNX,
which is not disproportionately upregulated in response to Tg
misfolding in thyrocytes (30), served as a useful loading control
in these experiments (Fig. 10). This is not to suggest that, after
CST treatment, only BiP/GRP94/PDI becomes engaged with
Tg while the lectin-like chaperones remain idle. Indeed, when
PC-CI13 thyrocytes were treated with CST postpulse rather than
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FIG. 8. CST inhibits efficient folding of Tg. (A) CST effect on oligosaccharide processing. PC-CI3 cells were pretreated with CST, labeled,
chased, and analyzed by sucrose gradient centrifugation exactly as described for Fig. 2B. Tg secreted to the media was also collected. All samples
were immunoprecipitated for Tg and either mock-digested (—) or digested (+) with endo H. The samples were finally resolved by SDS-PAGE under
reducing conditions. mon, monomer; dim, dimer. (B) CST inhibits oxidative folding. PC-CI3 cells, pretreated (+) or not (—) with CST, were labeled as
outlined in Materials and Methods and chased for 90 min. Cell lysates and culture media were immunoprecipitated with anti-Tg antibodies and mock
digested (—) or digested (+) with PNGase F. Immunoprecipitates were analyzed by nonreducing and reducing SDS-PAGE as indicated and were run
for an extra period of time for improved resolution. (C) CST inhibits dimerization. PC-CI3 cells, pretreated or not with CST, were labeled as outlined
in Materials and Methods and chased for 120 min. Equal fractions of cell lysates and medium were mixed to obtain total Tg for analysis by sucrose
gradient centrifugation. The gradient fractions were immunoprecipitated with anti-Tg antibodies. The bottom panel provides arbitrary densitometry units
for quantitation of the relative abundance of dimers versus monomers shown above. Squares, CST pretreatment; diamonds, control. (D) CST activates
ERAD. PC-CI3 cells pretreated for 1 h with no drugs (control), 1 mM CST, 100 uM kifunensine (kif), or 1 mM CST plus 100 pM kifunensine (cst +
kif), were pulse-labeled and chased for the times indicated in the presence of these drugs. Newly synthesized Tg was recovered from cell lysates and
culture media by immunoprecipitation and reducing SDS-PAGE, followed by quantitative densitometry of autoradiographs. Total Tg recovery (the sum
of intracellular and secreted Tg) was quantified at each chase time, normalized to that recovered at the 15-min chase time.

before pulse-labeling (postpulse treatment causes prolonga-
tion of the monoglucosylated state of N-glycans on recently
synthesized Tg), lectin-like chaperones in the ER became
“locked on” to recently synthesized Tg, while BiP binding was
essentially nil, and secretion of these molecules was blocked
(Fig. 11). Nevertheless, as BiP interaction with misfolded ER
lumenal proteins has been reported to be the proximal event
specifically linked to the activation of UPR (5, 50), we are
forced to conclude that misfolding of newly synthesized rather
than previously synthesized Tg molecules in the ER was the
primary initiator of UPR activation in these experiments.

DISCUSSION

Although there have been numerous descriptions of mixed
disulfides between exportable proteins and ER resident pro-

teins, until now, few if any of them (10, 34) satisfy the challenge
put forth by Freedman to isolate mixed disulfides between
endogenous oxidoreductases and endogenous unfolded secre-
tory-protein substrates (17). In this study, we have provided the
first description of ERp57-Tg and PDI-Tg conjugates. Tg is a
very favorable substrate for such a study, as it is a highly
expressed endogenous secretory protein that requires 60 to 90
min to complete formation of its 60 disulfide bonds (14). Tg
strongly interacts with the lectin-like chaperones (14), espe-
cially CRT (Fig. 4B), that in turn facilitate association with the
ERp57 oxidoreductase. Overall, dissociation of newly synthe-
sized Tg from BiP and GRP94 occurs with kinetics that overlap
with the dissociation of Tg from CRT/CNX (14, 26, 27, 31, 43).
However, Tg is a protein with multiple repeat domains, and
there is evidence to suggest that these modules form indepen-
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FIG. 9. CST compromises quality control, causing increased secretion of Tg monomers. (A) CST causes secretion of Tg monomers. PC-CI3
cells, pretreated or not with CST, were labeled as outlined in Materials and Methods and chased for 120 min. Chase media were analyzed by
sucrose sedimentation velocity centrifugation, and the gradients were collected beginning from the bottom of the tube. Each gradient fraction was
immunoprecipitated with anti-Tg antibodies. The Tg dimer peak is to the left (lower fraction numbers), and the monomer peak is to the right
(higher fraction numbers). (B) Tg monomers secreted following CST pretreatment are at least partially misfolded. PC-CI3 cells, pretreated (+)
or not (—) with CST, were labeled as outlined in Materials and Methods and chased for 90 min. Dimers and monomers from cell lysates and culture
media were separated by sucrose velocity gradient centrifugation. Selected fractions from dimer and monomer peaks were immunoprecipitated
with anti-Tg antibodies and mock digested (—) or digested (+) with PNGase F. Immunoprecipitates were analyzed by nonreducing SDS-PAGE
run for an extra period of time for improved resolution. Brackets highlight a subtle distinction in the mobilities of partially oxidized Tg monomers
and better-oxidized intracellular Tg dimers. (C) CST causes a dramatic increase of Tg binding to BiP and GRP94. PC-CI3 cells, pretreated or not
with CST, were labeled as outlined in Materials and Methods and chased for various times. Intact cells were cross-linked with DSP as outlined in
Materials and Methods and lysed. Cell lysates were subjected to immunoprecipitation with anti-BiP and anti-GRP94 antibodies. Immunoprecipi-
tates were resolved by reducing SDS-PAGE. The positions of Tg, BiP, and GRP94 are indicated. (D) Delayed maturation of disulfide-linked Tg
adducts in cells treated with thapsigargin. PC-CI3 cells were labeled as outlined in Materials and Methods and chased for the times indicated. Newly
synthesized Tg was recovered by immunoprecipitation and SDS-PAGE under nonreducing conditions. The positions of the 330-kDa Tg and
intermolecular disulfide-bonded complexes (A, B, and C) are indicated. The gels were intentionally overexposed for optimal detection of
disulfide-linked Tg adducts.

dently folded units (14, 48). We presume that some of these
domains prefer initial interaction with CRT/CNX, based on
the fact that at least 6 of 16 cysteine-rich repeat modules
contain N-linked glycosylation sites with experimentally
proven N-glycans directly within the repeat (49), while other
sites are more likely to favor BiP. Presumably, the formation of
intradomain disulfide bonds is then catalyzed near CRT/CNX-
bound sites by the ERp57 oxidoreductase and near BiP-bound
sites by PDI. We do not yet know if the importance of these
oxidoreductase activities is completely exclusive to initial mod-
ular intradomain folding or if subsequent three-dimensional
interdomain packing of the monomeric polypeptide may also
require the catalyzed formation of a few critical intrachain
disulfide bridges.

By nonreducing SDS-PAGE, we found at least three high-

molecular-mass bands that appear to represent disulfide-
linked adducts of newly synthesized Tg (Fig. 1). None of the
adducts reach the Golgi complex (Fig. 2), all of the adducts
employ monomeric Tg, and all of the adducts are split into
component parts under reducing conditions, showing that they
are comprised directly of mixed disulfides between Tg and
other proteins in the 50- to 80-kDa range (Fig. 4A). In this
report, we have established that immunoprecipitation of
ERp57 plus PDI can quantitatively precipitate Tg adduct “B,”
which appears to be comprised of two subcomponents (Fig.
4C). We have shown that this is not a coimmunoprecipitation
but represents direct immunoprecipitation of covalently linked
Tg-ERpS57 and Tg-PDI adducts (Fig. 4D). Moreover, because
ERp57 binding is already evident upon translation of only the
amino-terminal portion of the Tg molecule (Fig. 6), this asso-
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FIG. 10. CST treatment causes the upregulation of ER chaperone
levels indicative of UPR activation. FRTL-5 cells growing in complete
media were treated with 1 mM CST for the number of days indicated.
Cells were lysed, and 25 g of each lysate was analyzed by SDS-PAGE
and Western blotting with each of the antibodies shown. The positions
of selected molecular mass markers are indicated (in kilodaltons).
CRT migrated as an ~58-kDa band. This experiment was repeated

four times, revealing an approximately threefold increase in GRPY4,
BiP, and CRT after both 1 and 2 days of treatment.

ciation begins even before the full Tg polypeptide becomes
available for folding in the ER lumen. Indeed, the adducts are
most abundant at the earliest chase times, their mass is con-
verted in a “precursor-product” relationship to monomeric Tg,
and their disappearance is not prevented by inhibition of
ERAD with either proteasome inhibitor or kifunensine (Fig.
3). Thus, although the data do not formally exclude the possi-
bility of ERAD for some subpopulation of disulfide-linked Tg
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FIG. 11. Prevention of escape from the CRT/CNX cycle is also
deleterious for labeled Tg progression through the secretory pathway.
PC-CI3 cells were not pretreated but labeled as outlined in Materials
and Methods and then mock incubated (—) or incubated (+) in the
presence of CST only during the chase periods shown. Cell lysates and
culture media were immunoprecipitated with anti-CNX, anti-BiP, and
anti-Tg antibodies (Ab) and resolved by nonreducing SDS-PAGE.
Note that CST treatment postpulse caused intracellular Tg retention in
association with CNX.
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complexes, the data are consistent with the possibility that
these adducts are “on pathway” in Tg folding.

Observed association of the CRT/CNX/ERpS57 system, with
the first N-linked glycosylation site at position 110 (that is
conserved between species), is not necessarily consistent in
detail with the hypothesis that preferential interaction with this
system requires that the lectin-binding site appear within the
first ~50 amino-terminal residues during growth of the nascent
chain (41). Nevertheless, we are quite certain that the pre-
ferred ERp57 interaction is dependent upon the lectin-like
activity of CRT/CNX, because the interaction is lost if the
microsomes are pretreated with CST (Fig. 6). We note that
ERp57 forms at least two distinct adduct bands with truncated
Tg in vitro, while primarily only one adduct band is detected by
immunoprecipitation from cells in vivo. More work is needed
to identify which cysteine residues of Tg are attacked by
ERp57, whether other ER oxidoreductases may covalently in-
teract with the nascent Tg polypeptide, and whether the stoi-
chiometry of oxidoreductases with the full-length Tg protein is
always 1:1.

We could not obtain evidence for Tg progressing from one
chaperone-oxidoreductase complex to another, although we
prefer to not yet draw any firm conclusion from this observa-
tion. What is abundantly clear from the present results is that
prevention of newly synthesized Tg association with the CRT/
CNX/ERp57 system has several dramatic consequences. First,
there was impairment/delay in oxidative folding of Tg mono-
mers (Fig. 8B). Second, there was impairment/delay of Tg
dimerization (Fig. 8C). Third, there was an increased fraction
of newly synthesized Tg molecules subjected to ERAD (Fig.
8D). Consequently, there was diminished secretion of newly
synthesized Tg (Fig. 7).

We were initially surprised that the extent of the diminution
of secretion was less than one might expect (16), given the fact
that BiP/PDI was relocated onto newly synthesized Tg (Fig. 5
and 9C) and other proteins to a level sufficient to activate the
unfolded protein response (Fig. 10). At least a part of the
explanation for the preservation of labeled Tg secretion under
these circumstances is a loss of quality control such that Tg
monomers were no longer efficiently retained within the ER
(Fig. 9A). Many of these secreted monomers still had not
completed the disulfide maturation process (Fig. 9B), and
some of them had then undergone abnormal Golgi-based post-
translational modifications consistent with surfaces of the Tg
molecule being abnormally exposed to Golgi processing en-
zymes. These data point to the notion that CRT/CNX are
important ER retention factors for improperly folded Tg con-
formers. In support of this view, when CST was added postpulse
rather than in pretreatment, the CRT/CNX system was actively
engaged and Tg was fully retained within the cells (Fig. 11).

Altogether, the data in this report lead us to suggest that the
normal Tg folding pathway proceeds with the aid of at least
two ER oxidoreductases, ERp57 (engaged with the CRT/CNX
system) and PDI (likely to be engaged with the BiP system),
forming direct mixed-disulfide adducts with newly synthesized
Tg. We have no way of selectively disrupting Tg-PDI associa-
tion in thyrocytes; however, when initial Tg-ERp57 association
is prevented, multiple defects appear in the Tg secretory path-
way, indicating that PDI cannot efficiently compensate for the
absence of ERp57 function. Plausibly, such inability of PDI to
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efficiently substitute for ERp57 could be explained if these
chaperone-oxidoreductase complexes were located in physi-
cally distinct subregions of the ER (18, 24). However, such a
concept will be difficult to reconcile if it can be proven that the
same Tg monomers are simultaneously engaged with both
chaperone-oxidoreductase systems and do not progress from
one oxidoreductase complex to another (Fig. 5).
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