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Abstract. Before secretion, newly synthesized
thyroglobulin (Tg) folds via a series of intermediates:
disulfide-linked aggregates and unfolded monomers =~
folded monomers —> dimers. Immediately after syn-
thesis, very little Tg associated with calnexin (a
membrane-bound molecular chaperone in the ER),
while a larger fraction bound BiP (a lumenal ER
chaperone); dissociation from these chaperones
showed superficially similar kinetics. Calnexin might
bind selectively to carbohydrates within glycoproteins,
or to hydrophobic surfaces of secretory proteins while
they form proper disulfide bonds (Wada, I., W.-J. Ou,
M.-C. Liu, and G. Scheele. J. Biol. Chem. 1994,
269:7464-7472). Because Tg has multiple disulfides,
as well as glycans, we tested a brief exposure of live
thyrocytes to dithiothreitol, which resulted in quantita-
tive aggregation of nascent Tg, as analyzed by SDS-

PAGE of cells lysed without further reduction. Cells
lysed in the presence of dithiothreitol under non-
denaturing conditions caused Tg aggregates to run as
reduced monomers. For cells lysed either way, after in
vivo reduction, Tg coprecipitated with calnexin. After
washout of dithiothreitol, nascent Tg aggregates dis-
solved intracellularly and were secreted ultimately. 1 h
after washout, > 92% of labeled Tg was found to dis-
sociate from calnexin, while the fraction of labeled Tg
bound to BiP rose from 0 to ~40%, demonstrating a
“precursor-product” relationship. Whereas intralumenal
reduction was essential for efficient Tg coprecipitation
with calnexin, Tg glycosylation was not required.
These data are among the first to demonstrate sequen-
tial chaperone function involved in conformational
maturation of nascent secretory proteins within

the ER.

gested to play important roles in the quality control of

exportable protein biosynthesis, translocation, folding,
and degradation (de Silva et al., 1990; Gething and Sam-
brook, 1992; Nicchitta and Blobel, 1993; Urade et al.,
1993). With few exceptions (Flynn et al., 1991; Blond-
Elguindi et al., 1993), molecular details about the peptide-
binding specificity of individual chaperones are sparse.
Nevertheless, there is a general consensus that a primary
function of molecular chaperones is to enhance the rate
and/or the efficiency of protein folding (Rothman, 1989).
Such a conclusion is consistent with the one feature shared
by all chaperones, namely, their enhanced recognition of un-
folded proteins over those in the native state (Ellis et
al., 1989).

At each cellular location in which protein folding takes
place, chaperones can be found in groups, presumably work-
ing together (Hendrick and Hartl, 1993). In higher eukary-
otes, particular attention has been paid to chaperones in the

IN recent years, molecular chaperones have been sug-
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ER, not only because the ER is a specialized folding com-
partment for newly made exportable proteins (Helenius et
al., 1992), but because of the high concentrations of chaper-
ones that must work within this uniquely oxidizing environ-
ment (Freedman, 1989; Braakman et al., 1992a; Hwang et
al., 1992). Since nascent secretory polypeptides are by defini-
tion structurally immature, it seems possible that exposure
of these highly unfolded “substrates” might allow multiple
groups of chaperones to bind at once. In theory, such con-
comitant interactions might be one way to account for
chaperone cooperativity.

However, the possibility of distinct binding sites for differ-
ent chaperones on nascent polypeptides leaves unclear
whether in most proteins, such sites are sufficiently spatially
segregated to allow these concomitant interactions. Indeed,
depending on the particular substrate polypeptide, the rela-
tive abundance of different chaperones, and binding affinities
for their respective sites, one may even conceive of a situa-
tion in which the interaction of certain chaperones might
compete for the binding of other helper proteins, hindering
the overall folding process. Specifically in CHO cells
manufacturing von Willebrand factor, the selective overex-
pression of BiP, an ER lumenal chaperone, enhances and
protracts BiP association with newly synthesized von Wille-
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brand factor and interferes with its secretion, presumably as
a consequence of retarded protein folding (Dorner et al.,
1992). Indeed, differences in the balance of chaperone ac-
tivities may be an important factor contributing to the fold-
ing environments in the ER of different cells, which vary in
their ability to fold the same polypeptide (Braakman et al.,
1991). One mechanism to minimize unregulated competition
and enhance efficiency of chaperone function includes their
sequential action, such as the ordered binding of certain bac-
terial proteins to DnaK, Dnal, and GroEL/GroES (Langer
etal., 1992). However, to our knowledge, reports of sequen-
tial chaperone function in the ER are limited to only few re-
cent studies (Melnick et al., 1994).

We have been studying the conformational maturation of
nascent thyroglobulin (Tg)' in thyroid epithelial cells. After
its synthesis, this secretory glycoprotein progresses through
a series of discrete folding intermediates that ultimately
achieve a dimeric state (Kim and Arvan, 1991) with an over-
all ¢, of 25-55 min (Kim and Arvan, 1993). Either in cul-
ture, or physiologically within thyroid follicles, roughly half
of nascent Tg can initially be detected as disulfide-linked pro-
tein aggregates (Kim et al., 1993). The fact that the Tg mono-
mer approaches 3,000 amino acids in length and the observa-
tion of large Tg-containing complexes (M, = 2,000,000)
certainly leaves open the possibility of simultaneous binding
of multiple different chaperones. We recently reported that
BiP is one chaperone that can bind both disulfide-linked ag-
gregates and unfolded monomers of nascent Tg. However, at
a moment in time in the steady state, on average, nearly 10
BiP molecules bind to each nascent Tg (Kim et al., 1992),
and it is not obvious that this accumulated mass of BiP (to-
tally 780,000 for each ~300,000 worth of Tg monomer) al-
lows much room for binding of other chaperones. Neverthe-
Iess, the degree of BiP binding declines progressively during
the folding of individual Tg molecules (Kim et al., 1992;
Kim and Arvan, 1993); thus, it seems likely that the access
and binding of other helper proteins to Tg may also change
as a function of time. Consequently, it was of interest to ex-
amine the binding of calnexin, an integral membrane protein
in the ER (Wada et al., 1991; David et al., 1993), which also
functions as a chaperone for secretory proteins (Ou et al.,
1993; Le et al., 1994), including those undergoing disulfide
maturation (Wada et al., 1994). Using dithiothreitol to slow
aggregate dissolution in vivo, we find that calnexin and BiP
act as sequential molecular chaperones in the Tg folding
pathway. (These findings were originally published in ab-
stract form [Kim, P. S., and P. Arvan. 1993. Mol. Biol. Cell.
4:934].)

Materials and Methods

Cell Culture

Porcine thyrocytes were isolated and seeded as previously described (Kim
and Arvan, 1991) and then cultured in control medium (DME) or that con-
taining hormones that stimulate Tg production (Kim and Arvan, 1993). Bo-
vine thyroid-stimulating hormone (I mU/ml), bovine insulin (1 pg/ml),
hydrocortisone (1 nM), and human transferrin (5 ug/ml), when used, were
obtained from Sigma Immunochemicals (St. Louis, MO). Experiments
were carried out on day 7.

1. Abbreviations used in this paper: BFA, brefeldin A; IAA, iodoacetamide;
Tg, thyroglobulin; VSV, vesicular stomatitis virus.
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Cell Labeling and Lysis

For pulse-chase analysis, confluent monolayers were labeled with a mixture
of [**SImet and [*S]cys (Expre**s?S, New England Nuclear, Boston,
MA). In Figs. 7, 8, and 11 a, DTT was included in the labeling mixture.
Otherwise (with the exception of Fig. 1), the labeled cells were washed three
times in the presence of excess unlabeled methionine/cysteine, and were
then exposed to PBS containing DTT for 10 min at 37°C. The cells were
then washed three times to remove the DTT, and the chase was continued
in control medium. Where indicated in some experiments, prolonged incu-
bation was performed to collect chase media that contained secreted Tg. At
the end of each chase, cells were quickly chilled to 4°C and treated with
50 mM iodoacetamide (IAA) in PBS for 10 min to alkylate intracellular
sulfhydryls (Braakman et al., 1991).

Before lysis, the cells were washed three times in cold PBS, and then
lysed in 0.5 ml of buffer containing 0.1 M NaCl, 25 mM Tris, pH 7.5, 10
mMIAA, 1% Triton X-100, 5 mM EDTA, and a cocktail of protease inhibi-
tors as previously described (Kim et al., 1992). In our experiments, we ob-
served little difference in the ability to coprecipitate Tg with anticalnexin,
regardless whether EDTA, calcium, or neither were added to the lysis
buffer. (When applied at 0-4°C, as in this report, the inclusion of EDTA
does not interfere with the association of unfolded peptides with calnexin
[Leetal., 1994].) In certain experiments, in preparation for calnexin immu-
noprecipitation, the cell lysis buffer omitted IAA and instead included DTT
at either 1 mM in Fig. 8 (Wada et al., 1994) or 2.5 mM (see Figs. 4 and
9 b). When samples were to be used for immunoprecipitation of BiP, cells
were alkylated in situ and neither IAA nor DTT were subsequently used,
while 20 U/ml apyrase was included in the lysis buffer (to enzymatically
deplete ATP). After exposure to apyrase for 60 min, 10 mM IAA was
added.

For steady-state analysis, thyrocytes were continuously labeled at con-
stant 33S-specific radioactivity in normal growth media. The cells were fed
as usual with these media over the course of 6 d. After this time, the cells
were treated with DTT in vivo and then lysed as described above. Tunicamy-
cin (Sigma) was used at a final concentration of 20 ug/ml for the last 3 h
of the steady-state labeling period, or at a final concentration of 1 ug/m!
for the last 18 h (Kim et al., 1992). Castanospermine (Boehringer Mann-
heim Biochemicals, i lis, IN) was used at the maximum soluble
dose (1.32 mM). Brefeldin A (BFA) (Sigma) was used at 10 ug/ml.

Antibodies and Immunoprecipitations

Antisera to denatured Tg (Arvan and Lee, 1991) and a monoclonal antibody
to BiP (Bole et al., 1986) were previously described. A polyclonal rabbit
antiserum against a synthetic peptide corresponding to amino acids 487-505
of canine calnexin was the generous gift of Dr. J. Bergeron (McGill Univer-
sity, Montreal, Canada). Samples were precleared in the presence of preim-
mune sera and protein A- or protein G-Sepharose beads or Zysorbin
(Zymed Laboratories, South San Francisco, CA). The samples were then
immunoprecipitated for 2 h at 4°C.

Gel Electrophoresis and Quantitation

Reducing and nonreducing SDS-PAGE, phosphorimaging, and band quanti-
tations were carried out as previously described (Kim et al., 1992).

Results

Binding of Nascent Tg to Calnexin in the ER
of Control Thyrocytes

When pulse-labeled thyrocytes are lysed in the absence of
reducing agent, the nascent secretory protein Tg can be de-
tected as disulfide-linked aggregates, which after several
minutes of chase, progress to unfolded monomers (Kim et
al., 1992). However, after a 5-min pulse labeling without
chase, no more than about half of newly synthesized Ty is
generally found in these aggregates (Kim and Arvan, 1991).
These data suggest kinetic heterogeneity, such that substan-
tial early folding and binding to molecular chaperones (in-
cluding that occurring during the period of Tg translation-
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translocation) may have already concluded at the O chase
time.

We used a pulse-chase protocol to examine whether any
newly synthesized Tg associated with calnexin. Immunopre-
cipitation with an antibody directed against a synthetic pep-
tide from the sequence of canine calnexin recovered mostly
previously synthesized calnexin (since no radioactive cal-
nexin band was detected), although labeled thyroglobulin
was specifically coprecipitated (Fig. 1). However, recovery
of nascent Tg at the O chase time was €10% of that synthe-
sized (as compared with direct immunoprecipitation of Tg);
moreover, coprecipitation of labeled Tg fell to <2% within
10 min after synthesis (Fig. 1). Although technically and the-
oretically demonstrable chase kinetics representing dissoci-
ation from calnexin (i.e., including time points not earlier
than O chase) bear superficial resemblance to dissociation ki-
netics for newly synthesized Tg from BiP (Kim et al., 1992),
the low and rapidly declining binding to calnexin suggested
that unlike BiP, most nascent Tg dissociated from calnexin
cotranslationally.

To confirm adequate immunoreactivity of antibodies pre-
pared against the canine calnexin synthetic peptide to por-
cine calnexin, we examined similar immunoprecipitates af-
ter labeling thyrocytes to steady state (see Materials and
Methods). In this case, labeled calnexin was specifically re-
covered (Fig. 2, last three lanes) in comparison to the same
cells immunoprecipitated for Tg (Fig. 2, first lane). In ag-
reement with results from pulse-chase studies (Fig. 1), co-
precipitation of labeled Tg with calnexin was nearly 0 in con-
trol samples (Fig. 2, second lane), indicating that relatively
little labeled Tg is associated with calnexin at a moment in
time in the steady state.

Effect of DTT Exposure on Nascent

Thyroglobulin Aggregation

When added immediately postpulse, a brief exposure of live
cells to DTT (a membrane-permeant reducing agent) can ac-
tually unfold newly synthesized proteins in the ER (Braak-
man et al., 1992q, b; Lodish et al., 1992; Kaji and Lodish,
1993; Lodish and Kong, 1993; Tatu et al., 1993). If thyro-
cytes treated with DTT in vivo are then lysed in the absence

ik
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Figure 1. Binding of nascent Tg to calnexin in control thyrocytes.
Confluent thyrocytes were pulse labeled for 5 min and chased in
complete medium for the chase times indicated. The cells were
alkylated in situ, lysed in a buffer containing 10 mM IAA, and im-
munoprecipitated with an antibody to calnexin. Tg recovered upon
calnexin immunoprecipitation was analyzed by reducing SDS-
PAGE; the fraction of coprecipitated Tg was calculated by compari-
son to an aliquot of the same lysates immunoprecipitated directly
for Tg, shown at bottom. No radiolabeled calnexin was recovered
in this experiment (not shown).
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Figure 2. Binding of Tg to calnexin in steady-state labeled thyro-
cytes. Confluent thyroid epithelial monolayers were labeled con-
tinuously for 6 d. Before lysis, the live cells were either not treated
or treated with DTT for 10 min at the doses indicated. The cells
were then alkylated in situ, lysed as described in Materials and
Methods, and immunoprecipitated with an antibody to calnexin.
Coimmunoprecipitations were analyzed by reducing SDS-PAGE
using an acrylamide gradient, followed by phosphorimaging. A
control immunoprecipitation demonstrates the mobility of Tg (lane
1). The mobility of calnexin is indicated; the highly radiolabeled
band recovered at the bottom of these gels has not been identified.

Tg calnexin

of additional reducing agent, newly synthesized Tg is recov-
ered quantitatively as disulfide-linked aggregates, as mea-
sured by the complete absence of a labeled band in the Tg
position upon nonreducing SDS-PAGE (Kim et al., 1993).
Moreover, even after DTT removal, there was substantial
prolongation of the chase time needed to convert disulfide-
linked Tg aggregates into monomers (Fig. 3). However,
when additional DTT was included in the nondenaturing cell
lysis buffer, interchain disulfide linkages were broken and Tg
aggregates ran as reduced monomers (Fig. 4, described fur-
ther below).

‘While some variability in the rate of aggregate dissolution
occurred between different preparations of primary thyro-
cytes, the most important factors in these kinetics were the
dose and duration of DTT exposure. (The use of DTT solu-
tions that were not freshly prepared immediately before use
[as in Kim and Arvan, 1993] led to a significant loss of DTT
potency.) Consequent to a delay in aggregate dissolution
(Fig. 3), a DTT dose-dependent delay in labeled Tg export
was observed. Nevertheless, a majority of the labeled Tg was
secreted by 6 h of chase, even after brief exposure to 25 mM
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Figure 3. Transient postpulse exposure of live thyrocytes to DTT
causes quantitative aggregation of nascent Tg with prolonged aggre-
gate dissolution. Confluent thyroid monolayers were pulse labeled
for 15 min, exposed to 25 mM DTT for 10 min, and then washed
and chased in complete medium lacking the reducing agent. At the
chase times shown, thyrocytes were alkylated in situ, lysed as de-
scribed in Materials and Methods, and analyzed by nonreducing
SDS-PAGE. The asterisk indicates disulfide-linked Tg aggregates
that are unable to penetrate into the resolving gel, as well as the
delayed appearance of Tg monomers.

DTT (Fig. 5, see below). Thus, consistent with previous
reports, effects of DTT exposure on thyrocytes were re-
versible.

Effect of DTT on the Binding of T¢ to Calnexin
inthe ER

Using DTT exposure of live thyrocytes to prolong disulfide-
linked aggregation of Tg, we reexamined Tg association with
calnexin in the ER. In steady-state labeled thyrocytes, ex-
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Figure 4. Interchain disulfide bonds formed upon in vivo DTT ex-
posure are broken after further exposure to DTT during non-
denaturing cell lysis. Confluent thyrocytes were pulse labeled and
treated with DTT as in Fig. 3. Immediately after pulse, cells were
lysed after alkylation as in Fig. 3 (lane 1), or lysed for 1 h in the
presence of 2.5 mM DTT before subsequent alkylation with 20 mM
IAA (lane 2); these samples were analyzed by SDS-PAGE without
reducing agent. The asterisk indicates disulfide-linked Tg ag-
gregates that vanish upon appearance of reduced Tg monomers.
Lane 3 shows Tg recovered upon immunoprecipitation of calnexin
from the cells lysed in the presence of DTT.
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posure to 10 mM DTT had no effect on the amount of im-
munoprecipitated calnexin, yet a significant increase in
coprecipitated Tg was observed (Fig. 2, third lane); exposure
to 25 mM DTT further increased the fraction of coprecipi-
tated Tg to 25-40% of that recovered by direct Tg immuno-
precipitation (Fig. 2, last lane). After DTT exposure, Tg
coprecipitation with calnexin was specific, since it was not
recovered in immunoprecipitates using control antibodies
(not shown). After steady-state labeling, immunoprecipita-
tion with anti-Tg recovers forms that are both sensitive and
resistant to digestion with endoglycosidase H (ER and
Golgi/post-Golgi, respectively) in a ~50/50 ratio (Arvan
and Lee, 1991). Since roughly half of Tg is in the ER at a
moment in time in the steady state and 25-40% of total cel-
lular Tg is bound to the ER chaperone calnexin, the data in-
dicate that DTT treatment causes a large fraction of Tg in the
ER to associate with calnexin; furthermore, these data (Figs.
2 and 3) imply that calnexin recognizes disulfide-linked Tg
aggregates as a predominant folding intermediate. However,
while exposure to DTT in vivo was essential for the in-
creased coprecipitation of Tg with calnexin (Fig. 2), inter-
chain disulfide cross-linkages were not required because in-
clusion of DTT in the cell lysis buffer (Wada et al., 1994),
which breaks interchain disulfide bonds, also yielded ef-
ficient coprecipitation of nascent secretory protein (Fig. 4).

Sequential Chaperoning of Nascent Tg by Calnexin
and BiP in the ER

Since the effect of DTT on Tg aggregation is reversible, we
surmised that nascent Tg and calnexin must disengage during
the folding that follows DTT washout. We therefore com-
pared the association of nascent Tg with calnexin and BiP
during this recovery period. In pulse-labeled thyrocytes,
binding of nascent Tg to calnexin started at its highest level
and fell progressively during the chase (Fig. 6). By contrast,
binding of newly synthesized Tg to BiP actually rose sub-
stantially after DTT washout (Fig. 6) and then declined sub-
sequently. In later hours of chase, binding to both chaper-

s % @ Medium
;f 25 ] %
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Figure 5. Aggregation of nascent Tg induced by DTT treatment of
live thyrocytes is reversible. Thyrocyte monolayers were pulse la-
beled for 15 min, exposed to DTT for 10 min at the doses shown,
and then washed and chased in complete medium for 6 h. At this
time, thyrocytes were lysed, and the fraction of total labeled Tg re-
maining intracellularly (dark bars) or secreted into the medium
(hatched bars) was quantitated by reducing SDS-PAGE and phos-
phorimaging.
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Figure 6. After DTT washout, nascent Tg exhibits different kinetics
of association with calnexin and BiP. Thyrocyte monolayers were
pulse labeled, treated with DTT, and chased as in Fig. 3. The cells
were then alkylated in situ, lysed without apyrase treatment, and
immunoprecipitated at each chase time with antibodies to calnexin
and BiP. The immunoprecipitates were analyzed by reducing SDS-
PAGE followed by phosphorimaging. The fraction of coprecipitated
Tg was calculated by comparison to an aliquot of the same lysates
immunoprecipitated directly for Tg. On average, the data points
from two independent experiments varied by ~20% of the mean
values shown (i.e., 20% of 30% = 6%).

ones reached comparably low levels (not shown), and a large
fraction of labeled Tg was ultimately secreted (Fig. 5). Un-
fortunately, using this protocol (Fig. 6), the coprecipitation
recoveries of Tg with either chaperone were not sufficiently
quantitative to exclude the possibility that the two different
chaperone-containing complexes represented nonoverlap-
ping Tg subfractions. For this reason, we tested alternative
protocols, exploiting the fact that DTT is more potent when
it is included before initial disulfides have formed within the
ER (i.e., DTT included before and during pulse labeling),
rather than when it is added immediately after synthesis
(Lodish and Kong, 1993).

Following published procedures for cotranslational DTT
exposure (Braakman et al., 1992a), the interaction of na-
scent Tg with calnexin was reexamined. Even without DTT
pretreatment, it was obvious that most Tg was bound to cal-
nexin when synthesized during a 30-min labeling that in-
cluded DTT at €5 mM (Fig. 7). Next, we tested the kinetics
of calnexin and BiP interactions with nascent Tg in pulse-
labeled thyrocytes pretreated with 1 mM DTT for 5 min be-
fore a 30-min labeling period that included the reducing
agent. Under these conditions, calnexin coprecipitation of
labeled Tg at the O chase time yielded quantitative (i.e.,
100%) recovery (Fig. 8, upper panel). Nascent Tg (292%)
dissociated from calnexin within 30 min of DTT washout,
with complete dissociation achieved by 2 h. Similar to
results obtained from postpulse exposure to DTT, washout
of DTT led to a delayed yet marked (~40%) increase in Tg
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Figure 7. Binding of nascent Tg to calnexin is efficiently stimulated
upon inhibition of disulfide bond formation in the ER. Thyrocyte
monolayers were pulse labeled for 30 min in the presence of DTT
at the doses shown. The cells were then alkylated in situ, lysed as
described (see Materials and Methods), and immunoprecipitated
with an antibody to calnexin. The immunoprecipitates were ana-
lyzed by reducing SDS-PAGE followed by phosphorimaging. A Tg
immunoprecipitation was included as a control (lane 7).

binding to BiP (Fig. 8, lower panel). While coprecipitation
of newly synthesized Tg with BiP exhibited less than com-
plete recovery, these data demonstrate unequivocally a
precursor-product relationship in Tg association with the two
chaperones. Thus, the data establish that at least some of the
nascent Tg molecules are bound first to calnexin and then to
BiP before folding and assembly is completed, indicating se-
quential chaperoning of Tg in the ER.

Effect of DTT on the Association of Nonglycosylated
Tk with Calnexin

Based on studies of exportable proteins from which data is
presently available, calnexin has been hypothesized to serve
primarily as a lectin with a specificity for monoglucosylated
proteins (Hammond and Helenius, 1993; Hammond et al.,
1994). Alternatively, calnexin may bind directly to polypep-

Calnexin

Antibody: Tg

Chase (h): 0

Anti-BiP:

Figure 8. Demonstration of a precursor-product relationship be-
tween the nascent Tg bound to calnexin and that associated with
BiP. Duplicate sets of thyrocyte monolayers were pretreated with
1 mM DTT and then pulse labeled for 30 min in the continuous
presence of the reducing agent. Parallel wells were then lysed in
a buffer containing DTT before Tg coprecipitation using an anti-
body to calnexin (upper panel), or after alkylation in situ before
Tg coprecipitation using an antibody to BiP (lower panel). The im-
munoprecipitates were analyzed by reducing SDS-PAGE followed
by phosphorimaging. A Tg immunoprecipitation was included as a
control (lane at upper left). During the first 30 min of chase, the
fraction of Tg binding to calnexin fell > 92% while that binding
BiP rose ~40%.
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tide chains through the recognition of a structural feature that
correlates in some proteins with oligosaccharide processing.
In addition to our studies of the effects of reducing agents on
calnexin association with Tg (above), recent studies of hepa-
tocyte transferrin and the gp80 secretory protein of MDCK
cells suggest a strong kinetic and biochemical correlation of
calnexin binding with disuifide bond rearrangement (Ou et
al., 1993; Wada et al., 1994), a process that assists in bury-
ing hydrophobic peptide domains (Braakman et al., 1992a).
Since Tg is richly endowed with N-linked glycans (=20), as
well as intrachain disulfide bonds (=60), we attempted to
distinguish between calnexin binding to sugars versus pep-
tide by examining the effect of in vivo DTT exposure on the
association of calnexin with nonglycosylated Tg, using thyro-
cytes pretreated with tunicamycin. In thyrocytes pulse la-
beled after 3 h of tunicamycin treatment, the binding of cal-
nexin to nascent nonglycosylated Tg was negligible (Fig. 9,
left panels, lane C), while binding to BiP was considerable
(left panels, lane B). However after 10 mM DTT exposure,
the nonglycosylated Tg that coprecipitated with anticalnexin
rose substantially (right set of panels, lane C), while BiP
coprecipitation of Tg appeared moderately reduced (left vs
right sets of panels, lane B). Thus, as long as we perturbed
intracellular redox potential, the absence of glycosylation
did not interfere with the ability of Tg to associate with
calnexin. Once again, these results were relatively insensi-
tive to the presence of DTT in the lysis buffer itself (Fig. 9,
avsbh).

Recent studies suggest that DTT may inhibit intracellular
transport of nascent exportable proteins within the ER, as

DTT (mM): 0 10
LysisA Jas & w
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Antibody: B C T B C T

Figure 9. Coprecipitation of nascent nonglycosylated Tg with cal-
nexin in thyrocytes treated with DTT. Confluent thyrocyte
monolayers were treated with tunicamycin (20 ug/ml) for 3 h, to
fully inhibit N-glycosylation of newly synthesized Tg (Kim et al.,
1992). The cells were pulse labeled and then either treated or not
treated with DTT for 10 min as shown. The cells were lysed in one
of two ways. (Lysis A) Cells were prealkylated, washed, and then
lysed in the absence of DTT or (Lysis B) the cells were not
prealkylated but lysed in the presence of DTT, since this has been
suggested to improve coprecipitation with calnexin (see text). The
antibodies used were either anti-BiP (B) or anti-calnexin (C), with
anti-Tg (T) included as a control. The immunoprecipitates were
analyzed by reducing SDS-PAGE and phosphorimaging. Relatively
little difference was obtained between the two lysis procedures.
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well as older molecules within the intermediate compart-
ment and cis-Golgi network (Hammond and Helenius,
1994). To distinguish the effects of DTT on nascent non-
glycosylated Tg from those on slightly older molecules, we
reexamined the coprecipitation of nonglycosylated Tg in
thyrocytes previously labeled to steady state. During the 3-h
tunicamycin treatment, ER and Golgi pools of glycosylated
Tg (upper portion of Tg band) decreased, while the pool of
nonglycosylated Tg (lower portion of Tg band) rose (Fig. 10,
Jirst two lanes). Even in the absence of DTT exposure, this
tunicamycin treatment causes Tg in the ER to be found in
disulfide cross-linked aggregates, which bind fairly well to
BiP (Kim et al., 1992). Nevertheless, formation of ag-
gregates per se was not a basis upon which significant
coprecipitation of Tg with calnexin could be promoted (Fig.
10, third lane). However, after a 10-min exposure to DTT in
vivo, calnexin was at least as efficient in the coprecipitation
of nonglycosylated Tg as that of residual glycosylated Tg
(Fig. 10, last two lanes). Moreover, this increased coprecipi-
tation of Tg using anticalnexin did not increase recovery of
BiP protein (compare last three lanes); in similarly treated
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Figure 10. Binding of nonglycosylated Tg to calnexin in steady-state
labeled thyrocytes. Thyrocyte monolayers grown in the presence of
hormones to enlarge the ER pool of Tg (Kim and Arvan, 1993) were
labeled to steady state as in Fig. 3 before tunicamycin treatment (20
ug/ml) for 3 h to inhibit N-glycosylation. Before lysis, the cells
were treated with DTT for 10 min at the doses shown above the
figure. The cells were then lysed and immunoprecipitated with an
antibody to calnexin (Calnx). The immunoprecipitates were ana-
lyzed by reducing SDS-PAGE using an acrylamide gradient, fol-
lowed by phosphorimaging. Two Tg immunoprecipitations (lanes 7
and 2) were included as controls, demonstrating the mobilities of
glycosylated and nonglycosylated Tg (see text). The mobilities of
calnexin and BiP are as indicated.
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Figure 11. Effect of glycosylation on calnexin binding to newly syn-
thesized Tg. (4) Thyrocyte monolayers, pretreated for 2.75 h with
castanospermine (1,320 uM), were pulse labeled for 15 min in the
continued presence of the drug plus 1 mM DTT, before lysis as in
Materials and Methods. Tg band intensity was quantitated after im-
munoprecipitation with anti-Tg (dark bar) or anticalnexin (light
bar); evidently, castanospermine treatment does not inhibit this
coprecipitation. (B) Thyrocyte monolayers were either pulse la-
beled for 1 h (Con) or treated with brefeldin A (10 ug/ml) for 2.5 h
before radiolabeling for an additional hour in the presence of the
drug (BFA). SDS-PAGE after endoglycosidase H treatment of these
samples showed a shift up of the labeled Tg band in brefeldin-
treated cells, consistent with Golgi-type sugar processing (not
shown). At the conclusion of the labeling period, both groups of
cells were exposed to 25 mM DTT for 10 min in vivo before lysis
as described in Materials and Methods. Phosphorimages of Tg band
intensity after immunoprecipitation with anti-Tg or anticalnexin
were used to calculate the fraction of newly synthesized Tg as-
sociated with calnexin in Con {dark bar) and BFA-treated cells
(light bar). (C) Thyrocyte monolayers, labeled to steady state as
in Fig. 3, were treated with tunicamycin (1 ug/ml) for the last 18 h
before exposure to 25 mM DTT in vivo for 10 min. Phos-
phorimages of Tg band intensity were quantitated after immunopre-
cipitation with anti-Tg (dark bar) or anticalnexin (light bar); evi-
dently, long-term treatment with tunicamycin does not inhibit this
coprecipitation.

samples, Tg coprecipitation with anti-BiP diminished after
DTT treatment (not shown). Thus, nonglycosylated Tg mole-
cules €3 h old maintain their susceptibility to a DTT-
induced shift from one kind of chaperone complex to an-
other.

Finally, if thyrocytes were treated for 3 h with castano-
spermine (to inhibit deglucosylation of newly synthesized
Tg) instead of tunicamycin, DTT-induced binding of nascent
Tg to calnexin was not inhibited (Fig. 11 @). In addition, after
extended treatment with brefeldin A (which blocks Tg export
but allows retrograde traffic of Golgi sugar-processing en-
zymes into the ER compartment), SDS-PAGE mobility of la-
beled Tg after endoglycosidase H digestion indicated Golgi-
type sugar processing of Tg glycans, yet the susceptibility of
Tg to DTT-induced binding to calnexin was not impaired
(Fig. 11 b). Lastly, there was no inhibition of calnexin copre-
cipitation of nonglycosylated Tg in thyrocytes treated more
extensively with tunicamycin (for 18 h) to give glycosylated
molecules that might form a putative bridge between Tg and
calnexin, an ample opportunity for turnover (Fig. 11 c).

Discussion

In considering the interaction between folding polypeptides
and molecular chaperones, it seems reasonable that, com-
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parable to antigenic epitopes (Copeland et al., 1988; Yew-
dell et al., 1988), certain binding sites on nascent chains will
be presented at relatively discrete points in time along the
protein folding pathway. A second consideration is the extent
to which different chaperones are available. In experimental
systems, selective overexpression of one chaperone appears
able to retard the process of secretory protein folding and
transport (Dorner et al., 1992). In normal tissues, a proper
balance of chaperone activities and ordered chaperone func-
tion are probably required for optimal folding, so that in-
discriminate “piling on” (which could interfere with coordi-
nated chaperone function) is avoided. We have recently
reported that in concert with thyroid stimulated hormone-
regulated flux of Tg through the ER, the steady-state levels
of BiP, GRP94, and PDI appear coordinately regulated in
thyrocytes to maintain or accelerate Tg folding rates (Kim and
Arvan, 1993). The notion of an ordered, sequential binding
to different classes of helper proteins represents another level
of understanding of how teams of molecular chaperones
work together (Hendrick and Hartl, 1993). Nevertheless,
until recently (findings that were published in abstract form
[Kim, P. S., and P. Arvan. 1993. Mol. Biol. Cell. 4:93a].),
data indicating sequential chaperone function in the ER has
been limited (Melnick et al., 1994).

For this reason, we have examined a model of newly syn-
thesized Tg folding after brief exposure of live thyrocytes to
DTT, a membrane-permeant reducing agent that alters the
conformation of disulfide-containing exportable proteins
within the ER (Braakman et al., 19924,b; Lodish et al.,
1992; Kaji and Lodish, 1993; Lodish and Kong, 1993; Tatu
et al., 1993), potentially allowing exposure of chaperone-
binding peptide regions that might otherwise have been bur-
ied. This reduction induces obvious structural rearrange-
ment in nascent Tg. Presumably, the open conformation of
monomers with available cysteine thiols leads to quantitative
disulfide-linked Tg aggregation that is reversible but con-
siderably prolonged (Figs. 3 and 5), as Tg is gradually con-
verted to more oxidized monomers in a process that nor-
mally represents an early stage in Tg folding (Kim et al.,
1992). This greatly slowed period of early folding has as-
sisted exploration of the initial stages of Tg conformational
maturation.

‘We have suggested that in general, BiP dissociation is most
closely coupled to monomer folding rather than oligomer-
ization of exportable proteins (Kim et al., 1992). Studies in
yeast suggest that in relation to the process of translocation
through the ER membrane (Deshaies and Schekman, 1991;
Musch et al., 1992), BiP may act in close proximity (Vogel
et al., 1990; Nguyen et al., 1991; Sanders et al., 1992).
Nevertheless, since BiP is confined entirely to the ER lumen,
it is possible that BiP does not have the first opportunity to
interact with nascent chains as they emerge on the lumenal
side of the ER membrane. Furthermore, we have recently
found that during thrombospondin synthesis in thyroid epi-
thelial cells, the monomer folding to which BiP dissociation
is coupled occurs after homooligomerization; thus, there is
reason to believe that BiP dissociation may serve as a slightly
downstream event in the protein folding pathway (Prabaka-
ran, D., P. S. Kim, V. M. Dixit, and P. Arvan, manuscript
submitted for publication). Calnexin, an ER membrane pro-
tein with a large lumenal domain (Wada et al., 1991), known
to be near the protein translocation site and in intimate prox-
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imity to a group of proteins formerly thought to be the signal
sequence receptor (Gorlich et al., 1990; Hartmann et al.,
1993), is ideally situated to have early access to emerging
nascent chains. For this reason, it is not surprising that most
calnexin binding and unbinding to Tg (a large secretory pro-
tein that requires >5 min to cross the ER membrane) may
be largely finished before Tg is released into the ER lumen
(Fig. 1), while BiP interactions are still ongoing (Kim et al.,
1992). Such an explanation also helps to account for the
greater degree of calnexin binding when thyrocytes are ex-
posed to DTT during the Tg translational period rather than
immediately after translation/translocation. Nevertheless,
an initial reduction in the binding of nascent Tg to BiP when
DTT is added posttranslationally (Figs. 6, 8, and 9) suggests
that some of the effects of DTT may involve more than mere
slowing of the normal Tg folding pathway.

A number of hypotheses might explain the dramatic effect
of DTT on the protein folding environment to shift Tg associ-
ation from BiP (Figs. 6, 8, and 9), to calnexin (Figs. 2, 7,
9, and 10). One hypothesis is that the change in redox poten-
tial alters the peptide binding or peptide release functions of
BiP. This hypothesis seems highly unlikely, in that the effect
on Tg binding was already quite marked after exposure to 1
mM DTT (Fig. 8), whereas equal or greater in vivo exposure
to reducing agent has no adverse effect on BiP interactions
with other exportable proteins (Braakman et al, 1992b; Mel-
nick et al., 1994).

A second possibility is that calnexin and BiP recognize
distinct structural features within Tg, and DTT-mediated
reduction, while stabilizing interactions with calnexin,
causes Tg to assume a conformation that is unable to bind
BiP. This hypothesis also seems unlikely, not only based on
the high number of potential BiP-binding sites on Tg (Kim
et al., 1992) and the unfolding of exportable proteins usually
achieved after treatment with reducing agents (Braakman
etal., 1992a,b; Lodish et al., 1992; Kaji and Lodish, 1993;
Lodish and Kong, 1993; Tatu et al., 1993), but by recent
studies directly demonstrating BiP binding (and ATP-medi-
ated release) using reduced denatured Tg (Nigam et al.,
1994). Nevertheless, the hypothesis that calnexin and BiP
recognize distinct binding sites fits well with a recent pro-
posal of calnexin as a lectin that binds selectively to
monoglucosylated forms of exportable glycoproteins (Ham-
mond and Helenius, 1993; Hammond et al., 1994). How-
ever, calnexin has been shown capable of binding to the
CD3e subunit of the T cell receptor complex (which lacks
N-linked glycans [Rajagopalan et al., 1994)), and it has been
proposed to interact with a nonglycosylated region near the
membrane anchor of the heavy chain of the class I major
histocompatibility complex molecule (Margolese et al.,
1993). On the other hand, it has been argued that the latter
study may have failed to identify primary calnexin binding
to the oligosaccharide of the class I major histocompatibility
complex heavy chain (Helenius, 1994). Thus, Tg is a valu-
able protein to clarify the role of calnexin in binding to
monoglucosylated glycoproteins, since it has served as a pro-
totype of exportable proteins subject to the deglucosylation-
reglucosylation cycle (Parodi et al., 1983; Sousa et al.,
1992).

Studies of Tg synthesis, consistent with another recent re-
port (Wada et al., 1994), do not lend support to the concept
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of calnexin as a lectin because the data do not readily account
for the dramatic increase in calnexin association with export-
able proteins after intralumenal reduction. After DTT treat-
ment, coprecipitation of nonglycosylated Tg with calnexin
occurs with very high efficiency, regardless of whether the
molecules are nascent (Fig. 9) or somewhat older (Fig. 10).
Additional results with castanospermine (which inhibits
deglucosylation of Tg, Fig. 11 a) or exposure for several
hours to brefeldin A (which does not permit Tg export from
the ER, but allows glycans on newly synthesized Tg to ac-
quire Golgi-type sugar processing, Fig. 11 b) are consistent
with this view. Of course, one can always consider the possi-
bility that a high fraction of newly synthesized Tg, irrespec-
tive of glycans, could be mediated by a small fraction of
glucosylated Tg that participates in Tg aggregates via inter-
chain disulfide bonds, thereby bridging an association of the
remaining labeled Tg with calnexin. This possibility can
probably be excluded because (a) additional exposure to
DTT in control cell lysates breaks most interchain disulfide
bonds, yet the efficiency of coprecipitation is unimpaired
(Figs. 4 and 9); (b) tunicamycin treatment by itself causes
quantitative disulfide-linked aggregation of newly synthe-
sized Tg (Kim et al., 1992), yet coprecipitation with calnexin
requires that thyrocytes are exposed to DTT in vivo (Fig. 9);
and (c) there is no inhibition of calnexin coprecipitation of
nonglycosylated Tg in thyrocytes treated for 18 h with
tunicamycin to give putative glucosylated bridging mole-
cules time to fully turn over (Fig. 11 ¢). Thus, although not
formally excluded, we think the concept that calnexin binds
to Tg primarily as a lectin is implausible.

With this in mind, we hypothesize that reduction within
the secretory pathway allows calnexin to compete better for
substrate interaction, making BiP association less favorable.
Intralumenal reduction could shift the competitive balance
to favor calnexin binding by altering relative local availabil-
ity of the two chaperones through sequestration (or complex
formation) between chaperones and/or substrates, via simple
steric hindrance, or via subcompartmentalization of different
chaperone binding within the secretory pathway. In this re-
gard, Hammond and Helenius (1994) have recently reported
that DTT exposure is sufficient to induce a change in the im-
munofluorescence localization of a mutant vesicular stoma-
titis virus (VSV) G protein from the intermediate com-
partment and cis-Golgi network (where they suggest the
exportable protein is bound to BiP) to an ER staining pattern
(where the protein might be bound to calnexin, although this
was not tested). Further, VSV G-calnexin complexes are
largely devoid of BiP, and VSV G bound to BiP is largely de-
void of calnexin (Hammond and Helenius, 1994). In thyro-
cytes, we propose that a DT T-induced reexposure of calnexin
binding sites (that normally disappear during cotranslational
Tg folding) leads to posttranslational association of Tg with
calnexin, which in turn makes BiP association less favorable.
The generality of this finding and the model of sequential
chaperone function in the ER will only be established by
studies of additional exportable proteins.

Our view at present is sufficiently broad to accommodate
the notion that calnexin may bind to similar or unrelated
structural features in Tg to those recognized by BiP (Flynn
etal., 1991; Blond-Elguindi et al., 1993; Wada et al., 1994).
Nevertheless, in other experiments, we observed that when
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pulse-labeled thyrocytes exposed to DTT in vivo were subse-
quently lysed in the absence of reducing agents at different
times after DTT washout (i.e., analyzed as in Fig. 3), only
BiP but not calnexin was able to coprecipitate Tg monomers
that dissociated in vivo from disulfide-linked aggregates (not
shown). Further, quantitative analysis of the data in Fig. 8
indicates strongly that subsequent to DTT washout, binding
to calnexin and BiP follows a precursor-product relationship.
While these observations do not exclude steric or other com-
petition between the chaperones, they do support the notion
that calnexin and BiP may recognize different structural ele-
ments sequentially exposed during the progression of na-
scent Tg folding.

We have hypothesized that in the physiological context,
most ER chaperones and helper proteins function primarily
to assist nascent protein folding rather than as quality con-
trollers (Kim et al., 1992; Kim and Arvan, 1993), presum-
ably by limiting certain kinds of counterproductive inter-
actions or aggregation that can be essentially irreversible
(Pelham, 1989; Rothman, 1989). The sequential action of
chaperones figures prominently among the strategies that bi-
ological systems have evolved to optimize the kinetics and
efficiency of proper protein folding (Langer et al., 1992).
There is now reason to believe that this is also the case within
the ER (Melnick et al., 1994; this report). While DTT treat-
ment exaggerates kinetic differences in chaperone associa-
tion (Figs. 6 and 8), our data nevertheless support the con-
clusion that even under routine conditions, calnexin and BiP
are sequential Tg chaperones. Importantly, the sequential ac-
tion of ER chaperones on Tg aggregates formed upon ER
reduction did not involve significant protein degradation
(Young et al., 1993), but rather redirected most Tg into the
normal folding pathway (Fig. 5). Thus, the data suggest that
an ordered sequence of chaperone binding assists proper
secretory protein folding within the ER.
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