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Thyroglobulin (precursor for thyroid hormone synthesis) is a
large secreted glycoprotein comprising contiguous region I
(multiple type-1 repeating units engaging the first �1,191 resi-
dues, followed by a �245-residue hinge region), regions II-III
(multiple type-2 and 3 repeating units, comprising �720 resi-
dues), and the C-terminal cholinesterase-like (ChEL) domain
(�570 residues). A signal peptide attached to ChEL makes an
independent secretory protein that binds to I-II-III, stabilizing
it and rescuing the secretion of I-II-III that would otherwise be
trapped in the endoplasmic reticulum (ER). In this study, we
found that a signal peptide attached to regions II-III also makes
for an efficient secretory protein that neither demonstrably
interacts nor has its secretion enhanced by the presence of
secretory ChEL. By contrast, region I, either with or without the
hinge region, cannot be secreted on its own and remains in the
ERwhere it is bound toER chaperonesBiP andGRP94.Whereas
ChEL can rescue secretion of I-II-III, it can rescue I-II only very
weakly, and region I not at all. Yet, ChEL begins to rescue region
I in cells that also co-express secretory II-III. The data suggest
that conformational maturation of region I is a limiting step in
the thyroglobulinmaturation process, and this step is facilitated
by the presence of both regions II-III andChEL.Mutations caus-
ing hypothyroidismmight induce solely local/regional misfold-
ing or may interfere more globally by impeding interactions
between regions that are required for thyroglobulin secretion.

In vertebrates, thyroid hormones are first created in the apical
luminal cavity of follicles of the thyroid gland, upon iodination of
the thyroglobulin (Tg)3 protein (1, 2). It is the structure ofTg (3, 4)
rather than the specificity of the peroxidase (5) that is thought to
catalyze the coupling of di-iodotyrosyl residues 5 and 130 at theN
terminus of Tg (6, 7), forming thyroxine within the Tg molecule.
Even in the endostyle of protochordates (the earliest species in
which thyroid hormone synthesis is known to occur), a Tg-like
protein has been reported (8), whereas no other thyroidal proteins
haveyetbeendiscovered to substituteeffectively forTg in this role.

The primary sequence of Tg (�2,746 residues in mouse Tg
after signal peptide cleavage) comprises disulfide-rich contigu-
ous regions: region I (multiple type-1 repeating units engaging
the first �1,191 residues followed by a �245-residue hinge
region); II-III (multiple type-2 and type-3 repeating units, span-
ning �720 residues); and the C-terminal cholinesterase-like
(ChEL) domain (�570 residues). The genetic origins of these
units are still being discovered, but the type-1 repeat is a struc-
tural motif that is appears in evolution as a protease inhibitor
(9); the type-2 and type-3 repeats have limited homology to
other proteins; whereas ChEL exhibits homology to acetylcho-
linesterase (10–12). Because no crystallographic data are yet
available, the precise physical relationships between the Tg
regions remain unidentified, but mutations in each of these
regions can account for genetic hypothyroidism (13).
What is known is that region I-II-III itself is incompetent for

hormonogenesis because the protein cannot be secreted (14),
whereas when attached to a signal peptide, ChEL itself is an
excellent secretory protein that facilitates oxidativematuration
of co-expressed I-II-III and rescues I-II-III secretion (15). How-
ever, the regions required to enable ChEL to permit secretory
rescue of Tg have remained unknown.
At our current state of knowledge, all Tg mutants causing

genetic hypothyroidism are defective for intracellular transport
(16). To understand the molecular/cellular basis for defective
transport of a wide variety of Tg mutants (13), it is essential to
determine the rate-limiting step(s) in normal Tg maturation
and export. In this report we have further dissected Tg struc-
ture and pinpointed region I as the “problematic” portion of Tg
for folding and secretion, requiring assistance both from
regions II-III and ChEL.

EXPERIMENTAL PROCEDURES

Materials—Lipofectamine 2000, Zysorbin, Dulbecco’s mod-
ified Eagle’s medium (DMEM), fetal bovine serum (FBS), peni-
cillin, and streptomycin were from Invitrogen. Zysorbin was
from Zymed Laboratories Inc. Complete protease inhibitor
mixture was from Roche Applied Bioscience. Brefeldin A and
protein A-agarose were from Sigma. Protein G-agarose was
from EMD Chemicals (Gibbstown, NJ). Dithiobis(succinimi-
dyl) propionate was from ThermoFisher Scientific. Peptide-N-
glycosidase F was from New England Biolabs. Trans35S-Label
was fromMP Biomedicals (Irvine, CA). Rabbit polyclonal anti-
myc was from Immunology Consultants, Inc. (Newberg, OR).
Mousemonoclonal anti-HA epitope was fromCovance (Princ-
eton, NJ). Rabbit polyclonal anti-Tg (containing antibodies
against epitopes at both N- and C-terminal regions of the pro-
tein) has been described previously (17).
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Mutagenesis of Mouse Tg—cDNAs encoding secretory ChEL
and truncated Tg regions I-II-III (L2169X) and secretory ChEL
and ChEL-myc have been described previously (14, 15, 18).
Other constructs described in this paper were made using the
QuikChange site-directed mutagenesis kit (Stratagene) using
following the mutagenic primers paired with their comple-
ments: Tg-Q2139X and Q2139X in secretory II-III (5�-GGT-
TGTGAGATGTGTGTTCTACCCTGATATATAGTAATG-
CATACACAGTCTACGGAGCC-3�); C1973S in secretory
II-III-HA (5�-CCAATGGGTTCTTTGAGAGTGAGCGGCT-
CTGTGACAGGG-3�); Tg-E1192X (5�-GGTAGGCACCCA-
GCCTGCCTGTTAAAGCCCACAGTGTCCACTGCC-3�);
Tg-A1435X (5�-CCCAACCACCAGACAGGATTGACTG-
GGCTGTGTGAAATGCCC-3�); Tg-Q1509X (5�-CCAGA-
ATGGTCAGTACTAAGCCAGCCAGAAGAACAGGG-
3�). To make secretory II-III-HA, a SalI restriction site was
introduced into 5� end of the first type-2 repeat by using a
mutagenesis primer and its complement (5�-GGTTCTACA-
GAGTCCCAACCACCAGTCGACATGCTCTGGGCTGT-
GTGAAATGC-3�). The prolactin signal peptide was then
fused in-frame at 5� end of region II using SalI as described
previously (15). An HA epitope tag was added using the fol-
lowing primer and its complement (5�-CCGGAAGTCTTA-
CCCCTATGACGTCCCAGATTATGCATGATCCACAC-
CTTCTGTACGC-3�). I-ChEL was made by introducing SalI
sites first, at the 5� end of the first type-2 repeat as described
above and second, at the 5� end of the ChEL domain using
primers described previously (15). The intervening sequence
between region I and ChEL was excised by SalI digestion and
re-ligation to produce an in-frame I-ChEL construct. For
I-II-ChEL, SalI sites were introduced first, at the 5� end of
region III using the following primer and its complement
(5�-CCCCAGTGCTGACTCCCCGCGTCGACAGTGCTT-
GACAGATTGTGC-3�) and second, at the 5� end of the
ChEL domain as described above. The intervening sequence
was excised as above to produce an in-frame I-II-ChEL. Each
final product was confirmed by direct DNA sequencing.
Cell Culture and Transfection—HEK293 cells (simply called

293 cells) were cultured in DMEM with 10% FBS in plates at
37 °C in a humidified 5% CO2 incubator. Plasmids were tran-
siently transfected using Lipofectamine 2000 transfection re-
agent, following the manufacturer’s instructions.
Metabolic Labeling and Immunoprecipitation—Transfected

293 cells were starved for 30 min in Met/Cys-free DMEM and
then pulse-labeled with 180 �Ci/ml 35S-amino acids. The cells
were thenwashedwith an excess of coldMet/Cys and chased in
complete DMEM plus serum. At each time point, cells were
lysed in buffer containing 1%Nonidet P-40, 20 mMN-ethylma-
leimide, 0.1% SDS, 0.1 MNaCl, 2mMEDTA, 25mMTris, pH 7.4,
and a protease inhibitor mixture. For immunoprecipitation,
anti-Tg antibody was incubated with cell or media samples over-
night at 4 °C, and the immunoprecipitate was recoveredwith pro-
tein A-agarose. For co-immunoprecipitation studies, cells were
either cross-linked or prepared without cross-linking in the same
lysis buffer lacking SDS andwere incubated overnight at 4 °Cwith
immunoprecipitating antibodies andproteinA- or proteinG-aga-
rose. For cross-linking, cells before lysis were incubated in PBS
containing 2mM dithiobis(succinimidyl) propionate for 30min at

room temperature. Cells were then washed in PBS containing 20
mMN-ethylmaleimide and lysed in buffer containing both 20mM

N-ethylmaleimide and 50 mM glycine to quench residual cross-
linker. Immunoprecipitates (or co-precipitates) were washed
three times before boiling in SDS sample buffer with or without
reducing agent, resolved by reducing SDS-PAGE, and analyzed by
fluorography or phosphorimaging.

RESULTS

Loss of ChEL Rescue upon Loss of an Intact I-II-III—ChEL is
known to function as an intramolecular chaperone and escort
for I-II-III (15). A stop codon at residue 2,142 of human Tg
(equivalent to residue 2,139 of mouse Tg) linked to hypothy-
roidism (19) truncates a portion of the very last type-3 repeat,
creating a naturally occurring I-II-III truncation. To determine
whether secretory ChEL is competent to rescue this naturally
occurring truncation, we co-expressed these constructs and
found comparable intracellular protein expression of recombi-
nant Tg-Q2139X (Fig. 1 lanes 2–5). However, unlike un-
mutagenized I-II-III (lane 8), secretory ChEL could not rescue
Tg-Q2139X (lane 10). Thus, loss of information from the end of
region III prevents ChEL-mediated rescue.

FIGURE 1. Secretory ChEL rescue of I-II-III requires a fully intact region III.
A schematic of the full-length Tg protein is shown at the top, initiated by the
signal peptide (open box) and then comprising region I bearing multiple
type-1 repeat units (shown as boxes) connected via a hinge region to regions
II-III, and finally the ChEL domain. As indicated in the schematic, a final, elev-
enth, type-1 repeat is contained in between the clustered type-2 and type-3
repeats that comprise regions II-III, but for the purposes of the experiments in
this paper, region I is not considered further than the hinge region linking to
regions II-III. Above the data, a second schematic shows the constructs used
in this experiment. The intact region I-II-III terminating at L2169X has been
described previously (15). Secretory ChEL was engineered by inclusion of an
artificial signal peptide (open box). The mouse Tg-Q2139X mutation precisely
matches the truncation found in Tg-Q2142X associated with human hypo-
thyroidism (19). 293 cells transfected to co-express these constructs were
pulse-labeled with 35S-amino acids for 30 min and chased in complete
medium for 4 h. Cell lysates and collected chase media were immunoprecipi-
tated with anti-Tg and analyzed by reducing SDS-PAGE and fluorography.
The partial rescue observed for wild-type I-II-III is precisely as reported previ-
ously (15); however, secretion of Tg-Q2139X could not be rescued by ChEL.
The positions of molecular mass marker proteins is indicated, at left.
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To understand this further, we engineered a construct in
which region II-III (HA epitope-tagged) immediately follows a
signal peptide sequence to direct the protein into the ER. First,
we found that II-III-HAwas efficiently secreted; and second,we
found that introduction of the Q2139X mutation blocked this
secretion (Fig. 2A), indicating that Q2139X introduces local
misfolding into II-III. However, it is unclear, within the context
of full-length Tg, whether II-III local misfolding overrides all
other factors to bring about Tg retention in the ER, or whether
II-III conformational integrity is needed to help optimize
ChEL-mediated facilitation of Tg export (see below).
Japanese patients withmild hypothyroidism and goiter bear-

ing a Tg-C1977Smissensemutation (C1973S ofmouse, located
in domain 3-2b) have been described (20). We found that
export of secretory II-III-HA was totally blocked by this muta-
tion, as examined either by pulse-chase experiment (Fig. 2B) or
by immunoblotting of collected secretion (Fig. 2C). Impor-

tantly, however, in similar experiments Hishinuma et al. clearly
showed that a portion of full-length Tg-C1977S molecules does
acquire endoglycosidase H resistance, indicating that in the con-
text of the full-length Tg protein, including a wild-type ChEL
domain, some rescue of Tg export occurs despite local misfolding
causedbymutation in region III (20).These findings seemtoargue
against the idea that local misfolding within II-III overrides all
other factors to bring about Tg retention in the ER. As an alterna-
tive, it seemed plausible that II-III may help to optimize ChEL-
mediated facilitation of Tg export, and in that case it seemed rea-
sonable to think that II-III and ChELmight directly associate.
We therefore chose to examine whether secretory ChEL

could assist in the export of wild-type secretory II-III-HA.
However, the amount of II-III-HA secreted was unaffected by
co-expression of secretory ChEL-myc, again measured either
by immunoblotting of collected secretion (Fig. 3A, lanes 5 and
6) or by release of newly synthesized protein frommetabolically

FIGURE 2. An artificial signal peptide converts II-III into an independent secretory protein. Above the data, a schematic shows the construct(s) used in this
experiment. Secretory II-III was engineered by inclusion of an artificial signal peptide (open box) and a C-terminal HA epitope. The mouse C1973S and Q2139X
mutations precisely match the Tg-C1977S and Tg-Q2142X associated with human hypothyroidism (19, 22). A and B, 293 cells were either untransfected (—) or
transfected with wild-type II-III-HA (wt), or those bearing the Q2139X mutation were pulse-labeled with 35S-amino acids for 30 min and chased in complete medium
for 5 h. Cell lysates and collected chase media were immunoprecipitated with anti-Tg (A) or anti-HA (B) and analyzed by reducing SDS-PAGE and fluorography. C, media
bathing cells either untransfected (—) or transfected with wild-type II-III-HA or those bearing the C1973S mutation were collected for 24 h, resolved by reducing
SDS-PAGE, and analyzed by immunoblotting with anti-HA. The positions of molecular mass marker proteins are indicated at the left of each panel.

FIGURE 3. II-III and ChEL are secreted independently without evidence of interaction. Above the data, a schematic shows the construct(s) used in this
experiment. 293 cells were either untransfected controls (Con) or transfected with secretory II-III-HA (see Fig. 2) �/� secretory ChEL-myc (see Fig. 1). A, bathing
media were collected for 24 h and either immunoprecipitated (IP) with anti-myc and then resolved by reducing SDS-PAGE, or resolved directly by SDS-PAGE
without IP (no IP), and analyzed by immunoblotting with anti-HA. Although a large quantity of II-III-HA was secreted, there was no change in this amount upon
co-expression of ChEL-myc, and none was co-precipitated with ChEL-myc. B, cells as in A were pulse-labeled with 35S-amino acids for 30 min and chased in
complete medium for 5 h. The collected chase media were either immunoprecipitated with anti-Tg (recovering all secreted Tg constructs) or anti-myc
(recovering secreted ChEL) and analyzed by reducing SDS-PAGE and fluorography. Note that there was no increase in II-III-HA secretion in the presence of
secretory ChEL-myc (lanes 2 and 3), and co-precipitation of II-III-HA with ChEL-myc was not detected when the two were co-expressed (lane 5). The positions
of molecular mass marker proteins are indicated at left.
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labeled cells (Fig. 3B, lanes 2 and 3).Moreover, immunoprecipi-
tation of secreted ChEL-myc could not co-precipitate secreted
II-III-HA (Fig. 3A, lanes 2 and 3, and 3B, lanes 4 and 5) even
though secretory ChEL-myc does indeed co-precipitate intact
I-II-III (15, 21).
Region I Is Incompetent for Secretion—Because II-III and

ChEL are both readily secreted, it was important to examine the
export of region I alone. Two mouse Tg truncations were pre-
pared for this purpose: E1192X, which contains the first 10
type-1 repeats but no hinge region, and A1435X, which con-
tains these same repeats plus the entire hinge region (see sche-
matic, Fig. 4). There is reason to think that the latter construct
might not be secretion-competent because it is so similar to the
human Tg-W1418X mutation that has been reported as a
heterozygous allele in human hypothyroidism (22). In fact, with
or without the �245-residue hinge, region I alone was incom-
petent for secretion (Fig. 4), very similar to the behavior of
region I-II-III in the absence of ChEL (Fig. 1, lane 7). To explore
further themolecular basis for this secretion-incompetence, we
performed chemical cross-linking with dithiobis(succinimidyl)
propionate to identify ER-interacting proteins associated either
with region I alone or region I-II-III in the absence of ChEL.
Secretory II-III-HA and secretory ChEL were used as positive
controls, and all cells were treated with brefeldin A to prevent
any of the proteins from being exported. Impressively, after
immunoprecipitation with anti-Tg antibodies and analysis by
reducing SDS-PAGE, both I-II-III and region I alone were
found to interact selectively with proteins of 94 and 78 kDa,
which correspond to ER chaperones GRP94 and BiP (Fig. 5).
(Indeed, upon repeat immunoprecipitation with anti-GRP94-

and anti-BiP-specific antibodies, identification of both of the
cross-linked chaperones was confirmed (data not shown)). By
contrast, neither secretory II-III-HA nor secretory ChEL-myc
appeared to be appreciably cross-linked to these ER resident
proteins (although the SDS-PAGEmobility of secretory II-III is
sufficiently close to that of GRP94 that it obscured unequivocal
distinction; Fig. 5). The data suggest that in the absence ofChEL
facilitation, region I, either alone or embedded within I-II-III,
remains conformationally immature, being retained in the ER
in association with ER molecular chaperone proteins GRP94
and BiP.
ChEL Interactions with Regions I-II-III, I-II, or Region I Alone—

To determine the extent to which ChEL could directly enhance
export of upstream regions of Tg, we co-expressed secretory
ChEL with either region I alone, I-II, or I-II-III. Co-expression
of secretory ChEL did seem to increase the intracellular recov-
ery of each of these newly synthesized constructs (Fig. 6 com-
pare lanes 7–9 with lanes 1–3); however, unlike for I-II-III,
secretory ChEL rescue of I-II was minimal (Fig. 6), consistent
with the observation that the I-II construct (terminating at
mouse Tg-Q1509X) is homologous to the Tg-R1511X muta-
tion reported to be associated with human hypothyroidism
(23). In addition, there was no detectable ChEL rescue of region
I alone (Fig. 6, compare lanes 10–12).
We considered the possibility that direct contiguity of the

ChEL domain within the same polypeptide might increase
favorable interactions between these regions to enhance secre-
tion. Therefore, we engineered fusion proteins I-ChEL and I-II-
ChEL (in contrast to I-II-III-ChEL, which is in fact full-length
wild-typeTg).However, direct tethering of theChELdomain to
either region I or I-II did not improve secretory efficiency (Fig.

FIGURE 4. Unlike secretory II-III or ChEL, region I, with or without the
hinge region, is secretion-incompetent. Above the data, a schematic
shows the two region I construct(s) used in this experiment: mouse
Tg-A1435X contains the full hinge region, Tg-E1192X contains no hinge.
Secretory II-III-HA (Fig. 2) was included as a control. 293 cells were either
untransfected (Control) or transfected to express the constructs indicated.
The cells were pulse-labeled with 35S-amino acids for 20 min and chased in
complete medium for 4 h. Cell lysates and collected chase media were immu-
noprecipitated with anti-Tg and analyzed by reducing SDS-PAGE and fluo-
rography. The positions of molecular mass marker proteins are indicated at
left.

FIGURE 5. Tg region I-II-III in the absence of ChEL, or region I alone, is
bound by ER molecular chaperones. 293 cells were either untransfected
controls (Con) or transfected to express the constructs indicated, with region
I bearing a partial hinge (Tg-L1363X). The cells were pulse-labeled with 35S-
amino acids for 30 min and chased in complete medium for 6 h in the pres-
ence of 5 �g/ml brefeldin A (to prevent export of secretory II-III or secretory
ChEL). The cells were then exposed to cross-linker for 30 min as described
under “Experimental Procedures,” before lysis and immunoprecipitation with
anti-Tg, followed by reducing SDS-PAGE and fluorography. Independent
immunoprecipitation with specific antibodies (data not shown) confirmed
the identification of GRP94 and BiP. The positions of molecular mass marker
proteins are indicated at left.
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7) over that observed when secretory ChEL was expressed sep-
arately (Fig. 6).
Presumably, the inability of ChEL to improve secretory effi-

ciency of region I or I-II relates at least in part to its (in)ability to
make a strong independent contact with these regions. To test
this, we examined co-precipitation of metabolically labeled
region I or I-II in cells co-expressing secretory ChEL-myc and
treated with brefeldin A to block ChEL export. Upon immuno-
precipitation, co-expressed I-II-III was efficiently co-precipi-
tated with ChEL (Fig. 8, lane 8), consistent with previous
reports (15, 21). Secretory ChEL-myc was also directly immu-
noprecipitated from other transfections in which it was
included, but there was little or no co-precipitation of region I
or I-II with ChEL (Fig. 8, lanes 6 and 7).
Because ChEL is unable to rescue region I (or I-II), the fore-

going data seemed to suggest that II-III may be required for
ChEL-mediated facilitation of Tg export, but this occurs with-
out a strong binary interaction between II-III and ChEL. We
therefore triply co-transfected plasmids co-expressing secre-
tory II-III-HA, secretory ChEL, and region I. For the first time
(but repeated and confirmed), evidence of rescue of region I
secretion was detected (Fig. 9, lane 6). Thus, the data suggest
that regions II-III and ChEL both participate in facilitating the
maturation and export of region I within Tg.

DISCUSSION

In the last 20 years, ER storage diseases have emerged as one
of the central problems inmodern secretory biology (24). Qual-

FIGURE 6. ChEL rescue of region I-containing constructs requires the later repeating units contained within II-III. Above the data, a schematic shows the
construct(s) used in this experiment. 293 cells were either untransfected controls (Con, lanes 13 and 14) or transfected with the cDNA constructs indicated with
region I bearing a partial hinge (Tg-L1363X); I-II terminating at Tg-Q1509X which is homologous to the Tg-R1511X mutation associated with human hypothy-
roidism (23) (and unrelated to translation of an exon 35-deleted mRNA) (27, 28); and I-II-III terminating at L2169X. Each of these constructs was expressed alone
(0.5 �g of plasmid DNA/transfection) or co-expressed from the same plasmid DNA co-transfected with 1.5 �g of plasmid DNA expressing secretory ChEL. The
cells were then pulse-labeled with 35S-amino acids for 30 min and chased in complete medium for 5 h. Cell lysates and collected chase media were immuno-
precipitated with anti-Tg and analyzed by reducing SDS-PAGE and fluorography. The positions of molecular mass marker proteins are indicated at left.

FIGURE 7. Even when tethered within a contiguous polypeptide, ChEL
interaction rescue of region I-containing constructs requires informa-
tion contained within II-III. Above the data, a schematic shows the con-
struct(s) used in this experiment. 293 cells were either untransfected controls
(Con) or transfected with the cDNA constructs indicated, with region I bearing
its full hinge, and region I-II terminating after the final, 11th type-1 repeat,
both contiguous with the full ChEL domain. I-II-III contiguous with the full
ChEL domain is in fact full-length wild-type Tg. The cells were then pulse-
labeled with 35S-amino acids for 30 min and chased in complete medium for
5 h. Cell lysates and collected chase media were immunoprecipitated with
anti-Tg and analyzed by reducing SDS-PAGE and fluorography.
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ity control machinery of the ER, designed to distinguish normal
and abnormal versions of exportable proteins, is largely based on
the exposure of surface features that are ultimately buried within
the core of properly folded globular proteins (25). For Tg as for
other secretory proteins, sites designed for interaction between
secretory protein partners, subunits, or even distinct regions
within the same protein, are typically among the sites recognized
by ER quality control proteins and ER retention factors (26).
A growing number of Tg mutations have been identified as a

genetic cause of hypothyroidism (13), and it seems increasingly
likely that some of these mutations (e.g. Tg-Q2139X), which
bring about transport blockadewithin the ER, primarily disrupt
regional interactions (Fig. l).
We previously showed that ChEL can be folded and exported

as an independent secretory protein (15), yet ChEL is strongly

implicated in Tg conformational stability and dimerization,
allowing for Tg export from the ER (18). If we wish to under-
stand the mechanism for Tg maturation and export, we must
dissect the way in which local domain-specific folding (and
folding defects) impact(s) on regional interactions within the
larger Tg polypeptide.
In this report, we have discovered that region II-III behaves

as a fully competent secretory protein (Fig. 2). These data indi-
cate that II-III can fold independently of the rest of the Tg
molecule. Indeed, II-III does not require assistance from secre-
tory ChEL for its export; nor can we find evidence for direct
physical interaction of II-III with ChEL (Fig. 3). Further,
although a local C1973S mutation in II-III results in a total
blockade of secretion (proof of local misfolding; Fig. 2) that
same mutation is at least partially suppressed in the context of
full-length Tg, which includes a wild-type ChEL domain (20).
These findings highlight the importance of regional interac-
tions as an overriding determinant of Tg quality control in the
ER.
Interestingly, upon dissection of the Tg molecule, despite

being initiated by its natural signal peptide, the data indicate
that region I conformational maturation is likely to provide the
greatest structural challenge for Tg to become competent for
export and thyroid hormonogenesis, because region I alone is
intrinsically defective for secretion. This observation is true in
the absence of the ensuing hinge sequence (mouse Tg-E1192X)
or in its presence (mouse Tg-A1435X), and it is also true for Tg
bearing a partial hinge sequence (mouse Tg-L1363X). Indeed,
we have learned of a homozygous hypothyroid patient bearing
the equivalent human Tg-L1364X mutation,4 and these find-
ings are also consistent with Tg-W1418X as a mutation-linked
to human hypothyroidism (22). From our studies, it appears
that virtually all of the association of I-II-III with molecular
chaperones BiP and GRP94 (a feature linked to Tg retention
within the ER) can be attributed to region I alone (Fig. 5).
Importantly, this class of truncations cannot be secreted (Fig. 4)
even in the presence of secretory ChEL (Fig. 6).
The inability of ChEL to rescue region I is not because of its

deployment in trans; indeed, even when directly tethered,
ChEL could not promote secretion of region I alone. Although
ChEL does exhibit trace rescue of region I-II, it is not until the
type-3 repeats are included that ChEL promotion of Tg secre-
tion begins to become efficient (Fig. 7). This conclusion is sup-
ported by the inability to detect a stable intracellular interaction
between ChEL and either region I or I-II, whereas an obviously
stable intracellular association is detected between ChEL and
I-II-III (15, 21).
We began these studies by postulating that region III might

provide the primary ChEL binding site, but the fact that II-III
does not interact with ChEL (Fig. 3) supports a more complex
interaction. In our current view, we suggest that structural con-
straints brought about through binary interactions facilitate
conformational stabilization (satisfying ER quality control and
export requirements) by promoting ternary complexes of
region I, II-III, and ChEL. It is likely that inappropriate or insuf-

4 S. Refetoff, unpublished observation.

FIGURE 8. Stable ChEL interaction with region I-containing constructs
requires II-III. 293 cells were either untransfected controls (Con, lanes 1 and
5) or transfected/co-transfected with cDNA constructs identical to those
described in Fig. 6. The cells were then pulse-labeled with 35S-amino acids for
30 min and chased in complete medium for 5 h in the presence of 5 �g/ml
brefeldin A (to prevent export of I-II-III or secretory ChEL). The cells were then
exposed to cross-linker for 30 min as described in under “Experimental Pro-
cedures” before lysis and immunoprecipitation either with anti-Tg (recover-
ing all Tg constructs) or anti-myc (recovering ChEL) and analyzed by reducing
SDS-PAGE and fluorography. Note that although there was excellent co-pre-
cipitation of intracellular I-II-III with ChEL-myc (lane 8), co-precipitation of
either region I or I-II was not detected when co-expressed with secretory
ChEL-myc (lanes 6 and 7). The positions of molecular mass marker proteins are
indicated at left.

FIGURE 9. Partial rescue of region I secretion in the presence of secretory
ChEL and secretory II-III. Above the data, a second schematic shows the
constructs used in this experiment. As before, secretory II-III-HA and ChEL,
when used, each included an artificial signal peptide (open box), and region I
bears a partial hinge (Tg-L1363X). Transfected 293 cells were then pulse-la-
beled with 35S-amino acids for 30 min and chased in complete medium for
5 h. Cell lysates and collected chase media were immunoprecipitated with
anti-Tg and analyzed by reducing SDS-PAGE and fluorography. The position
of the 190-kDa molecular mass standard is indicated.
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ficient binary interactions will not support a stabilized and
export-competent ternary structure (21). In support of such a
view is the finding that only after triple transfection in which
secretory II-III and secretory ChEL are co-expressed can secre-
tion of region I begin to become evident (Fig. 9). More studies
are needed to map the regional interactions sites, culminating
in a complete three-dimensional Tg structure.
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