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Background:We have investigated which portion of thyroglobulin is engaged in its final oxidative maturation.
Results:We demonstrate that terminal oxidation of thyroglobulin is linked to region I of the protein.
Conclusion: Final acquisition of secretory competence includes conformational maturation in the interval between linker and
hinge segments of region I.
Significance: The results can explain human goitrous hypothyroidism, especially that caused by Tg-C1245R.

In vertebrates, the thyroglobulin (Tg) gene product must be
exported to the lumen of thyroid follicles for thyroid hormone
synthesis. In toto, Tg is composed of multiple type-1 repeats
connected by linker and hinge (altogether considered as “region
I,” nearly 1,200 residues); regions II-III (�720 residues); and
cholinesterase-like (ChEL) domain (�570 residues). Regions II-
III and ChEL rapidly acquire competence for secretion, yet
regions I-II-III require 20 min to become a partially mature
disulfide isomer; stabilization of a fully oxidized form requires
ChEL.Transition frompartiallymature tomatureTg occurs as a
discrete “jump” in mobility by nonreducing SDS-PAGE, sug-
gesting formation of at most a few final pairings of Cys residues
that may be separated by significant intervening primary
sequence. Using two independent approaches, we have investi-
gated which portion of Tg is engaged in this late stage of its
maturation. First, we demonstrate that this event is linked to
oxidation involving region I. Introduction of the Tg-C1245R
mutation in the hinge (identical to that causing human goi-
trous hypothyroidism) inhibits this maturation, although the
Cys-1245 partner remains unidentified. Second, we find that
Tg truncated after its fourth type-1 repeat is a fully indepen-
dent secretory protein. Together, the data indicate that final
acquisition of secretory competence includes conformational
maturation in the interval between linker and hinge segments
of region I.

In vertebrates, thyroid hormone is synthesized in the apical
secretory cavity of follicles of the thyroid gland. In this process,
secreted thyroglobulin (Tg)3 (1, 2) must undergo iodination by
the activity of thyroid peroxidase (3). Tg structure, rather than

the specificity thyroid peroxidase (4, 5), is responsible for cou-
pling of di-iodotyrosyl residues 5 and 130 to form thyroxine
within the Tg molecule (6, 7).
In general, Tg mutants causing genetic hypothyroidism

and/or goiter are defective for secretion and thus fail to be deliv-
ered to the site of iodination (8). Rate-limiting in the overall
process of intracellular transport is Tg export from the endo-
plasmic reticulum (ER) (9), which in turn is dependent on fold-
ing of the newly synthesized Tg protein (10–13).
The normal folding process for Tg begins with transient for-

mation of mixed disulfide bonds (14) with endogenous ER oxi-
doreductases in complexes called “A,” “B,” and “C,” as visual-
ized by nonreducing SDS-PAGE (15). Concomitant with
resolution of these complexes, and thereafter, there is extensive
intramolecular disulfide bond maturation within internal
repeat domains of the molecule (16). The oxidation of Tg
monomers culminates in a transition from the “D” to oxidized
“E” isoform that precedes homodimerization (17), which helps
to satisfy “ER quality control” requirements that control effi-
ciency and rate of Tg export from the ER (18).
The primary sequence of Tg (�2,746 residues in mouse Tg

after signal peptide cleavage) is composed of a disulfide-rich
contiguous region I (multiple type-1 repeats (19) plus linker and
hinge segments); regions II-III (type-2 repeats that are distant
members of theGCC2/GCC3domain superfamily (20–22) and
one final type-1 repeat followed by type-3 repeats that
exhibit only internal homology); and the cholinesterase-like
(ChEL) domain (23). The majority of described pathogenic
Tgmutations tend to fall within region I or the ChEL domain
(24). Region I mutants or a truncated region I-II-III cannot
fold properly (25). Intriguingly, ChEL domain mutants sim-
ilarly impair upstream Tg folding because ChEL serves as an
intramolecular chaperone for I-II-III (26). The mechanism
involves stabilization of the oxidized E isoform of I-II-III, but
other than requiring ChEL (26), nothing further is known
about the region of Tg involved in this critical D-to-E
transition.
In this study, we have used two lines of approach to narrow

the candidate segment involved in late Tg oxidative matura-
tion, including selective cysteine deletion and Tg truncation
mutagenesis. Taken together, these approaches point to a
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sequence spanning the linker and hinge segments of region I as
critical for terminal Tg folding for export from the ER.

EXPERIMENTAL PROCEDURES

Materials—Lipofectamine 2000,Dulbecco’smodified Eagle’s
medium (DMEM), fetal bovine serum, penicillin, and strepto-
mycin were from Invitrogen; 4-acetamido-4�-maleimidylstil-
bene-2,2�-disulfonic acid (AMS) was from Molecular Probes;
Zysorbin was from Zymed Laboratories Inc.; Complete prote-
ase inhibitor mixture was from Roche Applied Science; brefel-
din A and protein A-agarose were from Sigma; peptide-N-gly-
cosidase F (PNGase F) and endoglycosidase H were from New
England Biolabs (Beverly, MA); Trans35S-Label was from MP
Biomedicals (Irvine, CA). Rabbit polyclonal anti-Tg (contain-
ing antibodies against epitopes at both N-terminal and C-ter-
minal regions of the protein) has been previously described
(27).
Mutagenesis of Mouse Tg—cDNAs encoding secretory ChEL

and truncated Tg regions I-II-III and secretory ChEL and
ChEL-Myc have been described previously (17, 25, 26). Other
constructs described in this study were made using the
QuikChange site-directed mutagenesis kit (Agilent Technolo-
gies, Inc.) using following themutagenic primers pairedwith their
complements: Tg-C175X (5�-GCCTGTCCAGGAACAGAAGC-
TCATTTCCGAAGAGGACCTGTGATTTGATCTGATCC-
3�); Tg-R277X (Myc-tagged, 5�-CTGGCAGATTTGAGCAGAA-
GCTTATCTCTGAAGAAGACCTGTAGGCTGCCACCAGA-
TTTG-3�); Tg-P279X (Myc-tagged, 5�-GGCAGATTTCGGTG-
CGAGCAGAAGTTGATATCAGAAGAGGACCTTTAGACC-
AGATTTGG-3�); Tg-G293X (Myc-tagged, 5�-GCCACCAGAT-
TTGAGCAGAAGCTTATCTCTGAAGAAGACCTGTAGGC-
TGCCACCAG-3�); Tg-A340X (5�-GGGCAGCCTCCATCTTG-
CTAGTGAGATCAGTCATGTGCCTTGG-3�); Tg-C388S (5�-
GGTGTCAGATCGGACACATCCTCCCCACCCAGAATCA-
AGG-3�); Tg-C1245R (5�-TGCTGACTCTCCAGGCTACGAA-
TCAGTGGCCC-3�); Tg-C1489S (5�-GGAGCTTTCAGCAAA-
ACCCATTCTGTCACTGACTGTCAGAAGAATGAGG-3�);
Tg-C1973S (5�-CCAATGGGTTCTTTGAGAGTGAGCGGCT-
CTGTGACAGGG-3�); and Tg region I (Tg-A1435X, 5�-
CCCAACCACCAGACAGGATTGACTGGGCTGTGTGAAA-
TGCCC-3�). Tg-C345S,C388S was made from Tg-C388S using
the following primer and its complement (5�-GCGCTGCAG-
ATCAGTCATCTGCCTTGGAAAGGCAGCAGGCC-3�). To
make the secretory region II-III-HA, a SalI restriction site was
introduced into 5� end of the first type-2 repeat by using a pair of
mutagenesis primer and its complement (5�-GGTTCTACAGA-
GTCCCAACCACCAGTCGACATGCTCTGGGCTGTGTGA-
AATGC-3�). The prolactin signal peptide was fused in-frame at
the 5� end of the first type-2 repeat using an engineered SalI site as
described previously (28), andHA tagwas added using the follow-
ing primer and its complement (5�-CCGGAAGTCTTACCCCT-
ATGACGTCCCAGATTATGCATGATCCACACCTTCTGT-
ACGC-3�). Tg regions I-II-III lacking the third type-1 repeat were
made as follows. Two separate PCRs were done using two sets
of primers and I-II-III as a template (PCR 1, forward primer,
5�-AGACCCAAGCTGGCTAGCGTTTAAACGGG-3�, and
reverse primer, 5�-TACTTCACACTTAGTGGGACACCGA-
GTTGGCCTGCCCTGC-3�; PCR 2, forward primer, 5�-GGC-

CAACTCGGTGTCCCACTAAGTGTGAAGTAGAACAGT-
TTGC-3�, and reverse primer, 5�-TTCTCGAGCCATCAAG-
TTCTTTGCCTCGGG-3�). Two amplified products were
purified and combined as templates for the final PCR. The final
PCR was done using the forward primer of PCR 1 and the
reverse primer of PCR 2. The amplified DNAwas digested with
NheI and XhoI and transferred into I-II-III. 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% fetal bovine
serum in 6-well plates at 37 °C in a humidified 5% CO2 incu-
bator. Plasmids were transiently transfected using Lipo-
fectamine 2000 transfection reagent following the manufac-
turer’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, 0.1% SDS, 0.1 M

NaCl, 2mMEDTA, 25mMTris, pH 7.4, and a protease inhibitor
mixture. For immunoprecipitation, anti-Tg antibody was incu-
bated with cell or media samples overnight at 4 °C, and the
immunoprecipitate was recovered with protein A-agarose and
washed three times in immunoprecipitation buffer. For alkyla-
tion, the immunoprecipitates were incubated with 5 mM AMS
for 30 min at 30 °C as described previously (26). All samples
were finally boiled in SDS sample buffer with or without reduc-
ing agent (0.1 M dithiothreitol) as indicated, resolved by SDS-
PAGE, and analyzed by fluorography or phosphorimaging.
Endoglycosidase H and PNGase F Digestion—Immunopre-

cipitates were boiled for 10 min in 0.5% SDS containing 1%
2-mercaptoethanol in 20 mM Tris, pH 7.4 (or without reducing
agent for nonreducing condition). Denatured samples were
digested with 250 units of endoglycosidase H in 50 mM sodium
citrate, pH 5.5, for 1 h at 37 °C or PNGase F in 50 mM sodium
phosphate, pH 7.5, for 1 h at 37 °C.

RESULTS

I-II-III Oxidative Folding—Early Tg oxidative maturation
includes mixed disulfide complexes called bands A, B, and C
(17) that engage ER oxidoreductases, such as Tg-ERp57 and
Tg-protein-disulfide isomerase (Tg-PDI) adducts (15). After
dissociation from ER oxidoreductases, Tg monomer folding
proceeds during its residence in the ER, en route to final forma-
tion of roughly 60 intrachain disulfide bonds (16). This confor-
mational maturation is easily perturbed (9) and is temperature-
sensitive, tending to arrest at an immature folding intermediate
known as the D-isoform (immature monomer) (26). Indeed,
I-II-III contains the information needed to mature to the
monomeric E-isoform (26), but features inChEL (and not other
cholinesterase superfamilymembers) are required to produce a
stable E-isoform that is competent for export from the ER (29).
To understand how far along I-II-III oxidation progresses in

the absence of ChEL (i.e. prior to acquisition of secretion com-
petence), we used nonreducing SDS-PAGE to examine the
maturation of the polypeptide during its first 50 min after syn-
thesis. At the zero chase time, a broad band of immature I-II-III
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was already apparent (Fig. 1, lane 2). Within 20 min of chase,
there was sharpening of this D-isoform (lane 3), which did not
appear to mature further in the absence of ChEL (lane 4). To
examine whether most disulfide bonds in I-II-III (containing
116 of the 122 cysteines of Tg) had already formed during these
first 20 min, the samples were alkylated with AMS and thereaf-
ter fully reduced and analyzed by SDS-PAGE and fluorography.
Alkylation adds only �500 daltons of molecular mass for each
cysteine modified. Upon alkylation, newly synthesized I-II-III
at the zero chase time exposed sufficient cysteine thiols to gain
significant molecular mass beyond that predicted by the �240-
kDa polypeptide (Fig. 1, lane 6); by 20 min after synthesis, alky-
lation wasmarkedly decreased (lane 7), and this did not change
further as a function of time (lane 8). The mobilities of these
bands at the later chase times were nearly identical to those of
fully reduced I-II-III in the absence of alkylation (Fig. 1, lanes

10–12); thus, most oxidative maturation of Tg has already
occurred within the D-isoform of I-II-III prior to its final mat-
uration for export.
The D-to-E transition is a late oxidative event seen as a dis-

crete “jump down” in the nonreducing SDS-PAGE mobility of
Tg (Fig. 2A). This sudden diminution suggests formation of one
or more disulfide bonds engaging Cys partners at a sufficient
distance within the primary sequence so as to decrease the
hydrodynamic radius of the denatured protein. The (nine)
type-1A repeats of region I employ a pattern of disulfide pairing
engaging Cys-1-Cys-2, Cys-3-Cys-4, and Cys-5-Cys-6, and the
internal folding of the (two) type-1B repeats also consumes all
of their internal thiols (30). Similarly, Cys residues in type-2 and
-3 repeats and in the ChEL domain are all consumed in internal
disulfide bonds, and collectively, these actually represent the
vast majority of total Cys residues in Tg (31). We therefore
scanned the Tg sequence looking for additional Cys residues
that might reside at a greater distance from one another and
thatwere unpaired, so as to be candidates thatmight participate
in the D-to-E maturation step (Fig. 2, schematic diagram). A
short segment after region II bears a single Cys-1489 residue
that seemed a very plausible candidate (Fig. 2, schematic dia-
gram); for this reason, we prepared a Tg-C1489S mutant.
Tg-C1489S did appear less efficient for secretion, and only little
intracellular mature E-isoform (awaiting secretion) remained
at 3 h of chase; nevertheless essentially all of the few secreted
molecules did achieve the mature E conformation (Fig. 2B).
In contrast to export of full-lengthTg,which is a slowprocess

(10, 16, 18), regions II-III and ChEL are each competent for
rapid export as independent secretory proteins and together
assist in export of region I (28). To test whether region I was the
source of the D-to-E transition, we followed the oxidative mat-
uration of region I (Tg-A1435X) by nonreducing SDS-PAGE
after deglycosylation with PNGase F. When co-transfected
along with empty vector, the region I band was barely percep-
tible, suggesting instability (Fig. 3, lanes 1–3). When co-trans-

FIGURE 1. Oxidative maturation of I-II-III in the absence of ChEL. 293 cells
transiently transfected to express I-II-III were pulse-labeled for 10 min with
35S-amino acids and then chased in complete medium for the times indicated
before immunoprecipitation with anti-Tg. The immunoprecipitates were
either analyzed directly by nonreducing SDS-PAGE (first panel) or alkylated
with AMS (see “Experimental Procedures”) and then analyzed by reducing
SDS-PAGE (middle panel) or analyzed directly by reducing SDS-PAGE (last
panel) (a nonspecific band was recovered even from untransfected control
cells shown in lanes 1, 5, and 9). In the absence of ChEL within 20 min of chase,
I-II-III is arrested at the maturation state of the D-isoform (26), but oxidation to
this form correlates with loss of the ability to add molecular mass upon alky-
lation with AMS. The position of the 181-kDa molecular mass marker is indi-
cated. Con � empty vector.

FIGURE 2. Oxidative maturation of wild-type Tg and Tg-C1489S. The schematic diagram above the data indicates the primary structure of Tg. The single Cys
residue following region II was mutated (C1489S), as indicated in the diagram. In the experiment, 293 cells were transiently transfected to express either
wild-type Tg (WT) or the point mutant. Con � empty vector. The cells were then pulse-labeled for 10 min with 35S-amino acids and chased in complete medium
for the times indicated. Cell lysates (C) and chase media (M) were collected before immunoprecipitation with anti-Tg. Immunoprecipitates were deglycosylated
with PNGase F, analyzed by nonreducing SDS-PAGE, and imaged by fluorography.
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fected with both secretory II-III (Fig. 3, lanes 4–6) plus secre-
tory ChEL (lanes 7–9), formation of an “E-like” isomer (and
secretion) was increasingly apparent. Although these data indi-
cate stabilization of region I by II-III and ChEL (28), they also
strongly suggest that region I directly participates in D-to-E
maturation.
To continue the search for “free” Cys residues within region

I that could be engaged in the D-to-E transition, we explored
the hinge segment following the 10th Tg type-1 repeat, as well
as the linker sequence between the fourth and fifth type-1
repeat. Hishinuma et al. (32, 33) described twomissense muta-
tions in the hinge segment in which cysteine substitution is
linked to thyroid pathology: a mild defect associated with ade-
nomatous goiter in patients expressing Tg-C1977S and more
severe congenital hypothyroid goiter causedbyTg-C1245R.Upon
neonatal screening, both cause elevation of serum thyroid-stimu-
latinghormone, andbaseduponanalysis of goiter tissue, bothacti-
vate the thyroidal ER stress response,with theTg-C1245Rmutant
inducing more ER molecular chaperones than Tg-C1977S (34).
We therefore examined the equivalent of these two mutations
engineered into themouse Tg cDNA.
Transfected 293 cells were metabolically labeled with 35S-

amino acids and chased in the presence of brefeldin A (BFA) to
accumulate secretory proteins within the ER, thereby simplify-
ing the sample analysis. Newly synthesizedTgwas immunopre-
cipitated and deglycosylated with PNGase F prior to analysis by
nonreducing SDS-PAGE and fluorography. Immediately after
synthesis, some disulfide-linked Tg complexes were detected
for both mutants (although distinct bands A, B, and C were not
individually resolved; Fig. 4A, lanes 2 and 5). After chase,
Tg-C1973S (equivalent to human Tg-C1977S) achieved matu-
ration to the E-isoform (albeit inefficiently), whereas
Tg-C1245R appeared blocked in progression beyond theD-iso-
form (Fig. 4A, lanes 3 and 4). Although these data implicate
Cys-1245 in a late stage of Tg oxidative maturation, a caveat
is that blockade of protein export with BFA induces ER stress

(35); thus, we cannot exclude indirect pharmacological
effects that might promote misfolding of Tg-C1245R in the
ER.
We therefore repeated the pulse-chase experiment like that

in Fig. 4A, but this time in the absence of BFA. Although at least
some mutant Tg protein was recovered in the medium, it was
apparent that only a small fraction of secreted Tg-C1245Rmol-
ecules migrated as a band comparable with the mature E-iso-
form (the lowest band of Fig. 4B, lane 3), whereas other mole-
cules escaped from cells despite imperfect oxidation (lane 3),
and there was little or no intracellular mature E-isoform await-
ing secretion at 3 h of chase (lane 2). By contrast, there are two
Cys residues in the linker sequence between the fourth and fifth
type-1 repeats of region I (Fig. 4, schematic diagram), and nei-
ther a single Tg-C388S nor double Tg-C345S,C388S mutant
exhibited a blockade in oxidation to the mature E-isoform,
excluding these residues as a disulfide bonding partner with
Cys-1245. Together, the data in Fig. 4, A and B, suggest that
C1245R in the hinge segment is impaired in a late stage of Tg
oxidation that is linked to neonatal hypothyroidism (32, 33).
Dissection of Secretion Competence within Region I—Grow-

ing evidence supports the hypothesis that region I is the most
difficult-to-fold portion of Tg (28). Other than the linker and
hinge segments, this region is composed exclusively of type-1
repeating domains that have an evolutionarily programmed
internally folded structure (30). An early study suggested that a
patient homozygous for the Tg-R277X truncation exhibited
onlymild disease and proposed that a foreshortened Tg-R277X
would be secretion-competent (36). However, more recent
studies have linked the same genotype to severe goitrous hypo-
thyroidism (37). Such amutant is interesting in terms of folding
requirements for secretion because this naturally occurring
mutation deletes Cys-278, disrupting the last disulfide bond of
the third type-1 repeat. In contrast, we suggested that a recom-
binant Tg truncation Tg-C175X, which leaves an even number
of Cys residues forming the first disulfide bond of the third

FIGURE 3. Oxidative maturation of Tg region I. Above the data, the schematic diagram shows the region I construct (Tg-A1435X) used in this experiment. In
the experiment, 293 cells were either untransfected controls (Con) or transfected either with Tg region I or region I plus secretory II-III � secretory ChEL. The cells
were pulse-labeled for 15 min with 35S-amino acids and chased in complete medium for the times indicated. Cell lysates (Cells) and chase media (M) were then
collected before immunoprecipitation with anti-Tg, deglycosylation with PNGase F, and analysis by nonreducing SDS-PAGE and fluorography. The positions
of the 119- and 176-kDa molecular mass markers are indicated.
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type-1 repeat, is secretable (38). Because the third type-1 repeat
actually terminates at Cys-278, in the current study, we trun-
cated Tg at P279X, ending cleanly after this last cysteine. To
further encourage formation of this last disulfide bond of the
third repeat, we also created a construct that included an addi-
tional sequence initiating the fourth type-1 repeat by generat-
ing Tg-G293X. Each of these constructs was metabolically
labeled in cells.
Within 5 h after synthesis, amajority of full-lengthTg, aswell

as Tg-C175X, was recovered in the medium rather than in the
cells (Fig. 5A; the lower number of Cys residues in Tg-C175X
results in decreased band intensity because of decreased incor-
poration of 35S-amino acids). However, the truncated Tg-
R277X constructs with an incomplete third type-1 repeat, a
complete third repeat (Tg-P279X), or extra sequence entering
the fourth type-1 repeat (Tg-G293X) were each hardly secreted
(Fig. 5A). Specifically, secretion of the naturally occurring
Tg-R277X mutant was essentially undetectable. Although
secretion of Tg-P279X was minimally improved, the presence
of that final Cys residue might correlate with slightly greater
protein stability inside cells (Fig. 5A). By contrast, the behavior
of Tg-G293X is very similar to that reported in severely hypo-
thyroid Dutch goats (39) that express Tg-Y296X (40), which
creates a much less stable protein (Fig. 5A). When examined
after 5 h of chase by endoglycosidase H digest, Tg-C175X
recovered in themediumwas endoglycosidase H-resistant (Fig.
5B, left), whereas most Tg-R277X (recovered in cells) was
endoglycosidase H-sensitive (Fig. 5B, right). Because each of
our constructs, Tg-C175X, Tg-R277X, Tg-P279X, and
Tg-G293X,wereMyc epitope-tagged at theC terminus, we also
examined Tg-R277X lacking a Myc tag to ensure that the tag
did not play a role in the result, but untagged Tg-R277X also
was not secreted (Fig. 6, lane 5).
Altogether, the data support that Tg termination just before,

at, or just after the third type-1 repeat results in a protein with
features that are recognized as immature/misfolded within the

ER. We considered that the third Tg type-1 repeat might be a
candidate site for assistance by ChEL in the stabilization of I-II-
III. Indeed, when we deleted the third Tg type-1 repeat from
I-II-III, the well established secretion enhancement of I-II-III
by ChEL (26) was no longer observed; however, this did not
reflect specificity because I-II-III lacking its third Tg type-1
repeat remained incompetent for secretion with or without
ChEL (Fig. 6).
Importantly, when we extended the truncated Tg to the end

of the fourth repeat (prior to the linker segment), Tg-A340X
was extremely well expressed and well secreted, as measured
either by a pulse-chase-immunoprecipitation analysis (Fig. 7A)
or by immunoblotting of culture media collected for 12 h (Fig.
7B). Indeed, Tg-A340X exhibited equivalent disulfide bond for-
mation, glycosylation, and secretion, regardless of the presence
or absence of secretory ChEL (Fig. 8). Because completion of
the fourth type-1 repeat efficiently converts truncated Tg into
an independent secretion-competent protein not requiring
assistance from other Tg regions, ChEL stabilization of mature
Tg structure is likely to involve a part of Tg region I residing
beyond these first four repeating units.

DISCUSSION

The ChEL domain serves as an intramolecular chaperone for
I-II-III, stabilizing the E-isoform that is competent for
homodimerization and export (Fig. 2A) (17, 26). Growing evi-
dence points increasingly to the idea that the folding of region I,
comprising its 10 type-1 repeats plus linker and hinge seg-
ments, is likely to be rate-limiting forTgmaturation. First,most
disulfide oxidation of Tg occurs before the D-to-E transition
(Fig. 1), which is a property that can be attributed to region I
(Fig. 3). Second, both II-III andChEL can function as fully inde-
pendent secretory proteins, pointing to Tg region I as the most
challenging portion to fold (28).
Based on the finding that the naturally occurring Tg-R277X

is extremely inefficient in export (Figs. 5 and 6), consistent with

FIGURE 4. Oxidative maturation of Tg bearing selective point mutations in the hinge and linker sequences of region I. Above the data, the schematic
diagram indicates the primary structure of Tg; the positions of the point mutants studied are indicated. A, 293 cells were transiently transfected to express
either empty vector (Con) or the Tg constructs indicated above. The cells were then pulse-labeled for 10 min with 35S-amino acids and chased in complete
medium in the presence of BFA to block labeled protein secretion. At the chase times indicated, cell lysates were collected before immunoprecipitation with
anti-Tg, deglycosylation with PNGase F, and analysis by nonreducing SDS-PAGE and fluorography. B, cells as in panel A were pulse-labeled and chased for the
times indicated in the absence of BFA. Cell lysates (C) and chase media (M) were collected before immunoprecipitation with anti-Tg and analysis as in panel A.
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a more severe form of goitrous hypothyroidism (37) than had
previously been recognized (36), we considered the possibility
that ChEL provides chaperone assistance primarily to the third

FIGURE 5. Expression and secretion of truncation mutants in Tg region I. To the left of the data, the schematic diagram indicates the primary structure of the Tg
truncation constructs used in this experiment. A, 293 cells were either untransfected (Con) or transiently transfected to express the Tg constructs indicated above. Each
construct was engineered to include a C-terminal Myc tag to ensure that immunoreactivity was identical between the proteins. The cells were then pulse-labeled for
30 min with 35S-amino acids and chased in complete medium for 5 h. At that time, cell lysates were collected before immunoprecipitation with anti-Myc and analysis
by reducing SDS-PAGE and fluorography (a nonspecific band was recovered in the media even from untransfected control cells). B, cells transfected with the constructs
indicated were pulse-labeled and chased as in panel A. Cell lysates (C) and chase media (M) were collected before immunoprecipitation, digestion with or without
endoglycosidase H (� Endo H), and analysis as in panel A. The positions of molecular mass marker proteins are shown.

FIGURE 6. Deletion of the third type-1 repeat does not improve I-II-III
secretion. 293 cells were either untransfected controls or transfected to
express I-II-III lacking the third type-1 repeat � secretory ChEL. The cells were
then 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 (a
nonspecific band was recovered in the media even from untransfected con-
trol cells). The positions of molecular mass marker proteins are shown.

FIGURE 7. A truncated Tg containing the first four type-1 repeats is
secreted efficiently. Above the data, the schematic diagram shows the con-
struct(s) used in this figure. A, 293 cells were transiently transfected to express
either empty vector (Con) or the Tg constructs indicated above. The cells were
then pulse-labeled for 30 min with 35S-amino acids and chased in complete
medium for 5 h. At that time, cell lysates and media were collected before
immunoprecipitation with anti-Tg and analysis by reducing SDS-PAGE and
fluorography. B, the media bathing cells transfected as in panel A were col-
lected for 12 h and analyzed by immunoblotting with anti-Tg (WB anti-Tg).
The positions of molecular mass marker proteins are shown.
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type-1 repeat of Tg. Indeed, this third type-1 repeat is an unfa-
vorable stopping point for the Tg protein, whether it is at the
precise end of the repeat (Tg-P279X), or shortly thereafter as
has been reported in Dutch goats (39) that express Tg-Y296X
(40) or in the recombinant Tg-G293X described herein. How-
ever, we could not find evidence that I-II-III could acquire
ChEL-independent secretory competence merely by deleting
the third type-1 repeat; rather, the protein became dysfunc-
tional in a manner that could not be rescued by ChEL (Fig. 6).
Quite possibly, the milder hypothyroidism phenotype
described in some homozygous patients bearing Tg-R277X
point to other genetic and environmental factors that may mit-
igate the hypothyroidism (41, 42) rather than direct secretory
rescue of the protein. Moreover, we now find that Tg-A340X,
comprising precisely the first through fourth type-1 repeats,
functions as an independent folding unit, exhibiting rapid and
efficient secretion that does not require assistance from other
Tg regions for its transport (Figs. 7 and 8).

We hypothesize that the protracted and complex oxidative
folding (Fig. 2A) involves a portion of Tg inwhich the linker and
hinge segments figure prominently (Fig. 9). Herein, we provide
evidence that region I derives benefit from the presence of other
Tg regions (Fig. 3), consistent with intramolecular assistance
within Tg (26, 28). Disulfide pairing of the solitary Cys-1489, a
cysteine residing just beyond region II (Fig. 2, schematic dia-
gram), is unlikely to be important within the context of region
II-III, which is readily secreted in the absence of other Tg
regions (Fig. 9). However, Cys-1489 is likely to participate in the
efficiency of oxidative maturation within region I because
Tg-C1489S is inefficient in formation and secretion of the
E-isoform (Fig. 2B).
Most interesting fromthese studies is that theTg-C1245Rpoint

mutation in the hinge segment, responsible for human congenital
hypothyroid goiter (32, 33), directly impairs efficient D-to-E mat-
uration (Fig. 4). Thus, either the Cys-1245 residue is engaged in a
penultimate bond needed to promote terminal native disulfide

FIGURE 8. A truncated Tg containing the first four type-1 repeats is secreted rapidly and independently of ChEL. Above the data, the schematic diagram
shows the construct(s) used in this figure. In the experiment, 293 cells were transiently transfected to express either empty vector (Con) or Tg-A340X �
secretory ChEL. The cells were then pulse-labeled for 30 min with 35S-amino acids and chased in complete medium for 1 h. At that time, cell lysates (C) and
media (M) were collected before immunoprecipitation with anti-Tg and analysis by SDS-PAGE under nonreducing (left panel) or reducing (right panel) condi-
tions. Note that for Tg-A340X, disulfide oxidation (as measured by mobility difference between reduced and nonreduced gel bands), glycosylation of secreted
protein, and extent of secretion were unaffected by the presence of the ChEL domain. The positions of molecular mass marker proteins are shown.

FIGURE 9. Summary of truncated Tg constructs and their secretory behavior. The schematic illustrates the results of secretion of distinct Tg truncation
mutations presented in this study and in Ref. 28. From this we propose that folding the segment shown at bottom, including both linker and hinge regions, may
be rate-limiting for Tg folding and export.
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pairing or this residue normally participates directly in terminal
disulfide pairing but can be replaced (albeit inefficiently) by an
alternate nearby cysteine. Further work is still needed to identify
the structural rolesplayedby the10otherCys residues in thehinge
segment; additionally, at this time, the Cys residue that partners
with Cys-1245 remains to be discovered.
In summary, evidence presented in this study supports a

growing view that region I folding may be rate-limiting in the
process of normal Tg maturation for thyroid hormonogenesis
and that this is linked to a requirement for other Tg regions
(28). As we clarify the regional interactions, narrowing the pos-
sibilities for how Tg obtains intramolecular stabilization by
ChEL and II-III (Fig. 3), we gain increasing insight into the
molecular pathogenesis of congenital hypothyroidism caused
by mutations that alter the Tg coding sequence.
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