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ABSTRACT Newly synthesized thyroglobulin (Tg), the
major secretory glycoprotein of the thyroid gland, folds and
homodimerizes in the endoplasmic reticulum (ER) before its
export to the site of iodination, where it serves as the precursor
for thyroid hormone synthesis. In families with defective Tg
export, affected individuals suffer from a thyroidal ER stor-
age disease characterized by a distended thyrocyte ER con-
taining misfolded Tg, along with induced ER molecular chap-
erones. Inherited as an autosomal recessive trait, deficient Tg
causes congenital hypothyroidism in newborns that, if un-
treated, results in goiter along with serious cognitive and
growth defects. Recently, a similar phenotype has been ob-
served in inbred cog/cog mice, although the precise molecular
defect has remained undefined. Here, we have isolated and
cloned a full-length 8.5-kb Tg ¢cDNA from cog/cog mice and
unaffected isogenic AKR/J mice. Comparison of the complete
sequences reveals that cog/cog mice express a Leu-2263 — Pro
missense mutation in the acetylcholinesterase-homology do-
main of Tg. Heterologous expression studies in COS cells
indicate that cog Tg exhibits a severe defect in exit from the
ER. Site-directed mutagenesis of cog Tg to convert the single
amino acid back to Leu-2263 restores normal Tg secretion. We
conclude that the cog mutation in Tg is responsible for this ER
storage disease that causes thyroid dyshormonogenesis.

For trafficking through the eukaryotic secretory pathway,
exportable proteins must achieve a certain level of conforma-
tional maturity to be competent for intracellular transport as
well as for their ultimate biological function. An increasing
number of genetically transmitted metabolic diseases involving
intracellular retention of exportable proteins have been rec-
ognized, caused by mutations that lead to tertiary and qua-
ternary structural defects (1). In a family of disorders of
protein trafficking known as endoplasmic reticulum storage
diseases (ERSDs; ref. 2), mutations as small as a single amino
acid change can lead to failure of protein export from the ER
(an essential step in overall protein export), such as in cystic
fibrosis [mutant CFTR (3)], juvenile pulmonary emphysema
[mutant a-L-antitrypsin (4)], osteogenesis imperfecta [mutant
type I procollagen (5)], juvenile diabetes insipidus [mutant
vasopressin precursor (6)], and hypercholesterolemia [mutant
low density lipoprotein receptor (7)]. Because export of the
mutant protein from the ER is prevented, it never reaches the
destination at which its physiologic function normally takes
place.
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Mutations in thyroglobulin (Tg), the major thyroid secretory
glycoprotein, can also cause inherited disease (2, 8, 9). Nor-
mally, Tg is exported through the secretory pathway to the
lumen of thyroid follicles to undergo iodination, which leads to
thyroid hormone synthesis. Congenital hypothyroidism due to
deficient Tg is inherited as an autosomal recessive trait in
~1:40,000 human newborns (10). In several human kindreds
that have been studied with this disorder, defective trafficking
of Tg from the ER to Golgi has been suggested to be
responsible for the congenital thyroid hormone deficiency
(11). In at least one of these kindreds, the underlying molecular
defect has been proved to be a mutation resulting in an altered
Tg coding sequence (12).

A similar form of severe congenital hypothyroidism with
colloid-deficient goiter along with abnormal growth and cen-
tral nervous system development is observed in cog/cog mice
(13). Indeed, electron microscopic studies of the thyroid glands
of cog/cog mice indicate an abnormally distended ER (14)—a
phenotype comparable to that observed from thyroid biopsies
of children suffering from congenital goiter with defective Tg
(11, 15-17). In the cog/cog mouse, Tg mRNA is abundant and
normal in size, but purified Tg protein exhibits abnormal
biophysical properties including enhanced susceptibility to
proteolysis (18-20). We have recently established that abnor-
mal folding, dimerization, and export of Tg, in association with
markedly elevated levels of five ER molecular chaperones,
characterizes the thyroid defect, indicating an ERSD (21).
Moreover, in thyroid tissue from homozygous cog/cog mice,
Tg exhibits temperature-sensitive export from the ER, sug-
gesting that the cog defect might be caused by a point mutation
in the Tg coding sequence (21).

The cog trait originally appeared as a spontaneous autoso-
mal recessive phenotype in the inbred AKR/J strain of mice
(22). The cog gene has been mapped near the Tg gene locus at
the central region of mouse chromosome 15 (23), but the
precise genetic defect has remained elusive. Here, we have
prepared thyroid cDNA libraries from cog/cog and isogenic
AKR/J mice, which, by cDNA sequencing, has allowed us to
deduce the complete Tg primary structure in both cases. These
data demonstrate that the hormonogenic domains of cog Tg
are identical to those of the normal Tg. However, we have
found a single nucleotide substitution in cog Tg, changing
Leu-2263 to Pro-2263 in a region strictly conserved in the Tgs
from all known species, which is evolutionarily derived from
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1 ATG ACG GCC CTG GTC TTG TGG GIC TCT ACT TTG TTG AGC TCA GTC TGC CTG GTA GCA GCC
-20 M T A L W V S T L s vV A A

61 AAC ATC TTT GAG TAC CAG GTA GAT GCA CAG CCA CTC CGC CCC TGT GAG CTA CAA AGA GAG AAA GCC TTT CTG AAG CAG GCT GAA TAT GTT CCC CAG TGC TCT GAA GAT GGA AGT TTC CAG
i N I F E Y Q V D A Q P L R P C L R E XK A F L K Y v Q ¢ S E D G S F
181 ACA GTC CAA TGC CAA AAT GAT GGT CAA TCT TGC TGG TGT GIG GAT TCT GAT GGC AGA ABA GTA CCT GGC AGC AGG CAG CTG GGG AGG CCA ACA ATT TGT CTG TCC TIC TGC CAG CTA CAC
41 T vV g ¢ o N D G 0 S C W ¢ V D S D G R K V P G § R @ L 6 R P T I ¢ L $ F € Q@ L H
301 AAA CAA CGG ATC CTG CTG GGC AGC TAC ATT AAC AGC ACC GAT GCT CTC TAC CTT CCT CAG TGC CAG GAT TCA GGG AAC TAT GCC CCA GTG CAG TGT GAC CTG CAG AGA GIG CAA TGC TGG
81 K ¢ R I L L 6 S Y I N T D A L Y L P Q@ € ¢ D S5 G A PV ¢c D L Q R V @ C W
421 TGT GTA GAC ACA GRG GGG ATG GAA GIG TAT GGC ACC CGC CAG CAG GGC AGG CCA ACT CGG TGT CCA AGG AGC TGT GAG ATA AGA AAC CGG CGT CTC CTC CAT GGA GTA GGA GAC AGG TCA
121 C vV D T E G M E V Y G R 0 @ 6 R P T R C P R 5 C R N R L L H G G D R §
541 CCA CCC CAG TGC ACT GCA GAT GGG GAG TTT ATG CCT GIC CAG TGC AAG TTT GIC AAT ACC ACA GAC ATG ATG ATT TTT GAT CTG ATC CAC AAC TAC AAC AGG TTT CCA GAT GCA TTT GTG
161 p P O CcC T A D G E F M P V Q@ ¢C K F V N T T D M M I F D L I H N Y N R F P D A F
861 ACC TTC AGT TCC TIC CGG GGC AGG TTC CCT GAA GTG TCT GGG TAC TGT TAC TGT GCT GAC AGC CAG GGG CGG GAG CTG GCT GAG ACA GGA CTG GAA TTG TTA CTG GAT GAA ATT TAT GAC
201 T F s s F R 6 R F P E V § 6 Y ¢ Y ¢C A D S § G R E L A E T G L E L L L D E I Y
781 ACC ATT TTT GCT GGC TTG GAC CAG GCC TCG ACC TTC ACT CAA AGC ACC ATG TAC CGG ATA TTG CAG AGA CGA TTC CTG GCC ATC CAA TTA GTC ATC TCT GGC AGA TTT CGG TGC CCC ACT
241 T 1 F A G L D Q A S T F T o § T M Y R I L Q R R F L A I Q L V I S G R F R C P
901 AAG TGT GAA GTA GAA CAG TTT GCT GCC ACC AGA TTT GGT CAT TCT TAC ATC CCG AGA TGC CAC AGA GAT GGT CAC TAC CAA ACA GTA CAG TGC CAG ACA GAA GGG ATG TGC TGG TGT GTG
281 K ¢ B vV E Q F A A R F G H & I P R €C R R D G H Y Q@ T V Q ¢ ¢ T E G M € W ¢
1021 GAT GCC CAG GGG AGA GAG GTC CCT GGC ACT CGG CAG CAA GGG CAG CCT CCA TCT TGC GCT GCA GAT CAG TCA TGT GCC TTG GAA AGG CAG CAG GCC TTG TCT AGG TIC TAC TTT GAA ACC
321 D A ¢ G R E V P G T R 0 G P P S C A A D Q S C A B L S R F Y E
1141 CCA GAC TAC TTC AGT CCG CAG GAC CTT TTG TCT TCA GAG GAC AGG CTC GCT CCT GTG AGT GGT GIC AGA TCG GAC ACA TCC TGC CCA CCC AGA ATC AAG GAA CTC TTT GTT GAC TCT GGA
361 P p Y F S P @ D L L S S E D R L A Vv § G V R s D c R I E L P V s G
1261 CTC CTG CGT TCG ATA GCT GTG GAG CAC TAC CAA CGG CTT TCT GAA TCC AGA AGT CTA CTA AGA GAA GCC ATC AGA GCA GTT TIC CCC TCC CGG GAG CTG GCA GGG CTT GCC CTT CAG TTC
401 L L R § I A V H Y Q0 R L S S R L L E A I R P S R E G L A L Q F
1381 ACC ACC ARC CCC AAG CGA CTC CAG CAG AAC CTG TTT GGA GGG ACA TTT TTG GCG AAT GCT GCC CAG TTT AAC TTG TCA GGA GCC CTT GGT ACA AGA AGC ACA TTT AAC TTC AGT CAG TTT
441 T K L N L F G G F N A F N L § L G s F N F o F
1501 TTIC CAG CAG TTT GGT CTC CCA GGC TTC CTG AAT AGA GAC AGA GTT ACT ACT CTT GCC AAA CTA CTC CCT GIG AGA TTG GAC TCC AGT TCT ACC CCA GAA ACT CTC CGT GTG TCT GAG AAG
481 F G P G F L N R D R V T A K L P vV R L D s s E L R V § E X
1621 ACA GTT GCT ATG AAT AAR CGA GTT GTG GGT AAC TTT GGC TIC ABA GTC AAC CTA CAA GAG AAC CAA GAT GCC TTA AAA TTT CTC GIT TCT CIC CTG GAA CTT CCA GAA TTC CTT GTC TIC
521 T V A M N K R Vv G F 6 F K V N E N Q D A L X F L V § L L E L P E F L V F
1741 TTG CAG CGT GCT GTT TCT GTG CCG GAA GAT ATA GCG AGA GAT TTA GGA GAT GIG ATG GAA ATG GTG TTC AGT GCT CAA GCC TGT AAA CAG ATG CCT GGG ARG TTC TTT GTC CCA TCA TGC
561 L Q R A V § V R D L G D V M E F S A A C K Q0 M G XK F F V P S
1861 ACT GCT GGA GGA AGC TAT GAG GAT ATA CAG TGC TAT GCT GGA GAA TGC TGG TGT GTA GAT TCC CGA GGC AAA GAA CTT GAT GGC TCG AGA GTC AGA GGT GGA CGC CCA AGA TGT CCC ACC
601 T A G G S Y E ¢ A E € W ¢ V D § 6 XK E L D 6 S R V R'G G R P R C P T
1981 AAG TGT GAA ARG CAG AGA GCT CAG ATG CAA AGC CTC GCA AGC GCT CAG CCC GCC GGC TCC AGC TIT TTT GIT CCT ACT TGT ACT AGA GAG GGA TAT TTT CTG CCT GTC CAG TGC TTC AAC
841 c 0 R A M Q S L A P A G S s F F V P T ¢cC T R E G Y F L P V Q C F N
2101 TCA GAA TGT TAC TGT GTG GAT ACT GAA GGC CAG GTT ATT CCT GGG ACT CAA AGT ACA GTT GGA GAA GCC RAG CAG TGT CCC AGT GTC TGC CAA TTA CAG GCT GAA CAA GCT TTC CTT GGG
681 E ¢C vV D E G VoI T ¢ § T V G E A K Q C P § V ¢ L A Q A L
2221 GTA GTA GGG GIT CTG CTC TCG AAC TCC AGC ATG GTG CCC TCC ATC TCC AAT GIC TAC ATC CCT CAG AGT GCC AGT GGC CAG TGG AGG CAT GTG CAG TGT GAT GGG CCC CAT GAG CAG
721 v G vV L B S § M V P S s N V 1 Q C S5 A S W v cC D G
2341 GIC TIT GAG TCG TAT GAA CGA TGG AAG ACT CAG AAC GGT GAT GGC CAG GAA CTG ACC CCA GCC GCA CTG CTA ATG ARG ATC GTG AGC TAC AGA GAR GTA GCT TCC AGR AAC TTC AGC CTC
761 vV F E W E R W K T Q N G D G @ E L T P A A L L K I VvV s R E A S R N F L
2461 TTT CTT CAA AGT CTC TAT GAT GCT GGC CAG CAA AGA ATC TTT CCA GTG CTA GCA CAG TAC CCA TCT CTT CAA GAT GTT CCA CAG GTA GTG TTG GAG GGA GCC ACA ACT CCG CCT GGG GAG
801 F L g s L Y D A G @ 9 R I F P V L A Q ¥ P S L Q D V P ¢ V V L E G A T T P P G E
2581 AAC ATT TTC CTG GAT CCG TAC ATC TTT TGG CAG ATC CTA AAT GGT CAG CTC AGC CAA TAC CCA GGT CCC TAC TCA GAC TIT AAC ATG CCT TTG GAR CAC TTC AAC CTC AGG AGC TGT TGG
841 N I F L D P Y I F W Q I L N G L § Y P G P Y S D N M P L E H F N L R § C W
2701 TGT GTG GAT GAG GCT GGC CAG ARA CTG GAT GGT ACT CAG ACT AAG CCA GGC GAG ATC CCA GCA TGT CCT GGC CCA TGT GAG GAA GTG AAA CTT CGT GTC CTG AAA TTT ATT AAG GAA ACA
881 € V D E A Q K L D G 13 E I P A C P G P C E V K L R V L K F I K E T
2821 GAA GAG ATT GTC TCA GCC TCC AAT GCT TCT TCA TTT CCA CTG GGA GAG AGT TTC TTA GTG GCC AAG GGA ATC CAG CTG ACC AGT GAG GAG CTT GAC CTT CCT CCC CAA TTC CCA TCC OGG
921 E E I V s A S N A 8 § F P L G E F L Vv A K 6 I Q L T § E E L D L P P Q@ F P 5 R
2941 GAT GCT TTIC TCT GAG AAG TTT CTA CGT GGG GGT GAA TAT GCC ATT CGC TTG GCT GCT CAG TCC ACC TTG ACT TIC TAT CAG AGT CTC CGT GCT TCC CTG GGA AAG TCC GAT GGA GCA GCC
951 D A F S E K L R G E Y A I R L A A ¢ S T L T F Y Q S L R A S L G K S D A A
3061 AGT CTT CTG TGG TCA GGG CCC TAC ATG CCA CAA TGC AAT ATG ATT GGA GGC TGG GAA CCT GTG CAG TGC CAT GCT GGG ACA GGA CAG TGT TGG TGT GTG GAT GGA AGG GGA GAG TTC ATT
1001 W S G M P ¢C N M I G G W E P Q ¢C H A 6 T G Q €C W C V D R F I
3181 CCA GGC TCG CTG ATG TCA CGC TCC TCA CAG ATG CCC CAG TGT CCC ACA BAC TGT GAG CTA TCC AGA GCA AGT GGG TTG ATT TCT GCA TGG AAA CAG GCT GGA CCC CAA AGA AAT CCA GGC
1041 G L M s s @ Q C P T N C L § R A § L s A K A G Q P G
3301 CCG GGA GAT CTG TTC ATA CCA GIC TGC CTC CAG ACG GGA GAG TAT GIC AGG AAG CAG ACA TCA GGA ACA GGA ACA TCG TGT GTG GAT CCA GCC TCA GGA GAA GGG ATG CCA GTG AAC ACA
1081 G L F vV C L G E Y V R K T $ 6 T G D A S G E G T
3421 ART GGC AGT GCT CAG TGT CCT GGC CTC TGT GAT GTIC CTC AAG AGC AGA GCC CTG TCC AGG AAA GTG GGT CTT GGC TAC TCT CCA GTC TGT GAG GCA CTG GAT GGA GCC TTC TCC CCA GTG
1121 N G S A ©Q C P L ¢ L K S R A L S R K G L G E A L D v
3541 CAA TGT GAC TTG GCC CAG GGC AGT TGT TGG TGT GTC CTG GGA AGT GGA GAG GAA GTG CCA GGG ACC CGT GTG GTA GGC ACC CAG CCT GCC TGT GAA AGC CCA CAG TGT CCA CTG CCA TTC
1161 o ¢ L A G ¢ W ¢ vV L 6 S G E E V P G R V VvV & o c s P c L
3661 TCT GGG TCA GAT GTG GCT GAT GGA GIG AIC TTC TGC GAA ACA GCC TCT AGC TCA GGA GTG ACG ACT GTT CAG CAG TGC CAG CTG CIG TGC CGC CAG GGC CTC CGG AGT GGG TTT TCA CCA
1201 s 6 s p vV A D G VvV I F ¢ E T A § s S 6 V T V Q @ ¢ @ L L ¢ R Q G L R S A s
3781 GGG CCA CTG ATT TGT AGC CTG GAG AGT CAG CAC TGG GTG ACA CTG CCA CCA CCC CGA GCC TGT CAA AGG CCT CAG CTG TGG CAG ACC ATG CAA ACT CAA GCA CAC TTC CAG CTC CTG CTC
2241 6 P L I ¢ $ L E § @ H W VvV T L P P P R A C Q R P Q L W Q T M 0 T Q A H F L L
3901 CCA CCA GGA AAG ATG TGC AGT GTT GAC TAC TCC GGC TTG CTG CAG GCC TTC CAG GTC TTC ATA CTG GAT GAG CTG ATA GCC CGT GGC TFC TGC CAG ATC CAG GTA AAG ACA TTT GGG ACC
1281 P P G K M ¢ § V b ¥ 8§ 6 L L @ A F Q v F I L D E L I A R G F € @ I @ V K T F G T
4021 CTG GTT TCC AGC ACT GIC TGT GAC AAC TCC TCA ATA CAG GTG GGG TGT CTG ACT GCA GAG COT TTA GGA GTA AAT GTC ACG TGG AAG TTA CAG CTT GAG GAC ATC TCA GTG GGC TCA CTT
1321 L vV s § T vV ¢ D N s S I Q@ V 6 € L T A E R L G V N V T W K Q L E D I S5 V G § L
4141 CCA GAT TTG TAC AGC ATT GAA AGG GCG GTA ACG GGC CAG GAT CTC CTT GGG CGC TTT GCA GAT CTG ATC CAA AGT GGC AGG TTC CAG CTT CAT CTG GAC TCC AAG ACA TIC TCA GCG GAC
1361 P D L Y s I E R A VvV T 6 @ D L L G R F A D L I Q S G R F © L H L D S K T F S A D
4261 ACC ACC TTG TAT TTT CTC AAT GGT GAC AGC TTT GTC ACC TCT CCC AGG ACT CAG CTI GGA TGT ATG GAA GGG TTC TAC AGA GIC CCA ACC ACC AGA CAG GAT GCT CTG GGC TGT GIG AAA
1401 T T L Y F L B 6 D s F VvV T s P R T 0 L ¢ ¢ K E G F Y R V P T T R 9 D A L G C V KX
4381 TGC CCT GAA GGA AGC TTC TCT CAG GAT GGG CGA TGC ACT CCC TGT CCT GCT GGC ACC TAC CAA GAA CAG GCA GGC AGC TCA GCC TGC ATC CCA TGC CCA AGG GGC AGA ACA ACC ATC ACC
1441 ¢ P E G § F S Q D G R €C T P € P A G T Y Q G s s cC I P C P R G R T I
4501 ACT GGA GCT TTC AGC ARA ACC CAT TGT GTC ACT GAC TGT CAG AAG AAT GAG GCT GGC CTA CAG TGT GAC CAG AAT GGT CAG TAC CAA GCC AGC CAG ARG AAC AGG GAC AGT GGG GAA GTT
1481 T ¢ A F S K T H € V T D C 0 K N E A G Q ¢ D Q¢ N G O Y Q A S Q0 K N R D S G v
4621 TTC TGC GIG GAC AGC GAG GGG CGG AAA CTA CAG TGG TTA CAG ACA GAG GCT GGA CTC TCA GAA TCT CAG TGT CTG ATG ATA CGG AAA TTT GAC AAA GCT CCA GAA TCG AAG GTT ATC TTT
1521 fF C V D S E R K L W L T E A 6 L S E S§ 9 €C L M I R K F D K A P E K vV F
4741 GAT GCT AAT TCT CCT GTG ATA GTC AAG TCC AGT GTC CCC AGT GCT GAC TCC CCG CTG GTG CAG TGC TTG ACA GAT TGT GCA AAT GAT GAG GCC TGC AGC TTC CTT ACA GIG TCC ACA ATG
1561 PV K v P a s P L V o ¢ L T D C A N D E A C S§ F L T V § T M
4861 GAG TCA GAG GIT TCA TGT GAC TTT TAT TCT TGG ACA AGG GAC AAC TTT GCC TGC GTG ACT 'TCT GAC CAG GAA CAA GAT GCT ATG GGC AGC CTG AAG GCA ACC AGT TTC GGG AGC CTC AGG
1601 s Y T R D N A ¢ v T s D Q E Q D A M G 8 L K A T S F G S L R
4981 TGC CAG GIG AAA GTG AGA AAT AGT GGC AAG GAT TCT CTG GCT GTG TAT GTG AAG AAA GGC TAT GAA TCT ACT GCA GCT GGT CAG AAG AGC TTC GAA CCA ACG GGT TTT CAA AAT GTG CIC
1641 € vV KV [ s L A V Y V K 6 Y s T A G Q K S E P T G F N L
5101 TCT GGG TTA TAT AGC CCT GIG GTG TTC TCA GCC TCA GGA GCC ARAT CTG ACA GAT ACA CAC ACC TAC TGT CTG CTT GCC TGT GAC ARAT GAT TCC TGC TGT GAT GGC TTC ATC ATC ACA CAG
1681 s G L s P V V F S A G A N L T H C L L N D ¢ ¢ D F I Q
5221 GTT AAA GGA GGG CCC ACC ATC TGT GGA CTT CTC AGT TCT CCT GAC ATT CTG CTT TGC CAC ATC AAT GAC TGG AGG GAT ACC TCT GCT ACT CAG GCC AAT GCT ACA TGT GCT GGG GTG ACA
1721 vV K 6 6 P T I ¢ G L L s P D I L L C H I N D W R A T N A T ¢ [3 T
5341 TAT GAC CAG GGG AGC CGC CAG ATG ACC TTG AGT CTG GGA GGC CAA GAG TTC CTG CAG GGT CTG GCA CTC TTG GAA GGA ACT CAA GAC AGC TIT ACC AGC TIC CAG CAG GIC TAC CTC TGG
1761 Yy D ¢ 6 S R @ M T L S L 6 G  E F L Q G L A L L E G D S F s F Q 9 W
5451 ABAA GAT TCT GAC ATG GGG TCT CGG CCG GAG TCT ATG GGA TGT GAR AGG GGA ATG GTG CCA AGG TCA GAC TTT CCA GGA GAT ATG GCA ACA GAA CTT TTT TCC CCT GTG GAC ATT ACC CAG
1801 kK D s D M 6 S R P E S M G ¢ E R G M Vv P R S D F P G D M A T E L F § P V D I Q
5581 GTC ATT GTC AAC ACA AGC CAT TCA TTG CCC AGC CAG CAG TAC TGG CTC TTC ACA CAC CTG TTT TCA GCA GAG CAG GCA AAC CTG TGG TGC CTT TCT CGG TGT GCC CAG GAG CCC ATT TIC
1841 vV I VvV N T S H P s @ ¥ L F T H L F S A E A N L W ¢ L § R C A Q E P I F
5701 TGT CAA CTT GCA GAC ATA ACA AAA AGT TCA TCT TTG TAT TTC ACC TGC TTC CTA TAC CCA GAA GCT CAG GIC TGT GAC AAT GIC ATG GAA TCT AAT GCC AAG AAC TGC AGT CAG ATT TTG
1881 L s L Y F T C F E Q v ¢ N ¥ E S N A K N C § o I
5821 CCC CAC CAR CCA ACG GCC CTC TTC CGG AGG AAA GTT GTG CTG AAT GAT AAA GTG AAC AAC TTT TAT ACT CGC CTG CCA TIC CAA AAG CTC ACA GGG ATT TCC ATC AGA GAC AAA GTC CCC
1921 Q T L F R R K V V L N K vV N N F T R L P F Q K L T G $ I R D K V P
5941 ATG TCT GGA AAA CTC ATT TCC AAT GGG TIC TTT GAG TGT GAG CGG CTC TGT GAC AGG GAC CCT TGC TGC ACT GGC TTT GGT TTT CTA AAT GIC TCC CAG CTG CAA GGA GGA GAG GTG ACC
191 M S 6 XK L I § N G F F E C E R ¢ D R D P C C T G F G F L v s G G E V
6061 TGT CTG ACT CTG AAC AGC ATG GGG ATT CAA ACA TGC AAT GAG GAG AGT GGA GCA ACC TGG CGC ATT TIG GAC TGT GGC TCT GAR GAC ACA GAA GTC CAC ACC TAT CCC TTT GGG TGG TAC
2001 T L N S M G 1 T C N E E ¢ A T W R I L D G S E D T E V P F G Y
6181 CAG AAG CCT GCT GTA TGG AGT GAC ACT CCT AGC TTC TGC CCT TCT GCT GCC CTG CAA TCC CTC ACT GAG GAG AAG GTT ACT TCG GAC TCT TGG CAG ACC CTG GCC CTG TCT TCA GTG ATT
2041 Q K P A VvV W S p T P S F ¢ P S A A L @ S L T E E K V T S D 8 W Q T L A L S§ s V I
6301 GTA GAT CCA TCC ATC AAG CAC TTT GAT GIT GCC CAC ATC AGC ACT GCA GCC ACC AGT AAC TIC TCC ATG GCC CAA GAC TTC TGC TTA CAG CAA TGT TCC CGT CAC CAG GAC TGC CTT GIC
2081 v D P § I K H F D V A H I S T A A T s N F S ¥ A g D F C L Q Q ¢C S8 H Q D C L V
6421 ACT ACC CTG CAG ATC CAG CCT GGG GTT GTG AGA TGT GTG TTC TAC CCT GAT ATA CAG AAC TGC ATA CAC AGT CTA CGG AGC CAC ACG TGC TGG CTT CTG CTC CAT GAA GAG GCT ACC TAC
2121 T T L @ I o P &G V V R € V F Y P D I Q N C I H S L R S H T € W L L H E E A T
6541 ATC TAC CGG ARG TCT GGA ATC CCT TTG GIC CAA TCT GAT GTA ACA TCC ACA CCT TCT GTA CGC ATT GAT TCC TIT GGC CAG CTT CAG GGT GGG TCC CAG GTC ATC ARG GIG GGC ACT GCC
2161 I Y R K § 6 I L v s DV T P $ V R I D S F G @ L Q G G § vV I K G T A
5661 TGG AAG CAA GTA TAC CGG TTC CTT GGA GTT CCA TAT GCT GCC CCA CCC TTG GCA GAC AAC CGC TIC CGG GCA CCA GAG GTC TTG AAT TGG ACA GGT TCA TGG GAT GCT ACC ARG CCA AGG
2201 W K Q V Y R F L G V P Y A A P L A D N R F R A P E V L N W [] W D A K R
8781 GCC AGC TGC TGG CAG CCA GGT ACC CGT ACC CCC ACA CCT CCA CAA ATC AAT GAA GAC TGC TTA TAT CCC AAT GTG TTT GTC CCT GAG AAC CTG GTC TCC AAT GCA TCA GTT CTG GTG TTT
2241 ASCWQPGTRTPTPPQINEDCLYPNVFVPENLVSNASVLVP
§901 TTC CAC AAT ACC ATG GAG ATG GAA GGC AGT GGT GGT CAG CTG ACC ATT GAT GGC TCC ATC CTG GCT GCA GTT GGC ARC TTC ATC GTA GIC ACT GCT AAC TAC AGA CTG GGG GIC TTC GGC
2281 H ¥ T M E M E G S G 6 © L T I D G S I L A A V G F I vV V T A N R L G V F
7021 TTC CTG AGT TCA GGC TCT GAT GRA GTA GCT GGC AAC TGG GGG CTG CTG GAC CAA GTG GCA GCT CTA ACG TGG GIG CAG TCC CAC ATT GGA GCA TTT GGT GGG GAC CCT CAG CGT GTG ACA
2321 L s s D E V & G L L D @ V A A L T W V s H I G A F & G D P Q R V
7141 CTG GCA GCA GAC CGT AGT GGG GCT GAT GTG GCC AGC ATA CAC CTT CTC ATC AGC AGG CCT ACA AGG CTC CAG CTC TTC AAG AAA GCA CTG CTT ATG GGA AGC TCT GCA CTG TCC CCG GCT
2361 A A D G A D L L I s R P T R L Q L F K K A L L M 6 § S A L S P A
7261 GCA ATT ATC AGC CCA GAA AAG GCC CAA CAG CAA GCT GCA ACC TTG GCA AAG GAA GIT GGA TGC CCT AAC TTC ATC CAT CCA GGA AGT GGT ATC ATG TTC CGC CAG AAG CCT GCC AAC ATT
2401 1 s K 0 A L A K E V G CcC P N F I B G S G M F R QO K P N
7381 CTC AAT GAT GCT CAG ACC ARG CTC CTG GCT GTG AGT GGC CCT TIC CAC TAC TGG GGC CCT GTG GTC GAT GGC CAG TAC CTC CGT GAA CTT CCA TCC AGA CGG TIG AAG AGG CCT CTG CCA
2441 L N A X L AV G P F W G P V V D G Q L R E L s R R L K R P L
7501 GTG ARG GIG GAT CTA CTC ATA GGA GGG TCC CAG GAT GAT GGG CTT ATC AAT AGG GCA ARG GCT GTG AAG CAA TIT GAA GAG AGC CAA GGC CGA ACC RAC AGC ABRA ACA GCC TTT TAC CAG
2481 K VvV D L I 6 G § D P G L I N R A K A F BE E § G R T N 8§ K T A F Y
7621 GCA CTG CAG AAT TCA CTC GGT GGT GAG GAC TCA GAT GCC CGC ATC CTT GCT GCT GCT GTA TGG TAT TAC TCC TIG GAG CAC TCC ACA GAC GAC TAT GCC TCC TTC TCT CGG GCA CTG GAG
2521 L ¢ N s L G G E D S D A R I A A A V W L E H § T D D ¥ A S F S R A L E
7741 ART GCC ACC CGG GAC TAC TIT ATC ATC TGT CCC ATG GTC AAC ATG GCC AGC CTC TGG GCA AGG AGA ACC CGT GGA AAT GIC TTC ATG TAC CAT GIC CCC GAA AGC TAT GGC CAT GGC AGC
2561 N A R D Y F I I ¢ P M V N M s A R R T G N V F M Y H V P E S Y G H G §
7861 CTA GAA TTG CTG GCA GAT GIT CAA TAT GCT TTT GGA CTG CCC TTC TAC TCT GCC TAC CAG GGC CAG TTT TCA ACG GAG GAG CAG AGC CTG TCC CTG AAA GTC ATG CAG TAT TIC TCC AAC
2601 L L L A D V Q Y A G L F s Q F S T E S L S L K V ¥ F S5 N
7981 TTC ATC AGA TCA GGA AAT CCT AAC TAC CCA CAT GAG TTC TCA AGG AAG GCA GCT GAG TTT GCC ACA CCT TGG CCA GAC TTT ATT CCT GGA GCT GGA GGA GAG AGC TAC AAG GAG CTC AGC
2641 F R § 6 N P N Y P H E F S R K A E T P W P £ P ¢ A G G E S Y K E L §
8101 GCC CAG CTT CCC BAT CGG CAG GGC CTC AAA CAA GCT GAC TGC TCC TTC TGG TCC AAG TAC ATC CAG ACT TTG AAG GAT GCA GAT GGA GCC AAG GAT GCA CAG TTA ACC AAG AGT GAA GAG
2681 A Q L P N R Q 6 L K Q A B C S F W § K ¥ I o T™ L XK D A D G A K D A Q@ L T K S§ E E
8221 GAA GAC TTG GAA GTT GGA CCT GGA TTA GAA GAA GAC CTC TCA GGC TCA CTG GAG CCT GIC CCC AAG AGC TAC AGC AAA TGA 8301
2721 E D L E VvV 6 P 6 L E E D L § 6 § L B P V P K S Y § K * 2146

Fic. 1. Tg cDNA sequence of cog/cog mice with congenital hypothyroid goiter differs by one nucleotide from that of euthyroid AKR/J mice. The
complete cog Tg coding sequence and the primary structure of the deduced cog Tg protein are shown. The preparation of thyroid cDNA libraries from
the two isogenic strains of mice, library screening, and DNA sequencing of selected clones, is described in Materials and Methods. The deduced cog Tg
protein sequence differs in six locations from that recently reported in GenBank (accession no. U76389) for normal outbred mice (the differing codons
are shown as underlined areas). Of these differences, only the nucleotide substitution (CTC to CCC) at position 6848, resulting in a Leu-2263 — Pro
mutation which resides in the acetylcholinesterase-homology domain of Tg, differs between the Tg sequences of cog/cog and AKR/J mice.
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A .
min ny

hTg 2258 SEDCLYLNVFIP
bTg 2260 SEDCLYLNVFVP
rTg ? SEDCLYLNVFVP
mTg 2257 NEDCLYLNVFVP
tAChE 91 SEDCLYLNIWVP
bSerum Cholinesterase 93 SEDCLYLNVWTP
cLipase 102 NEDCLYLNVFRP
sCarboxylester Lipase 90 QEDCLYLNIWVP
aThioesterase B 119 SEDCLYLNVYTP
rNeuroligin 150 SEDCLYLNIYVP
dNeurotactin 434 DEDCLYLDVVTP

B —----*t----71
cog Tg 2236 ATKPRASCWQ PGTRTP TPPQINEDCLYPNVFVP

r— 1

AKR/J Tg 2236 ATKPRASCWQ PGTRTP TPPQINEDCLYLNVFVP

[ 1
AChE 62 ASTYPNNCQQYVDEQF PGFSGSEMAWNPNREMSEDCLYLNIWVP

FiG. 2. The cog mutation is located within a conserved structural
domain. (4) The amino acids surrounding Leu-2263 (denoted with an
arrowhead, at bottom) are highly conserved in Tg from all four species
that have thus far been examined, as well as in AChE and other
members of the “a/B hydrolase fold” family (a partial list is shown; h,
human; b, bovine; r, rat; m, mouse; t, torpedo; ¢, candida; s, salmon;
a, avian; d, Drosophila). The amino acid numbering for rat Tg is not
established because the cDNA sequence has not yet been determined
in its entirety. (B) Given the close proximity of Leu-2263 to Cys-2260,
which forms an intrachain disulfide bond (solid bracket) that provides
important structural stability to AChE (see text) and is likely to play
a similar role in Tg (dashed bracket), we hypothesize that the cog
mutation (L2263P) may destabilize this region, potentially by prevent-
ing proper formation of this disulfide bridge (signified by question
mark).

acetylcholinesterase (AChE) and is known to be essential for
the structural stability of the AChE molecule. Heterologous
expression studies confirm that cog Tg exhibits deficient
intracellular transport, whereas PCR-mediated reversion of
Pro-2263 to Leu-2263 corrects the defect. Thus, the Leu-2263
— Pro mutation in cog Tg is responsible for the ERSD that
causes thyroid dyshormonogenesis.

MATERIALS AND METHODS

Animals. Homozygous cog/cog and AKR/J mice were pur-
chased from The Jackson Laboratories. At 6 months of age,
thyroid goiters were removed from four mutant mice for
generation of a thyroid cDNA library. For the control cDNA
library, freshly isolated thyroids from 12 AKR/J mice were
employed.

Isolation and Sequencing of Tg cDNAs. Using the Gubler—
Hoffman technique (24), thyroid cDNA libraries from cog/cog
and AKR/J mice were generated. Bidirectional DNA strands
were synthesized in a single tube without intervening extrac-
tions. Because Tg is encoded by a long message, the initial
reaction using oligo(dT) (containing a terminal Xhol site)
employed Superscript II reverse transcriptase (Moloney mu-
rine leukemia virus-reverse transcriptase devoid of RNase H
from GIBCO/BRL). The first cDNA strand was protected by
methylation. Fragments of mRNA that had been nicked by
RNase H served as primers for DNA polymerase I in making
the second cDNA strand. Following ligation of an EcoRI
linker and digestion with Xhol, double-stranded cDNAs were
then cloned into predigested A arms of the ZAP express vector
(Stratagene). The bacteriophage libraries contained a primary
titer of >1 million plaque-forming units/ml.

Seven clones from the cog/cog library, presumably repre-
senting the full-length (=8.2 kb) Tg cDNA, were initially
selected by probing with a cDNA fragment containing 1.7 kb
of the extreme 5’ coding sequence of rat Tg (25). Five positive
clones gave identical restriction patterns when digested with
EcoRI and Xhol. By using the enzymatic dideoxy method (26),
the terminal 100 bp at the 5" and 3’ ends of the coding region
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F1G. 3. Defective intracellular trafficking of cog Tg in COS cells.
COS-7 cells were either untransfected or transiently tranfected with Tg
cDNAs as described in Materials and Methods. By Western blot
analysis, unlike the control Tg, a protein encoded by the cog Tg cDNA
could be found intracellularly but was secreted into the overnight
collection medium at levels below the limits of detection.

were found to be identical for all five clones. Three of these
full-length clones that contained the most 5’-untranslated
sequence were then subcloned into pBS+ (Stratagene). One
such clone was then selected for sequencing (see Fig. 1),
beginning with standard T3 and T7 oligonucleotide primers.
The Tg cDNA was also digested with BamHI and PstI and
appropriate fragments ligated into pBS+, so that additional
internal sequence could be obtained from reactions by using
these same standard primers. The remaining internal cDNA
sequence was obtained from reactions by using primers de-
signed on the basis of cog Tg sequences that were available
from earlier sequencing runs. Using this approach, the cog Tg
cDNA was completely sequenced in both directions, which
helped to eliminate sequencing errors. Then, by using specific
cog Tg cDNA fragments as probes, several large and overlap-
ping fragments from the AKR/J library were isolated and
sequenced (no single full-length Tg cDNA clone was isolated
from this library). From this approach, the entire Tg coding
sequence from the control mice was obtained. All sequencing
was performed in the DNA sequencing facility at Beth Israel
Hospital (Boston).

Transient Expression of Mutant and Normal Tg. COS-7
cells were grown in DMEM containing 10% FBS. Using
lipofectamine (GIBCO/BRL), subconfluent cells were then
tranfected either with the full-length cog Tg or normal Tg
cDNA, both subcloned into the pBK expression vector (Strat-
agene); a nonmutant Tg cDNA in the pCB6 expression vector
(27) was used in Fig. 2c. These vectors drive Tg expression
from the immediate early cytomegalovirus promoter. At 48 h
after transfection, the medium was changed to include 10 mM
Na butyrate and the cells further incubated for 1 day. The
bathing medium was then collected and precipitated with
trichloroacetic acid, while the cells were lysed in 50 mM Tris
(pH 7.4) plus boiling 2% SDS and 25 mM DTT. Both medium
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Fic. 4. Cog Tg is retained in the ER and degraded intracellularly. COS-7 cells, transfected with nonmutant or cog Tg cDNAs as in Fig. 3, were
pulse-labeled with [33S]methionine/cysteine, chased for various times, and the medium collected and cells lysed as described. (4) Equal aliquots
of cell lysates and chase medium were combined and immunoprecipitated with polyclonal antiserum against mouse Tg, prior to digestion with endo
H (+) or mock digestion (—). As shown at 6 h of chase, =60% of normal Tg had passed the medial Golgi as measured by acquisition of resistance
to endo H digestion (R) with secretion into the medium (not shown), whereas cog Tg remained entirely sensitive (S) to endo H digestion (open
arrow), indicating that the mutant Tg protein never reached the Golgi for complex carbohydrate addition. (B) Equal aliquots of lysates of cells
transfected with the cog Tg cDNA, and the corresponding chase medium samples, were immunoprecipitated with antisera against Tg and analyzed
by SDS/PAGE and fluorography. Although ~40% of cog Tg is slowly degraded over the first 12 h, during the second 12-h chase, the remaining
newly synthesized cog Tg was more rapidly degraded with an undetectable fraction appearing in the secreted media, consistent with biphasic

degradation kinetics (39).

and cell lysate samples were then diluted into gel sample
buffer, resolved by 5% SDS/PAGE, and electrophoretically
transferred to nitrocellulose. Immunoblotting employed rabbit
polyclonal anti-Tg sera, with a goat anti-rabbit secondary
antibody coupled to peroxidase. Blots were developed by using
enhanced chemiluminescence with luminol. For immunopre-
cipitation analysis, transfected COS-7 cells were pulse-labeled
with [3S]methionine/cysteine and chased for various times
prior to lysis in a nondenaturing buffer containing a standard
mixture of protease inhibitors (28). Equal aliquots of cell
lysates or chase medium were precleared with Zysorbin prior
to immunoprecipitation with polyclonal anti-Tg, followed by
reducing SDS/PAGE. Endoglycosidase H digests were per-
formed as described (21). Tg bands were detected by phos-
phorimaging (Molecular Dynamics).

RESULTS AND DISCUSSION

By detecting for both the 5’ and 3’ ends of the Tg cDNA, five
independent clones that contained full-length inserts (=8.2 kb)

100 > 7
g L AN / %
0 7

Chase (h)

F1G.5. Pro-2263 — Leu-corrected Tg is secreted like the wild-type
protein. Using PCR-mutagenesis, the cog Tg cDNA was converted
back to wild-type at residue Leu-2263. COS-7 cells, transfected with
either the mutant or Pro-2263 — Leu-corrected Tg cDNA, were
examined by immunoprecipitation, and SDS/PAGE as in Fig. 4.
Radiolabeled Tg bands were quantitated by phosphorimaging.

were isolated from a thyroid cDNA library prepared from
cog/cog mice (see Materials and Methods). Complete, bidirec-
tional DNA sequence obtained for one clone (referred to as
cog Tg) included an 8301-nt insert containing an ORF region
encoding an intact pre-prohormone that contained a 20-
residue signal peptide and a 2746-residue mature protein,
consistent with a full-length Tg translation product (Fig. 1).
When compared with the Tg sequence recently reported in
GenBank for normal outbred mice, the deduced cog Tg
translation product differed in six locations (Fig. 1, under-
lines), reflecting heterogeneity among murine Tgs, similar to
that reported to occur between normal humans (29). To
determine which if any of these six sequence differences might
be responsible for the cog phenotype, we also prepared a
thyroid cDNA library and obtained the complete Tg cDNA
sequence from AKR/J mice, the original parental inbred
strain that does not exhibit any thyroid abnormality. Because
the cog/cog and AKR/J stains are isogenic, if the cog defect is
found in the Tg coding sequence, then only a single region of
sequence difference is to be expected, whereas if the cog gene
is not the Tg gene, the two Tg sequences should be identical.

When the two Tg cDNAs were compared, the sole observed
difference was a CTC — CCC substitution at position 6848 of
the ORF, creating the mutation Leu-2263 — Pro in the mature
cog Tg protein (Fig. 1, bold type). This was confirmed by
selective sequencing of two independently isolated, full-length
cog Tg cDNA clones. The proline substitution is not one of the
sequence variations reported for normal outbred mice (Fig. 1).
Importantly, the wild-type leucine residue in this position is
conserved in all species for which suitable Tg sequence has
been reported (Fig. 2a).

The C-terminal 544 amino acids of Tg exhibit significant
homology to the entirety of acetylcholinesterase (AChE; refs.
30-32), which shares with Tg the features of dimer formation
(33, 34) and transport through the secretory pathway (34). The
highest degree of homology is contained in a region conserved
between virtually all members of the large “a/B hydrolase
fold” family, including hydrolytic enzymes and cell adhesion
molecules that are thought to have diverged from a common
ancestral gene (35). This conserved region in the crystal
structure of AChE (Fig. 2a), and presumably in other family
members, is contained within a peptide loop connecting
antiparallel B-strands (33) that are thought to play a critical
structural role.
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An expanded view (Fig. 2b) demonstrates that an intrachain
disulfide bond, which is adversely affected by changes in the
neighboring amino acids (36), is in close proximity to the
conserved peptide loop in AChE. Notably, a Asp — Asn
substitution in this conserved sequence has been shown to
result in deficient protein export (36), a consequence of
structural instability that probably represents either failure to
form the intrachain disulfide bond (Fig. 2b) or the proper
antiparallel alignment of B-strands. Based on such observa-
tions, we hypothesize that a structurally critical disulfide bond
also exists in this region of Tg, and that the neighboring cog
mutation may cause similar structural instability leading to
deficient Tg export. Given that homodimerization of Tg occurs
the ER (37), the structural instability provided by mutations in
this region can account for the established deficiency of cog Tg
in homodimerization and intracellular transport (21). This in
turn can explain the abnormally distended thyrocyte ER with
a vast induction of molecular chaperones (21).

By using the cog Tg cDNA, we transiently expressed the
protein in COS cells. As shown by immunoblotting, untrans-
fected COS cells contained only background bands in cell
lysates (Fig. 3 Left) and no bands in the medium (Fig. 3 Right).
In addition, COS cells transfected with a control cDNA
encoding nonmutant Tg exhibited a specific Tg band intracel-
lularly and secreted into the medium. By contrast, the ex-
pressed cog Tg protein was detectable only intracellularly (Fig.
3). These data confirm that the cloned cog cDNA encodes a Tg
protein defective for secretion.

To determine if the recombinantly expressed cog Tg ever
reached the Golgi complex, we examined its sensitivity to
digestion with endoglycosidase H (21). As shown in Fig. 4a, cog
Tg remained completely sensitive to digestion, indicating that
the mutant protein was retained in the ER. Moreover, we
found that the fate of transiently expressed cog Tg involves
intracellular degradation as a function of time (Fig. 4b).
Although the kinetics of degradation appeared relatively slow,
it is consistent with the recently described ER-associated
degradation process (38) that occurs in many ERSDs (2).
Studies are currently ongoing to characterize this process for
Tg in greater detail.

Finally, to prove that the transport defect in cog Tg can be
specifically attributed to Pro-2263, we used PCR-based mu-
tagenesis to specifically convert the cog Tg cDNA back to
wild-type only at residue Leu-2263. As shown in Fig. 5,
correction of this single residue restored normal Tg secretion,
proving that the conserved leucine in this region is essential for
the structural stability (21) and intracellular transport (this
report) of the Tg protein.

In conclusion, we have identified a point mutation contained
within the AChE-homology domain of the Tg coding sequence
as the molecular basis for congenital hypothyroid goiter in
cog/cog mice, a prototypic ERSD. Further, though formally
possible, it is unlikely that the cog/cog mouse has a second
genetic lesion. Future work will be aimed at precisely defining
how the AChE-like domain may regulate the stability and
assembly of Tg homodimers. Finally, although the molecular
lesion is known in relatively few human cases, the fact that a
similar thyroid ERSD is observed in numerous patients suf-
fering from congenital hypothyroid goiter suggests that subtle
defects in the Tg coding sequence in these kindreds may be
expected.
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