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The mRNA encoding human thyroglobulin has been cloned and sequenced. It is made up of a 8301-nucleotide 
segment encoding a preprotein monomer of 2767 amino acids, flanked by non-coding 5' and 3' regions of 41 and 
106 nucleotides, respectively. This preprotein consists of a leader sequence of 19 amino acids, followed by the 
sequence of the mature monomer, corresponding to a polypeptide of 2748 amono acids ( M ,  = 302 773). On its 
amino-terminal side, 70% of the monomer is characterized by the presence of three types of repetitive units. In 
contrast, the remaining 30% of the protein is devoid of repetitive units. This last region however shows an 
interesting homology (up to 64%) with the acetylcholinesterase of Torpedo californica. The sites of thyroid 
hormones synthesis are clustered at both ends of the thyroglobulin monomer. By contrast, the potential glycosyla- 
tion sites are scattered along the polypeptide chain. 

Thyroglobulin is a protein specifically synthesised by the 
thyroid gland, and constitutes the support for the production 
of the two thyroid hormones, thyroxine and triiodothyronine 
[l]. The existence of thyroglobulin was demonstrated a cen- 
tury ago [2], but its structure has been elucidated only recently. 
It is a dimeric glycoprotein with an M ,  of 660000, of two 
identical subunits [3, 41 encoded by a single mRNA with a 
sedimentation coefficient of 33 S (8500 nucleotides) [5 -71. 
Thyroglobulin is synthesised by the thyrocyte, then exported 
to the vesicular lumen where its maturation begins by the 
iodination of several tyrosine residues, and coupling of some 
of the iodotyrosine residues [8]. Then, by an endocytotic pro- 
cess, the molecule is absorbed into the thyrocyte where several 
selective cleavages occur in the lysosomes, resulting in the 
release of the thyroid hormones, and complete degradation 
of the rest of the molecule. 

For a thyroglobulin iodine content of 0.5% (which is 
rarely attained in man) a maximum of 3.5 hormonal residues 
per thyroglobulin molecule are formed through a reaction 
catalyzed by the enzyme thyroid peroxidase [9]. Four 
hormone-synthesis sites have been described, corresponding 
to four tyrosine residues in fixed positions [lo- 121. 

The structure of human thyroglobulin seems to be respon- 
sible for the specific fixation of iodine, and the production of 
functional thyroid hormones. Several human pathologies are 
associated with an abnormal thyroid function. Since the recent 
demonstration of the implication of a defect in thyroglobulin 
gene structure in the development of congenital goitre in cattle 

[13], it is likely that knowledge of the structure of human 
thyroglobulin mRNA will help to elucidate the structural 
bases of human thyroid pathologies. We describe here the 
complete nucleotide sequence of human thyroglobulin 
mRNA. 

MATERIALS AND METHODS 

Preparation and sequencing of DNA 

cDNA fragments corresponding to human thyroglobulin 
mRNA were prepared from recombinant plasmids named 
M1- M4 and B2 - B4 (see Fig. l), as previously described [7, 
141. Two additional clones, named B1 (kind gift of H. Brocas 
and G. Vassart) and M5, were constructed by G-C tailing of 
cDNA, and eventual insertion into the PstI site of pBR322, 
according to Maniatis et al. [15]. Restriction endonucleases 
were used as recommended by the suppliers. Fragments 
carrying 5'-protruding ends were labeled using alkaline 
phosphatase (CIP Boehringer) and T4 polynucleotide kinase 
(BRL) with [32P]ATP (3000 Ci/mmol, Amersham). Frag- 
ments carrying 3'-protruding ends were labeled with cordy- 
cepin (3'-deoxyadenosine) or 2',3'-dideoxyadenosine 5'-[32P]- 
phosphate ([32P]ddATP, 3000 Ci/mmol, Amersham) in the 
presence of terminal deoxynucleotidyl transferase (BRL). 

The labeled fragments were isolated and sequenced ac- 
cording to the method described by Maxam and Gilbert [16]. 
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mRNA preparation 

Human thyroglobulin mRNA was extracted by the guani- 
dine . HCI procedure [17] or by the guanidinium thiocyanate/ 
CsCl gradient procedure [18], from a Graves' disease thyroid 
obtained surgically. A single passage through oligo(dT)-cellu- 
lose was used to prepare the fraction enriched in poly(A)- 
containing RNA. The quality of the RNA preparation was 
monitored by electrophoresis on agarose/methylmercury- 
hydroxide gels. 



492 

5 
B P B  P E E  P P P P  P B P P E P  P E  P B  
J I  1 I I t  I I I  I I I  I I l l  I I  3' 

c c - M1 

I ' M2 - B 1  

J I '  1 1  ' M3 - 62 

- I 4  - 03  

B = Bgl II 

f = EcoRI 

P = P.1 I 

L 

O 1 2 3 4 5 1 7 8 kb 

Fig. 1 .  Restriction i m p  of D N A  coding for human thyroglobulin obtained from nine scored cDNA clones. The sequencing of the 5' end and the 
region between clones B1 and M3 were obtained by primer-extension. The primers were isolated from clones MI and M3, respectively 

Primer-extension cuperiments 

The 5'-end extension of clone M1 has been already de- 
scribed [19]. A gap between clones M3 and B1 was filled up 
by primer-extension: a 247-bp restriction fragment cor- 
responding to position 35 - 182 of clone M3 was isolated by 
polyacrylamide gel electrophoresis, and subsequently cut by 
Sau3Al (position 11 1 of M3). The fragment was labelled with 
32P at the 5' end as described above, and the two comple- 
mentary strands separated on a 8% acrylamide/urea gel, and 
eluted according t o  Maxam and Gilbert [16]. 

Poly(A)-rich mRNA (50 pg) was hybridized with 50 ng 
single-stranded primer DNA labeled at its 5'-end (1 : 1 ratio 
of homologous sequences) in 100 p10.4 M NaCl, 10 mM Pipes 
pH 6.4 for 4 h at 65' C. Ethanol precipitation was performed 
following hybridization. Extension was carried out for 45 min 
at 42°C in 0.1 M Tris/HCl pH 8.3, 0.14M KCl, 10mM 
MgC12, 28 mM 2-mercaptoethanol in the presence of 1 mM 
dATP, dCTP, dCTP, dTTP and 40 units of reverse trans- 
criptase (PL) in a final volume of 50 pl. The mRNA was then 
hydrolysed by addition of 25 PI 0.15 M NaOH for 60 min at 
65°C. The reaction was stopped by neutralization and the ss- 
cDNA was precipitated by cold ethanol. Sequencing of the 
ss-cDNA was performed according to Maxam and Gilbert 
1161. 

Sequence ana1y.ri.c 

Results were analyzed using several computer programs 
developed by H. Jacq and B. Belon (unpublished) and B. 
Malthiery et al. [20]. These programs allowed the restriction 
analysis of nucleic acid sequences, the search for homologies 
in nucleotide and protein sequences and the study of 
hydrophilicity. 

RESULTS 

The complete nucleotide sequence of the human 
thyroglobulin mRNA was deduced from the sequence of nine 
overlapping recombinant plasmids, corresponding to 98% of 
the mRNA sequence, and for the remaining 2% by sequencing 
primer extensions. corresponding to a gap between two clones, 
and to the 5'-end of the message (Fig. 1). The nine clones 

were inserted into the plasmid vector pBR322, by G-C tailing 
(clones M1-4 [7] and B1) or by ligation of cohesive ends 
(clones B2-4 [14]). Restriction mapping of the inserts, and 
cross-hybridization experiments allowed the respective 
positioning of the inserts. The sequences were established 
unambiguously by sequencing both DNA strands. Two re- 
gions could not be cloned: a 56-nucleotide fragment between 
clones B1 and M3, and a 156-nucleotide fragment at the 5'- 
end of the mRNA. Those regions were covered by primer 
extension, as described in Methods. The sequence of the latter 
was verified by sequencing an appropriate genomic clone, and 
by comparison to the sequence published by others [21]. The 
sequence around the junction between clones B3 and B4 was 
monitored by sequencing a genomic subclone covering that 
region (generous gift of F. Baas). 

The mRNA encoding human thyroglobulin is a poly- 
nucleotide chain of 8448 nucleotides, provided with a poly(A) 
tail. It consists of a 5' non-translated segment of 41 
nucleotides, followed by a coding sequence of 8301 nucleo- 
tides with a single open reading frame, and a 3' non-translated 
segment of 106 nucleotides, showing the canonical 
polyadenylation signal AAUAAA in position 8427 (Fig. 2). 
A polypeptide sequence of 2767 amino acids can be derived 
from the nucleotide sequence. A leader peptide of 19 amino 
acids is followed by a 2748-amino-acid polypeptide, cor- 
responding to the monomeric human thyroglobulin. The 
deduced M ,  of that polypeptide (302773) agrees with the size 
of the polypeptide obtained by in viiro translation of human 
thyroglobulin mRNA [22] and with the size of the glycosylated 
monomeric t hyroglobulin [ 231. 

The amino-acid composition is similar to that of the 
mature protein [24], and confirms a rather high amount of 
serine and glycine residues (9.7% and 7.6% respectively), and 
a small proportion of lysine ( 3 . 3 % ;  Table 1). Hydrophobic 
and charged amino-acid residues are homogeneously dis- 
tributed on the polypeptide, whereas the cysteines involved in 
the repetitive structures (see below) and for the tyrosines are 
not. Each monomeric chain contains 67 tyrosine residues, 
representing 2.44% of total. They are mostly clustered in the 
repetitive structures and in a region near the C-terminal, where 
they constitute up to 9% of total amino acids. 

20 potential N-glycosylation sites (Asn-Xaa-Thr/Ser) are 
present in the protomeric sequence, that is twice the number 
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Fig. 2. Mucleotide sequence of human thyroglobulin cDNA, and the deduced sequence of the protein. Numbering starts at nucleotide 42, 
corresponding to the initiation codon ATG, and at the 20th amino acid residue (Asn), which is the N-terminal residue of the mature protein 
(asterisk). The first 19 residues constitute the leader sequence of thyroglobulin. The AATAAA polyadenylation signal is underscored. The 
putative N-glycosylation sites (Asn-Xaa-Ser/Thr) are underscored. The tyrosine residues involved in hormone synthesis are boxed 
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Fig. 3. Internal homologia in human thyroglobulin primary structure. The three types of homologous domains are aligned. Insertions or 
deletions havc bcen introduced to optimize homology. Conserved amino acids are boxed according to the following scheme: for type 1 repeats, 
the amino acids should be present at least five times; for type 2 and type 3 repeats, at least twice. Residues showing no conservation between 
the domains arc represented by numbers. Localization of the domains is shown on the right (the numbering is as in F3g. 2) 

Table 1. The atnino acid c-omposition of'the human thyroglobulin mono- 
mer 

h i n o  a c i d  Number of res idues  Percentage 

A 
R 
0 
N 
C 
E 
Q 
G 
H 
I 
L 
K 
U 
F 
P 
S 
T 
W 
Y 
U 

A lan ine  
Arg  i n i ne 
Aspar t ic  a c i d  
Asparrgi nc 
Cyst e I ne 
Glutamic a c i d  
GI u t mi nr 
Glrc ine  
Hi s t  i d i n c  
Isol euc i nc 
Leuc inr  
L r s i n r  
Ueth i  on ine  
Phenyl a lan ine  
Pro1 ine  
Serine 
Threon ine  
Tryp tophin 
Tr ros ine  
Val i n r  

I95 
151 
I24 
83 
122 
169 
191 
209 
41 
81 
258 
91 
37 
140 
171 
267 
I46 
43 
67 
162 

7.10 
5.50 
4.51 
3.02 
4.44 
6.15 
6.95 
7.60 
1.49 
2.95 
9.39 
3.31 
1.35 
5.09 
6.22 
9.72 
5.31 
1.56 
2.44 
5.90 

of sites actually glycosylated in the mature protein. One of 
them was actually displayed in human thyroglobulin, at posi- 
tion 2562 [251. 

Analysis of the deduced amino-acid sequence of the pro- 
toiner reveals the existence of three types of repeated domains. 
Type 1 is exclusively present in the N-terminal portion of the 
molecule, and is repeated ten times between positions 29 and 
1196. It is composed of approximately 50 amino acids, in 
which the positions of Cys, Pro and Gly residues are highly 
conserved. The proportion of Cys and Tyr in the type 1 
domains is high, as compared to the entire protomer. Some 
insertions of variable length are found in fixed positions in 
the area, but seem to have no relation with the repeated 
domains. The second repeated domains is shorter (14-17 
residues) and is present in triplicate between positions 1436 
and 3438. The third domain (type 3) is repeated five times, 
between positions 1603 and 2186. As in type 1, maximal 

a. 
b. 
c .  

d. 
r .  
1. 
9. 
h.  

I .  

i. 
I .  
1. 

5 
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2555 2569 

P E L A  S K ~ S  K 
2740 

Fig. 4. Hormonogenic domains in human thyroglobulin. The hormone- 
containing domains identified to date in various species are repre- 
sented by the one-letter code and are aligned for optimal homology. 
The four hormonogenic tyrosines are boxed and their positions in the 
protein are indicated. a, d, i, peptide sequences derived from the 
present work; b, four identical hormone-containing peptides deter- 
mined from human, bovine, ovine and porcine thyroglobulins [33, 34, 
12, 351; c, h, I, protein sequences derived from the bovine cDNA 
sequence [28]; the C-terminal region of the ovine thyroglobulin is 
identical to that in sequence 1 (Durand, J. and MalthiCry, Y. ,  
unpublished); g, k, protein sequence dcrived from a partial rat cDNA 
sequence [36]; f, sequence of three peptides obtained from porcine 
thyroglobulin [lo]; i, sequence of a hormone-containing peptide 
isolated from porcine thyroglobulin [l 11; e. tryptic peptide, isolated 
from human thyroglobulin, containing a glycosidic chain attached to 
the asparagine residue [25] 

homology is observed near the Cys residues, whose positions 
are highly conserved. A more refined analysis of the type 3 
domains allows one to distinguish two subtypes (3a and 3b, see 
Fig. 3), suggesting that type 3 region originates from tandem 
duplication of an ancestral gene segment. 
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Fig. 5. Schematic representation of the human thyroglobulin monomer. The ten domains of the type 1 homology are represented by open boxes. 
The three domains of the type 2 homology are represented in black, in the middle of the molecule. The type 3 homology (hatched boxes) is 
constituted of subtypes 3a (al, a2, a3) and 3 b (bl, b2). The triangles correspond to potential glycosylation sites; the closed triangle corresponds 
to the actual glycosylation site (see Fig. 4). The four hormonogenic sites are indicated by arrows; in the boxes, the upper line shows the 
sequence deduced from the nucleotide sequence, the bottom line corresponds to the peptide sequence characterized on the mature human or 
porcine proteins (see Fig. 4). MIT = monoiodotyrosine; DIT = diiodotyrosine; T3 = 3,5,3'-triiodothyronine; T4 = thyroxine 
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Fig. 6. Hydrophilicity profile of the human thyroglobulin monomer, starting from the N-terminal of the molecule. The computer program used 
and the hydrophilicity coefficients of the amino acids are from Hopp and Woods [26], using a five-amino-acid window. Figures indicate the 
positions of the potential N-glycosylation sites (Asn residues in the tripeptide Asn-Xaa-Ser/Thr) and the corresponding hydrophilicity indexes, 
taken as a measure of the hydrophilicity of the environment of that amino acid [26] 

DISCUSSION 

The analysis of the amino-acid sequence of human 
thyroglobulin, as deduced from the complete sequence of its 
mRNA, reveals that the 2767 amino acid protomer consists 
of two regions with distinct structural characteristics. Within 
the 2200 amino-terminal residues of the protein, three families 
of homologous domains could be detected, for a total of 18 
repeats (Fig. 5). By contrast, no internal homologies could be 
observed within the 580 C-terminal residues. A low cysteine 
content and a high tyrosine proportion (up to 9% of total 
residues between the positions 2539 and 2671) further dis- 
tinguishes the C-terminal from the rest of the protomer. Those 
structural differences might be related to functional 
differences, since Marriq et al. [lo] and Rawitch et al. [12] 
demonstrated that four of the tyrosine residues involved as 
'acceptor' sites in thyroxine and triiodothyronine formation 
were situated in positions 5,2553,2567 and 2746 of the mature 
protein (Fig. 4). If the central portion of the molecule does 
not contain hormonogenic sites, it could play a structural role, 
either in the positioning of the hormonogenic tyrosines, or in 

the endocytosis of thyroglobulin. Unfortunately, analysis of 
variations in hydrophobicity along the protomer, performed 
according to Hopp and Woods [26], showed no important 
differences between the three domains. It is noteworthy how- 
ever that the only N-glycosylation site whose position has 
been determined (2562) is part of a hydrophilic domain 
(Fig. 6). Since approximately half of the 20 potential 
glycosylation sites are actually glycosylated in the mature 
protein, and since 8 sites out of 20 potential residues show 
a positive hydrophilicity index, the search for glycosylated 
residues should begin with these sites [27]. 

An organisation similar to that of human thyroglobulin 
was recently reported for bovine thyroglobulin [28], including 
the same number of internal repeats in the central portion of 
the molecule. The bovine mRNA is slightly shorter, but the 
corresponding protomer is two amino acids longer. Actually, 
the bovine protomer shows six single amino-acid alterations, 
as compared to the human protomer, two deletions in 
positions 440 and 1799, and four insertions in positions 792, 
985, 1422 and 1450. Homology between the two mRNAs is 
81.25% (81.75% on the coding region) and 77.22% between 
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the protomers, but increases in the hormonogenic regions, up 
to 100% for the 20 N-terminal residues (see Fig. 4). The strong 
homology between human and bovine thyroglobulin mRNAs, 
together with data on the structure of the human 
thyroglobulin gene suggest that the three domains observed 
in the mRNA structure might be evolutionally different. In 
the central region, homologies of types 1 and 3 probably 
originate from multiple duplications. 

Computer searching in a data bank for homologies be- 
tween the type 1 repeat and fragments of other proteins re- 
vealed that a tripeptide Cys-Trp/Tyr-Cys, whose position is 
highly conserved in all 10 cases of the repeat, was found in all 
known scorpion neurotoxins. Neurotoxins are short 
polypeptides of about 60 amino-acid residues [29], in which 
the tripeptide helps to maintain a strict tridimensional 
structure, but its role in thyroglobulin is unknown. Further- 
more, the distribution of the other cysteine residues in the 
type 1 repeat and in neurotoxins is similar. More intriguing is 
the homology found between the C-terminal (non-repetitive) 
end of thyroglobulin and Torpedo culifornica acetylcholine- 
sterase, as described by Schumdcher et al. .[30]. The amazing 
64% homology between segments 2314 - 2360 of human 
thyroglobulin and 147 - 197 of acetylcholinesterase is 
suggestive of a common function that was conserved during 
evolution. That function is unknown as yet, although several 
hypotheses have been put forward [31]. 

Knowledge of the structure of human thyroglobulin 
mRNA, and of the orgauisation of the corresponding gene 
[32], should facilitate the development of studies on the 
structural bases of defects in thyroglobulin production. Along 
this line, defect in the structure of bovine thyroglobulin 
mRNA has already been linked to the existence of a hereditary 
goitre [13]. 
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