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Abstract

Thyroglobulin is a large protein present in all vertebrates. It is synthesized in the thyrocytes and exported to lumen
of the thyroid follicle, where its tyrosine residues are iodinated . The iodinated thyroglobulin is reintegrated into the
cell and processed (cleaved to free its two extremities) for thyroid hormone synthesis. Thyroglobulin sequence
analysis has identified four regions of the molecule: Tg1, Tg2, Tg3 and ChEL. Structural abnormalities and mutations
result in different pathological consequences, depending on the thyroglobulin region affected. We carried out a
bioinformatic analysis of thyroglobulin, determining the origin and the function of each region. Our results suggest
that the Tg1 region acts as a binding protein on the apical membrane, the Tg2 region is involved in protein
adhesion and the Tg3 region is involved in determining the three-dimensional structure of the protein. The ChEL
domain is involved in thyroglobulin transport, dimerization and adhesion. The presence of repetitive domains in the
Tg1, Tg2 and Tg3 regions suggests that these domains may have arisen through duplication.
Introduction
Thyroglobulin is the precursor of the thyroid hormones
triiodothyronine (T3) and thyroxine (T4). In humans,
thyroglobulin is synthesized by thyroid follicle cells, which
are also known as thyrocytes [1]. Thyroglobulin molecules
form dimers, which are exported to the lumen of the thy-
roid follicles [2]. There, the thyroglobulin is immobilized
on the apical membrane. The thyroid hormones process
starts by the iodination of tyrosine residues. Thyroperoxi-
daseis activated by H2O2, leading to the oxidation of iodide,
followed by the iodination and conjugation of some of
the tyrosine residues present in the thyroglobulin molecule.
The iodinated and conjugated thyroglobulin is then re-
turned to the cell via an endocytosis process that may
involve histone H1 [3], megalin (gp330) [4] and/or the N-
acetylglucosamine receptor [5]. Only a very small number
of iodinated tyrosine residues are involved in thyroid hor-
mone synthesis. T4 is formed by the conjugation of two
residues of diiodotyrosine followed by cleavage. T3 is
formed in a similar manner, but through the conjugation of
diiodotyrosine with monoiodotyrosine [6,7]. T3 is the func-
tional form; it is generated principally by T4 deiodinases in
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the peripheral organs, with only 13% being formed in the
thyroid gland [8]. Thyroid hormones reach their target
organs via the bloodstream. Thyroglobulin has been re-
ported to regulate some thyroid genes and the growth of
epithelial cells [9,10]. It acts as both a hormone and an iod-
ine reservoir [11].
In humans, mice and fish, thyroid hormone levels deter-

mine the basal rate of metabolism and overall energy
expenditure [12-14]. In other species, such as Senegalese
sole [15], amphibians [16], urochordatas [17], amphioxus
[18] and lamprey [19], thyroid hormones play a critical
role in the metamorphosis from larvae to juveniles. Thyro-
globulin protein structure has been studied in detail
[20-22]. This protein is present in all vertebrates and
always has the same structure, consisting of four regions:
the Tg1 (∼ 10 repetitive domains), Tg2 (3 repetitive
domains), Tg3 (5 repetitive domains) and ChEL regions
(Figure 1-a and 1-b). The Tg1, Tg2 and Tg3 regions (mov-
ing along the molecule from its N-terminal end) consist of
repetitive domains. All three regions are rich in cysteine
residues, allowing them to form disulfide bonds [23]. The
presence of these repetitive domains suggests their pos-
sible evolution through the duplication of source domains.
The C-terminus of the molecule includes a 581-amino
acid sequence displaying a high degree of similarity to the
sequence of acetylcholinesterase (28% identity) [24,25].
One previous study identified the ChEL domain as the
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Figure 1 The structure of the thyroglobulin protein. a) Structure of the human thyroglobulin protein. b) Structure of the zebrafish
thyroglobulin protein. c) Structure of the amphioxus thyroglobulin-like protein. d) Structure of the sea urchin thyroglobulin-like protein. Blue: Tg1
domains, red: Tg2 domains, green: Tg3 domains, black: the ChEL domain. Magenta: the location of the thyroid hormone synthesis sites on the
proteins (tyrosine residues).
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origininal source of thyroglobulin [26]. Thyroglobulin con-
tains about 140 tyrosine residues, but only about 30 of
these residues are iodinated and a very small number of
these iodinated tyrosines undergo conjugation to form T3
and T4 [27]. Only four major thyroid hormone synthesis
sites have been clearly identified in the human thyroglobu-
lin molecule and these sites are located at either end of the
protein: Tyr5, Tyr2554, Tyr2568 and Tyr2747 [21].
Thyroglobulin may thus be seen as a huge precursor of

two very small products. Additional studies of its other, as
yet unexplored functions in the cell may be useful. For ex-
ample, this protein could potentially be involved in the
trafficking of iodinefrom the thyrocyte to the follicle
lumen and its storage. Many studies have made use of bio-
informatics tools to analyze the evolution of proteins and
genes, and such tools may be useful in this context [28,29].
We performed a phylogenetic analysis of the thyroglobu-
lin molecule with the sequenced genomes of species corre-
sponding to key steps in animal evolution. Our results
provide clues to the evolution of thyroglobulin and poten-
tial functional roles for theTg1, Tg2, Tg3 and the ChEL
regions.

Materials and methods
Sequence extraction
We extracted the available DNA and protein sequences for
thyroglobulin (Tg) from the NCBI databank www.ncbi.nlm.
nih.gov for four species: human [GenBank:CAA29104],rat
[GenBank:AAF34909], mouse [GenBank:AAB53204], pig
[GenBank:ACY66900]. We also extracted six predicted
sequences: cattle [GenBank:NP_ 776308] horse [GenBank:
XP 001916622] marmoset [GenBank:XP 002759270],
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panda [Gen-Bank:XP 002917659], zebrafish [GenBank:XP
694292] and zebra finch [GenBank:XP 002188056]. For
other species, for which the amino-acid sequence of is
unknown, such as opossum, and fugu, we used the human
thyroglobulin genomic sequence in Blast searches of the
UCSC website genome.ucsc.edu; We first translated the
DNA sequence to obtain a putative amino-acid sequence.
We then used Blast to check whether the predicted
sequence was present in the database (chr3:411,623,333-
412,004,486 and chrUn:270,007,531-270,025,053 for opos-
sum and fugu, respectively). Homologous sequences from
amphioxus [GenBank:XP 002607132] and sea urchin [Gen-
Bank:XP 001202473] were also identified by BLAT analysis
(chrUn:353,044,426-353,083,914 and Scaffold82420:233-1,
088 in the amphioxus and sea urchin genomes,
respectively).

Sequence similarity
We searched for regions presenting sequence similarities to
the constituent domains of thyroglobulin - Tg1 Tg2, Tg3
and ChEL - with the Blastall command ftp://ftp.ncbi.nlm.
nih.gov/blast/db/, version 2.2.19. Pairs of sequences were
compared on the basis of their global alignment with
the Myers & Millers algorithm manpages.ubuntu.com/
manpages/karmic/man1. Results were generated in a separ-
ate text file containing alignment diagrams, scores, degrees
of identity, similarity and gaps. We used ClustalX software
ftp://ftpigbmc.u-strasbg.fr/pub/ClustalX/. for analysis of
multiple alignments of three or more sequences. The
results were output to a separate text file, but without in-
formation about score, because it was not possible to use
more than two sequences for score calculation with Com-
positional Matrix Adjust.

Phylogeny
We used the neighbor-joining (NJ) method in PHYLIP
[30] and mega 5 [31] for phylogenetic analysis. A range of
analyses, from simple p distance to multiparameter models
with gamma correction, were used. The significance of the
phylogenetic tree was assessed by bootstrapping, with
10,000 iterations. The Jones-Taylor- Thornton (JTT)
model of amino-acid sequence evolution, with gamma cor-
rection, was used for distance estimation [32]. In each
case, the distance was validated with 10,000 bootstrap
replications.

Results
The N-terminal Tg1 region
In humans, the first region of thyroglobulin consists of 10
Tg1 repeat domains, each containing 50 amino acids and
displaying 14% identity. However, Molina, et al. identified
an 11th domain located after the Tg2 region [33]. A com-
parison of this region in all the thyroglobulin protein
sequences extracted (13 species) indicated that the fish
thyroglobulins (zebrafish and fugu) lacked Tg1-7 and Tg1-9
(Additional file 1: Figure S1). We used mega 5 software to
calculate the distance of the whole thyroglobulin protein
sequences and of each of the component regions
(Additional file 2: Tables S2, Additional file 3: Table S3,
Additional file 4: Table S4 and Additional file 5:Table S5).
We performed a phylogenetic analysis on the thyroglobulin
Tg1 domains of four vertebrate species - (human (10 Tg1
domains), mouse (10 Tg1 domains), zebra finch (10 Tg1
domains) and zebrafish (8 Tg1 domains)) - six Tg1 domains
from amphioxus (a cephalochordate) and two Tg1 domains
from sea urchin (an echinoderm) (Figure 2). The sixth
amphioxus Tg1 domain clusteredwith the second sea
urchin domain in the phylogenetic tree. With a lower boot-
strap percentage, we observed two big major branches of
the phylogenetic tree, the first corresponding to the sea
urchin and amphioxus Tg1 domains, which clustered with
the thyroglobulin Tg1-8, Tg1-2, Tg1-1 and Tg1-10 domains,
and the second corresponding to the Tg1-3, Tg1-4, Tg1-7,
Tg1-5, Tg1-9 and Tg1-6 domains. For confirmation of these
results, we performed a phylogenetic analysis on the thyro-
globulin Tg1 domains of 13 vertebrate species (human
(10 Tg1 domains), marmoset (10 Tg1 domains), pig (10
Tg1 domains), horse (10 Tg1 domains), dog (10 Tg1
domains), panda (10 Tg1 domains), rat (10 Tg1 domains),
mouse (10 Tg1 domains), cow (10 Tg1 domains), opossum
(10 Tg1 domains), zebra finch (10 Tg1 domains), zebrafish
(8 Tg1 domains) and fugu (8 Tg1 domains)) together with
six Tg1 domains from amphioxus and two from sea urchin.
This new tree also had two major branches (Additional file
6: Figure S2). The fish Tg1-10 domains did not cluster with
the other Tg1-10 domains in either of the trees. We also
investigated the genome of the urochordate Ciona intesti-
nalis. The protein with the largest number of Tg1 motifs
was a predicted protein (rather than one for which the
amino-acid sequence was actually known similar to
entractin/nidogen (XP_ 002125504.1) and containing three
Tg1 motifs. We generated two phylogenetic trees, one
based on 13 vertebrate Tg1 regions (human, marmoset,
pig, horse, dog, panda, rat, mouse, cow, opossum, zebra
finch, zebrafish and fugu) (Figure 3) and the second based
on 13 vertebrate thyroglobulin proteins (human, marmo-
set, pig, horse, dog, panda, rat, mouse, cow, opossum,
zebra finch, zebrafish and fugu) together with the
sequences of Thyroglobulin homologs from Ciona intesti-
nalis, amphioxus and sea urchin (Figure 4).
We investigated the function of the Tg1 region of thyro-

globulin, by investigating proteins containing domains simi-
lar to the Tg1 domain with cutoff e-value=0.15 as
recommended by the software. For the Tg1-1 domain, 107
proteins were selected (15 thyroglobulins, 15 nidogens, 18
testicans, 16 secreted proteins, acidic, cysteine-rich (SPARC)
proteins, 13 invariant chains and 30 unnamed or hypothet-
ical proteins). For the Tg1-2 domain, 49 proteins were
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Figure 2 Phylogenetic analysis of thyroid hormone precursor Tg1 domains for six species. Phylogenetic analysis of thyroglobulin Tg1
domains from 4 species (human, mouse, zebra finch and zebrafish) and the amphioxus and sea urhin thyroglobulin-like Tg1 domains. Evolutionary
history was inferred by the neighbor-joining method. The bootstrap consensus tree inferred from 1000 replicates is taken to represent the
evolutionary history of the taxa analyzed. The numbers at nodes representing bootstrap support scores.
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Figure 3 Phylogenetic analysis of thyroglobulin Tg1 regions from 13 species. Phylogenetic analysis of thyroglobulin Tg1 regions from 13
species (human, marmoset, rat, mouse, panda, dog, horse, pig, cow, opossum, zebra finch, zebrafish and fugu). Evolutionary history was inferred
by the neighbor-joining method. The bootstrap consensus tree inferred from 1000 replicates is taken to represent the evolutionary history of the
taxa analyzed. The numbers at nodes representing bootstrap support scores.
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retained (15 thyroglobulins, 13 nidogens, 3 testicans,
2SPARC proteins, 3 invariant chains and 13 unnamed or
hypothetical proteins). For the Tg1-3 domain, 16 proteins
were found (thyroglobulins only). For the Tg1-4 domain,
we retained 97 proteins (16 thyroglobulins, 13 nidogens,
10 testicans, 13 SPARC proteins, 4 invariant chains, 1
insulin-like growth factor binding protein (IGFBP) and 40
unnamed or hypothetical proteins). For the Tg1-5 domain,
103 proteins were retained (18 thyroglobulins, 6 nidogens,
11 testicans, 19 SPARC proteins, 3 invariant chains,2
IGFBPs and 44 unnamed or hypothetical proteins). For the
Tg1-6 domains, 49 proteins were identified (17 thyroglo-
bulins, 14 nidogens, 3 invariant chains and 15 unnamed or
hypothetical proteins). For the Tg1-7 domain, 30 proteins
were retained (10 thyroglobulins, 11 nidogens and 9
unnamed or hypothetical proteins). For the Tg1-8 domain,
105 proteins were retained (17 thyroglobulins, 13 nidogens,
9 testicans, 17 SPARC proteins, 5 invariant chains and 44
unnamed or hypothetical proteins). For the Tg1-9 domain,
11 proteins were found (thyroglobulins only). For the Tg1-
10 domain, 100 proteins were retained (17 thyroglobulins,
13 nidogens, 7 testicans, 15 SPARC proteins, 3 invariant
chains and 45 unnamed or hypothetical proteins). The
number of thyroglobulin proteins displaying sequence simi-
larity to the human Tg1 domains varied from 15 to 17,
essentially due to the presence of incomplete thyroglobulin
protein sequences in the databases we used, particularly for
bears. The abovementioned proteinsdisplayed sequence
similarities to the Tg1 regions of proteins from five families
[34]: testicans, SPARC-related modular calcium binding
(SMOC) proteins, nidogens, IGFBPs and invariant chains.
Testican proteins are involved in the regulation of cell
attachment, cysteine protease and metalloprotease activities
[35-38]. SMOC proteins are glycoproteins present princi-
pally at the basement membrane and involved in the regu-
lation of calcium binding [39,40]. SMOC and testican
proteins are present in metazoans. Proteins of the nidogen
family are known to control the three-dimensional struc-
ture of the basal membrane [41]. Nidogen proteins arealso
involved in cell attachment, neutrophil chemotaxis and
nervous system development [42,43]. IGFBP belongs to a
family of seven proteins with high affinity for IGF with dif-
ferent functions in several tissues [44]. Nidogen and IGFBP
are present in both tunicates and craniates. The invariant
chain is involved in MHC-II cell formation [45]. This pro-
tein, like the thyroglobulin protein, is present only in
vertebrates.

The Tg2 region
The second region consists of three Tg2 repetitive domains
of 15 amino acids each, presenting 24% identity. The
phylogenetic analysis of this region was less robust than
that of the Tg1 region, due to the small size of these
domains. However, we identified 33 proteins displaying
sequence similarity to the Tg2 region. Nine were thyroglo-
bulins: Bos taurus, Mus musculus, Rattus norvegicus,



Figure 4 The phylogenetic analysis of thyroglobulins from 13 species. Phylogenetic analysis of thyroglobulins from 13 species (human,
marmoset, rat, mouse, panda, dog, horse, pig, cow, opossum, zebra finch, zebrafish and fugu) and of thyroglobulin-like proteins from Ciona intestinalis,
amphioxus and sea urchin. Evolutionary history was inferred by the neighbor-joining method. The bootstrap consensus tree inferred from 1000
replicates is taken to represent the evolutionary history of the taxa analyzed. The numbers at nodes representing bootstrap support scores.
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Macaca mulatta, Canis lupus familiaris, Equus caballus,
Sus scrofa, Taeniopygia guttata and Danio rerio. Eleven
were signal peptide - CUB domain - EGF-like (SCUBE)
proteins (SCUBE3: Canis familiaris, Mus musculus, Homo
sapiens, Macaca mulatta, Sus scrofa and Danio rerio and/
or SCUBE1: Homo sapiens, Canis familiaris, Rattus norve-
gicus, Bos taurus and Danio rerio). The other 13 proteins
were unnamed or hypothetical proteins. SCUBE proteins
are known to involved in adhesion. Queries of the PFAM
databas http://pfam.sanger.ac.uk identified a GCC2-GCC3
domain conserved in the Tg2 region of mouse and human
thyroglobulins. The GCC2-GCC3 domain is also present
in the human SVEP1 and mouse SCUB2 proteins.

The Tg3 region
In humans, the Tg3 region consists of five repetitive
domains that can be classified into two subgroups: three
domains in subgroup a (Tg3-a1: 111 AA, Tg3-a2: 98 AA,
Tg3-a3: 58 AA) and two domains in subgroup b (Tg3-b1:
163 AA, Tg3-b2: 130 AA). TheseTg3 domains are 9% iden-
tical (Figure 5-a and 5-b). A search for proteins displaying
sequence similarity to Tg3 domains identified only thyro-
globulin proteins. Interestingly, the best conservation of
cysteine residues between domains was observed in
humans, with perfect conservation (100%) for Tg3-a
domains and very high levels of conservation (87%) for
Tg3-b domains. Furthermore, the five amino acids per-
fectly conserved in all Tg3 domains were cysteine residues
(Figure 5-c). Cysteine residues account for 6% of all the
amino acids present in the human Tg3 region and these
residues were remarkably conserved in the thyroglobulin
Tg3 regions of all the species studied; 100% of the 34 cyst-
eine residues were perfectly conserved between the Tg3
regions of 12 species (human, rat, panda, marmoset,
mouse, horse, dog, cow, zebra finch, zebrafish and fugu).
In the opossum, two of the 34 cysteine residues in the Tg3
region were displaced (Additional file 1: Figure S1).
Tg3 domains were found only in vertebrate thyroglo-

bulins. We investigated the origin of the Tg3 region
domains, by comparing the sequences of the zebrafish
Tg3 domains with the amphioxus protein. We found a
similar sequence in region 413–441 of the amphioxus
protein. Phylogenetic analysis including this region with
the human and zebrafish thyroglobulin Tg3 domains
clustered the 413–441 region of the amphioxus protein
with the Tg3-2b domain of the human and the zebrafish

http://pfam.sanger.ac.uk


Figure 5 Alignment of the Tg3 domains in human thyroglobulin. a) The alignment of Tg3-a domains in human thyroglobulin: 83% of the
cysteine residues are conserved in Tg3-a1, Tg3-a2 and Tg3-a3; 100% of the cysteine residues are conserved between Tg3-a1 and Tg3-a2. 55% of
the conserved amino acids in Tg3-a domains are cysteine residues. b) The alignment of Tg3-b domains in human thyroglobulin: 100% of the
cysteine residues are conserved in Tg3-b1 and Tg3-b2; 23% of the conserved amino acids in Tg3-b domains are cysteine residues. c) The
alignment of all Tg3 domains in human thyroglobulin: 44% of the cysteine residues are conserved in all Tg3 domains; 100% of the conserved
amino acids in Tg3 domains are cysteine residues.
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thyroglobulins, albeit witha low bootstrap percentage
(data not shown).

The C-terminal ChEL domain
The ChEL domain of human thyroglobulin consists of 581
amino acids. This region displays a high level of similarity
to acetylcholinesterase, hence its name. Acetylcholinester-
ase catalyzes the degradation of acetylcholine in the regula-
tion of neurotransmission [46]. Blastall analyses of the
ChEL domain identified 992 proteins displaying sequence
similarity to this domain: 30 thyroglobulin proteins, 598
esterases (either carboxylesterases (n= 205) or cholines-
terases (n= 150)) and 35 neuroligins. Cholinesterase-like
regions have previously been identified in both enzymes
and structural proteins [25]. When present in structural
proteins, this region is thought to be related to cell move-
ment, as a first sign of cell differentiation [47]. The function
of the ChEL domain in thyroglobulin was recently linked
to its transport throughout the endoplasmic reticulum [48].
Furthermore, ChEL-truncated thyroglobulin has been
shown to be unable to form homodimers [49].

Thyroid hormone synthesis sites
We determined the number of thyroid hormone synthesis
sites in the thyroglobulin proteins studied here. The
human thyroglobulin protein contains four major thyroid
hormone synthesis sites [21]; An alignment of thyroglobu-
lin sequences showed that the zebra finch, zebrafish and
fugu proteins contained only three of the human thyroid
hormone synthesis sites (Additional file 1: Figure S1). The
first site (Tyr5) is the main site of hormone synthesis
(more than 50%) [50] and was found to be present in all
the thyroglobulin proteins studied. In amphioxus, the tyro-
sine residue in this position was replaced by a phenylalan-
ine residue. Sequence alignment data showed that only the
third site was present in amphioxus and that the Ciona
intestinalis protein contained no thyroid hormone synthe-
sis sites.

Discussion
The Tg1 region of thyroglobulin may be involved in
binding
In vertebrates, iodination of the tyrosine residues of thyro-
globulin requires the protein to be present in the lumen of
the thyroid follicle. The iodinated thyroglobulin is then
returned to the cell via a process called pinocytosis, which
involves histone H1 [3], megalin (gp330) [4] and/or the N-
acetylglucosamine receptor [5]. Our study of the thyro-
globulin Tg1 region showed this region to be structurally
related to proteins with binding functions from five fam-
ilies. Novinec et al [34] also described another protein with
sequence similarity to the Tg1 domain, trophinin. This
membrane protein has been shown to mediate the adhe-
sion of homophilic cells [51]. We think the Tg1 region
may mediate the binding of thyroglobulin to the thyrocyte
apical membrane. The region of the H1 histone binding to
thyroglobulin remains unidentified, whereas two regions
of the N-acetylglucosamine receptor have been reported
to bind thyroglobulin: RHL-1 subunit (N1-A500) [5] and
(S789-M1,172) [52]. These receptors bind to the N-
terminal end (Tg1 region) of the thyroglobulin protein. By
contrast, megalin has been shown to interact with the
carboxy-terminal domain of thyroglobulin, at R2,489-
E2,503 [53], although the authors of this study were them-
selves critical of this work [54]. They reported that the
region of interaction was poorly conserved between
human and rat thyroglobulins and their finding that a
rabbit antibody raised against R2,489-E2,503 reduced
heparin-binding to rat Tg by only 70% led them to con-
clude that other heparin-binding sites must be involved in
binding. These data, including the similarity of the Tg1
region to the extracellular matrix proteins nidogen and
testican, provide support for our hypothesis that the Tg1
region is involved in the attachment and endocytosis of
thyroglobulin.

Phylogeny of the Tg1 region
The function of thyroglobulin seems to depend strongly on
the follicle structure of the thyroid. This follicular structure
is observed only in vertebrates. Nonetheless, although it
remains unclear whether a colloid is present in the endo-
style of the invertebrates of the chordate group, such as
cephalochordates and urochordates, the endostyle is widely
considered to be homologous to the follicle of the verte-
brate thyroid gland [55]. This is not consistent with the
detection of a thyroglobulin protein in Eisenia fetida by
Wilhelm [56]. In annelids, hormones are produced exclu-
sively by the central nervous system. No sequence that
could be unambiguously identified as corresponding to a
thyroglobulin was found in the amphioxus genome [57],
but a large protein (about 2,400 amino acids) with bio-
chemical properties similar to those of thyroglobulin has
been described in this organism [58]. Both T3 and T4 have
also been described in this cephalochordate [59]. The
2,400-amino acid thyroglobulin-like protein of this species
contains six domains displaying sequence similarity to the
Tg1 region but not to the Tg2, Tg3 and ChEL domains
(Figure 1-c).
Another smaller protein of about 137 amino acids that

clusters with vertebrate thyroglobulin in phylogenetic
analysis was identified in sea urchin (Figure 4). This pro-
tein contains two Tg1 domains but has no Tg2, Tg3 or
ChEL domains (Figure 1-d). Phylogenetic analysis of a
large number of sequences [60] classified the urochor-
dates as more closely related to vertebrates than the
cephalochordates (amphioxus) and echinoderms (sea ur-
chin). On the basis of these data, we looked for a protein
homologous to thyroglobulin in urochordates. Patricolo
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et al. demonstrated the presence of thyroid hormones
and their involvement in metamorphosis in ascidian lar-
vae from the Urochordata [17]. However, the genome of
another urochordate, Ciona intestinalis, was found to
contain no sequence homologous to thyroglobulin des-
pite the presence of thyroid hormones. These data sug-
gest that ascidians use other precursor proteins for
iodotyrosine synthesis [61]. Together, these data suggest
that the origins of the thyroglobulin protein lie in the
Echinodermata.
We investigated the origin of the Tg1 region domains,

by studying the phylogeny of the Tg1 domains in an ana-
lysis including the sea urchin protein (Echinodermata),
the amphioxus protein (Cephalochordata), and the zeb-
rafish (Teleostei), zebra finch (Aves) and human thyro-
globulins. Our results suggest that the second Tg1
domain of the sea urchin protein is the ancestor of the
sixth Tg1 domains of the amphioxus protein, while Tg1
domains 1, 2, 3, 4 and 5 of the amphioxus protein prob-
ably resulting from the duplication of domain 6. The
phylogenetic analysis suggested that the Tg1-1, Tg1-2,
Tg1-8 and Tg1-10 domains ofthyroglobulin were derived
directly from the Tg1 domains of the amphioxus protein
(Figure 2). The separation of thyroglobulin domains into
two major branches may indicate two different origins of
thyroglobulin Tg1 domains. The thyroglobulin Tg1
domains clustering with the amphioxus protein Tg1
domains are located at the end of the Tg1 region. We
suggest that the thyroglobulin Tg1 domainsduplicated
from the two ends to the center of the Tg1 region. The
number of Tg1 domains presence increases with the
number of evolutionary steps, suggesting that the evolu-
tion of thyroglobulin function may be dependent on
number of Tg1 domains. However,the branching of the
tree for Tg1 domains has only weak bootstrap support.
(Figure 2 and Additional file 6: Figure S2), probably due
to the length of time over which evolution has been oc-
curring. Each Tg1 domain is free to evolve by itself, but
the overall structure of the Tg1 region is conserved
(Figure 3).

Involvement of the Tg2 region in cell adhesion
The presence of the Tg2 region in the SCUBE protein of
many species suggests that these proteins may have a
common function. SCUBE is a protein found in many
embryonic tissues [62]. In zebrafish, mutations in the
SCUBE2 gene are associated principally with develop-
mental deficits [63]. A recent study showed that SCUBE1
was an adhesive molecule mediating platelet-matrix
interaction and ristocetin-induced platelet agglutination
[64]. On the basis of its secretory nature, SCUBE3 is
thought to function locally or at distance, in a paracrine
or endocrine fashion [65]. However, the exact functions
of SCUBE3 remain elusive. On the basis of these and
published results, we suggest the Tg2 region isinvolved in
thyroglobulin-mediated cell adhesion. The conservation of
the GCC2-GCC3 domain in the Tg2 region highlights the
structural conservation of this region. The function of the
GCC2-GCC3 domain remains unknown, but this domain
is present in the human SVEP1 protein. The functional
annotation of this protein indicates a role in cell adhesion.
This is potentially consistent with our hypothesis that the
Tg2 region is involved in cell adhesion.

The Tg3 region may have a structural function
Cysteine is important for the correct three-dimensional
structure of a protein, through its role in the formation
of disulfide bonds. Misfolded proteins are recognized as
abnormal and disposed of by a non lysosomal proteolytic
pathway. Hishinuma et al [66] showed that replacement
of the cysteine residues of (C1236R) (C1995S) thyro-
globulin prevent the protein from forming the disulfide
bonds required for thyroglobulin monomer production.
As a result, intracellular transport is blocked and both
these mutated thyroglobulins are retained in the endo-
plasmic reticulum. The high degree of cysteine residue
conservation in Tg3 domains and in Tg3 regions from
the 13 species used to generate the phyogenetic tree,
from Actinopterygii to humans, highlights the import-
ance of correct disulfide bond formation to the the ter-
tiary structure of thyroglobulin. In a recent study,
Targovenik et al [67] reviewed the cysteine mutations in
thyroglobulin andshowed that more than half these
mutations (55%) occurred in the Tg3 region. They also
reported changes to the three-dimensional structure of
thyroglobulin in the presence of cysteine mutations in
the Tg3 region. The presence of Tg3 regions only in
thyroglobulin proteins may be explained by a structural
function, the disulfide bonds being essential to the three-
dimensional structure of the molecule. The region of
homology highlighted here between the zebrafish Tg3
region and the amphioxus protein suggests that this best
conserved region between Tg3 domains may be the ori-
gin of these domains. There are two Tg3 subgroups, a
and b. We therefore suggest that the original sequence
duplicated twice initially, to generate the Tg3-a and Tg3-
b domains. The Tg3-a domain duplicated three times,
generating Tg3-a1, Tg3-a2 and Tg3-a3, and the Tg3-b do-
main duplicated twice, giving rise to Tg3-b1 and Tg3-b2.

The ChEL domain is involved in protein transport
The two studies mentioned above [48,49] demonstrated
that a role for the ChEL domain in the dimerization and
transport of thyroglobulin. Kim et al [68] indicated that
mutations affecting the ChEL domain of mouse thyro-
globulin resulted in the synthesis of a full-length thyro-
globulin that folded abnormally, preventing its transport
to the Golgi complex. However, the ChEL domain is
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present in structural proteins, as described by Krejci et al
[25]. We demonstrated the similarity of this domain be-
tween thyroglobulin, esterase and neuroligin proteins,
neuroligins being heterophilic cell adhesion proteins
[69]. We suggest that the ChEL domain is involved in
thyroglobulin transport (thyrocyte to apical membrane)
and dimerization, with a possible additional function in
cell adhesion. Phylogenetic studies of esterase domains
from less evolved species have indicated that the thyro-
globulin ChEL and esterase domains have a common an-
cestor [26]. Additional file 2: Tables S2, Additional file 3:
Table S3, Additional file 4: Table S4 and Additional file
5:Table S5 show the pairwise distances between whole
thyroglobulin protein sequences and each region of
thyroglobulin. The ChEL domain is the region of thyro-
globulin for which distances were lowest between differ-
ent species. This suggests that the thyroglobulin ChEL
domain may have been less subject to rearrangement
during evolution than the other domains.

Existence of other thyroid hormone synthesis sites
We show here that not all the thyroid hormone synthesis
sites characterized to date are systematically present in all
species with a thyroglobulin protein. The lack of some thy-
roid hormone synthesis sites in some more highly evolved
species ( 3 in zebra finch, zebrafish and fugu), the presence
of only one site in the amphioxus protein and the total
absence of thyroid hormone synthesis sites in the sea
urchin protein may be explained by the relocation of these
sites. Thyroid hormone synthesisrequires tyrosine residue
iodination. The sea urchin protein has five tyrosine resi-
dues (positions 3, 24, 31, 34 and 102) and at least one of
these residues is a thyroid hormone synthesis site. The lack
of sites in amphioxus, zebrafinch, zebrafish and fugu may
be explained by an absence of need for large thyroid hor-
mone production or the use of other tyrosine residues as
thyroid hormone synthesis sites.
We explored the function of thyroglobulin by phyl-

ogeny; we compared the thyroglobulin regions of echino-
derms and vertebrate species. Our results suggest that
the Tg1 region may have been the first to appear in the
thyroglobulin protein. The Tg1 regionwas also subject to
the largest number of rearrangements during evolution.
The Tg2, Tg3 and ChEL regions are present only in the
thyroglobulin of vertebrates, suggesting a link between
these regions and an adaptive function of thyroglobulin.
The thyroglobulin protein seems to result from the as-
sembly of the four regions. We found no precursor of
thyroid hormones with only two or three of these regions
in databases. We therefore suggest that the Tg2, Tg3 and
ChEL regions appeared in thyroglobulin at the same
time. These data support the hypothesis of potential add-
itional functions of thyroglobulin in the cell, as an iodine
reservoir, in cell-cell adhesion and in binding. As each
thyroglobulin region may have a specific function in the
protein, a mutation in one region may have conse-
quences for the specific function of this region, resulting
in a different pattern of phenotypic expression.
Note
A recent study raised the question of human DNA con-
tamination in genomic databases [70], The first 5477 bp of
chromosome 11 in zebrafish is 100% identical to human
chromosome 4. We verified the zebrafish thyroglobulin
located on chromosome 16 at position chr16:33,835,318-
33,852,335, and the human thyroglobulin located on
chromosome 8 at position chr8:133,909,894-134,147,141.
Additional files

Additional file 1: Figure S1. The phylogenetic analysis of Tg1 domains
from the thyroglobulins of 13 species. The phylogenetic analysis of
thyroglobulin Tg1 domains from 13 species (human, marmoset, rat, mouse,
panda, dog, horse, pig, cow, opossum, zebra finch, zebrafish and fugu) and
the Tg1 domains of thyroglobulin-like proteins from Ciona intestinalis,
amphioxus and sea urchin. Evolutionary history was inferred by the
neighbor-joining method. The bootstrap consensus tree inferred from 1000
replicates is taken to represent the evolutionary history of the taxa
analyzed. The numbers at nodes representing bootstrap scores.

Additional file 2: Table S1. Estimation of evolutionary divergence
between the thyroglobulin protein sequences of 13 species + the
thryoglobulin-like sequences of Ciona intestinalis, amphioxus and sea
urchin. The number of amino-acid substitutions per site between
sequences is shown. Standard error estimates are shown above the
diagonal and were obtained by a bootstrap procedure (10000 replicates).
Analyses were conducted with the Jones-Taylor-Thornton matrix-based
model. The rate variation between sites was modeled with a gamma
distribution (shape parameter = 1).

Additional file 3: Table S2. Estimation of evolutionary divergence
between the Tg1 region sequences of thyroglobulins from 13 species. The
number of amino acid substitutions per site between sequences is shown.
Standard error estimates are shown above the diagonal and were obtained
by a bootstrap procedure (10000 replicates). Analyses were conducted with
the Jones-Taylor-Thornton matrix-based model. The rate variation between
sites was modeled with a gamma distribution (shape parameter = 1).

Additional file 4: Table S3. Estimation of evolutionary divergence
between the Tg3 region sequences of thyroglobulins from 13 species. The
number of amino acid substitutions per site between sequences is shown.
Standard error estimates are shown above the diagonal and were obtained
by a bootstrap procedure (10000 replicates). Analyses were conducted with
the Jones-Taylor-Thornton matrix-based model. The rate variation between
sites was modeled with a gamma distribution (shape parameter = 1).

Additional file 5: Table S4. Estimation of evolutionary divergence
between the ChEL region sequences of thyroglobulins from 13 species. The
number of amino acid substitutions per site between sequences is shown.
Standard error estimates are shown above the diagonal and were obtained
by a bootstrap procedure (10000 replicates). Analyses were conducted with
the Jones-Taylor-Thornton matrix-based model. The rate variation between
sites was modeled with a gamma distribution (shape parameter = 1).

Additional file 6: Figure S2. ClustalX sequence alignment for
thyroglobulins from 13 species. The ClustalX sequence alignment of
thyroglobulins from 13 species (human, marmoset, rat, mouse, panda, dog,
horse, pig, cow, opossum, zebra finch, zebrafish and fugu) and the
amphioxus and sea urchin thyroglobulin-like proteins. Red: the four
humanthyroid hormone synthesis sites; in green, the 10 human Tg1
domains; in yellow, the human Tg2 region; in blue, the 5 human Tg3
domains.

http://www.biomedcentral.com/content/supplementary/1742-2094-9-90-S1.pdf
http://www.biomedcentral.com/content/supplementary/1742-2094-9-90-S2.pdf
http://www.biomedcentral.com/content/supplementary/1742-2094-9-90-S3.pdf
http://www.biomedcentral.com/content/supplementary/1742-2094-9-90-S4.pdf
http://www.biomedcentral.com/content/supplementary/1742-2094-9-90-S5.pdf
http://www.biomedcentral.com/content/supplementary/1742-2094-9-90-S6.pdf


Belkadi et al. Thyroid Research 2012, 5:3 Page 11 of 12
http://www.thyroidresearchjournal.com/content/5/1/3
Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
YM AB conceived the analysis. CJ FS contributed to discussion and edited
the manuscript. AB analyzed data and wrote the manuscript. All authors read
and approved the final manuscript.

Acknowledgements
This work was supported by the regional organization BioInformatique
Ligérienne (BIL) directed by Rémi Houlgatte. We would like to thank Laurent
Abel for his help. We would also like to thank La région Pays de Loire, the
Institut National de Recherche Médical (INSERM) and the University of
Angers.

Author details
1INSERM U694, Institut Biologie Santé (IBS), rue des Capucins, F-49100 Angers,
France. 2University of Angers, rue de Rennes, F-49045 Angers, France.
3Laboratory of human genetics of infectious diseases. Necker Branch, INSERM,
U980 Paris, France.

Received: 29 December 2011 Accepted: 1 May 2012
Published: 1 May 2012

References
1. Kotlarz G, Wegrowski Y, Martiny L, Declerck P, Bellon G: Enhanced

expression of plasminogen activator inhibitor-1 by dedifferentiated
thyrocytes. Biochem Biophys Res Commun 2002, 295:737–743.

2. Delom F, Mallet B, Carayon P, Lejeune P: Role of extracellular molecular
chaperones in the folding of oxidized proteins, Refolding of colloidal
thyroglobulin by protein disulfide isomerase and immunoglobulin heavy
chain-binding protein. J Biol Chem 2001, 276:21337–21342.

3. Brix K, Summa W, Lottspeich F, Herzog V: Extracellularly occurring histone
H1 mediates the binding of thyroglobulin to the cell surface of mouse
macrophages. J Clin Invest 1998, 102:283–293.

4. Zheng G, Marino’ M, Zhao J, McCluskey R: Megalin (gp330): a putative
endocytic receptor for thyroglobulin (Tg). Endocrinology 1998, 139:1462–1465.

5. Montuori N, Pacifico F, Mellone S, Liguoro D, Jeso BD, Formisano S, Gentile F,
Consiglio E: The rat asialoglycoprotein receptor binds the amino-terminal
domain of thyroglobulin. Biochem Biophys Res Commun 2000, 268:42–46.

6. Dunn J, Anderson P, Fox J, Fassler C, Dunn A, Hite L, Moore R: The sites of
thyroid hormone formation in rabbit thyroglobulin. J Biol Chem 1987,
262:16948–16952.

7. Dunn J, Dunn A: The importance of thyroglobulin structure for thyroid
hormone biosynthesis. Biochimie 1998, 81:505–509.

8. Schimmel M, Utiger R: Thyroidal and peripheral production of thyroid
hormones, Review of recent findings and their clinical implications. Ann
Intern Med 1977, 87:760–768.

9. Suzuki K, Lavaroni S, Mori A, Ohta M, Saito J, Pietrarelli M, Singer D, Kimura S,
Katoh R, Kawaoi A, Kohn L: Autoregulation of thyroid-specific gene
transcription by thyroglobulin. Proc. Natl. Acad. Sci. USA 1998, 95:8251–8256.

10. Hayashi M, Shimonaka M, Matsui K, Hayashi T, Ochiai D, Emoto N:
Proliferative effects of bovine and porcine thyroglobulins on thyroid
epithelial cells. Endocr J 2009, 56:509–519.

11. Monaco F, Roche J, Carducci C, Carlini F, Cataudella S, Felli P, Andreoli M,
Dominici R: Effect of change of habitat (sea and fresh water) on in vivo
thyroglobulin synthesis in Atlantic glassed eels (Anguilla anguilla L.). C R
Seances Soc Biol Fil. 1981, 175:452–456.

12. Kim B: Thyroid hormone as a determinant of energy expenditure and the
basal metabolic rate. Thyroid 2008, 18:141–144.

13. Flamant F, Baxter J, Forrest D, Refetoff S, Samuels H, Scanlan T, Vennström B,
Samarut J: International Union of Pharmacology, LIX. The Pharmacology
and Classification of the Nuclear Receptor Superfamily: Thyroid Hormone
Receptors. Pharmacol Rev 2006, 58:705–711.

14. Power D, Llewellyn L, Faustino M, Nowell M, Björnsson B, Einarsdottir I,
Canario A, Sweeney G: Thyroid hormones in growth and developement of
fish. Comp Biochem Physiol C Toxicol Pharmacol. 2001, 130:447–459.

15. Manchado M, Infante C, Asensio E, Planas J, Canavate J: Thyroid hormones
down-regulate thyrotropin beta subunit and thyroglobulin during
metamorphosis in the flatfish Senegalese sole (Solea senegalensis Kaup).
Gen Comp Endocrino. 2008, 155:447–455.

16. Tata J: Amphibian metamorphosis as a model for the developmental
actions of thyroid hormone. Mol Cell Endocrinol 2005, 246:10–20.

17. Patricolo E, Cammarata M, D’Agati P: Presence of thyroid hormones in
ascidian larvae and their involvement in metamorphosis. J Exp Zool 2001,
290:426–430.

18. Paris M, Laudet V: The history of developmental stages: metamorphosis in
chordates. Genesis 2008, 46:657–672.

19. Manzon R, Holmes J, Youson J: Variable effects of goitrogens in inducing
precocious metamorphosis in sea lampreys (Petromyzon marinus). J Exp
Zool 2001, 289:290–303.

20. Mercken L, Simons M, Swillens S, Massaer M, Vassart G: Primary structure of
bovine thyroglobulin deduced from the sequence of its 8,431-base
complementary DNA. Nature 1985, 316:647–651.

21. Malthiéry Y, Lissitzky S: Primary structure of human thyroglobulin deduced
from the sequence of its 8448-base complementary DNA. Eur J Biochem
1987, 165:491–508.

22. de Graaf SV, Ris-Stalpers C, Pauws E, Mendive F, Targovnik H, Vijlder J: Up to
date with human thyroglobulin. Endocr J 2001, 170:307–321.

23. Veneziani B, Giallauria F, Gentile F: The disulfide bond pattern between
fragments obtained by the limited proteolysis of bovine thyroglobulin.
Biochimie 1999, 81:517–525.

24. Schumacher M, Camp S, Maulet Y, Newton M, MacPhee-Quigley K, Taylor S,
Friedmann T, Taylor P: Primary structure of Tropedo californica
acetylcholinesterase deduced form its cDNA sequence. Nature 1986,
319:407–409.

25. Krejci E, Duval N, Chatonnet A, Vincens P, Massoulié J: Cholinesterase-like
domains in enzymes and structural proteins: functional and evolutionary
relationships and identification of a catalytically essential aspartic acid.
Proc Natl Acad Sci USA 1991, 88:6647–6651.

26. Takagi Y, Omura T, Go M: Evolutionary origin of thyroglobulin by
duplication of esterase gene. FEBS Lett 1991, 282:17–22.

27. Izumi M, Larsen P: Metabolic clearance of endogenous and
radioiodinated thyroglobulin in rats. Endocrinology 1978, 103:96–100.

28. Rigden D, Mosolov V, Galperin M: Sequence conservation in the chagasin
family suggests a common trend in cysteine proteinase binding by
unrelated protein inhibitors. Protein Sci 2002, 11:1971–1977.

29. Saverwyns H, Visser A, Durme JV, Power D, Morgado I, Kennedy M, Knox D,
Schymkowitz J, Rousseau F, Gevaert K, Vercruysse J, Claerebout E, Geldhof P:
Analysis of the transthyretin-like (TTL) gene family in Ostertagia
ostertagi - Comparison with other strongylid nematodes and
Caenorhabditis elegans. Int J Parasitol 2008, 38:1545–1556.

30. Felsenstein J: PHYLIP - Phylogeny Inference Package (Version 3.2).
Cladistics. 1989, 5:164–166.

31. Tamura K, Peterson D, Peterson N, Stecher G, Nei M, Kumar S: MEGA5:
Molecular Evolutionary Genetics Analysis using Maximum Likelihood,
Evolutionary Distance, and Maximum Parsimony Methods. Mol Biol and Evol
2011, 28:2731-2739.

32. Jones D, Taylor W, Thornton J: A mutation data matrix for transmembrane
proteins. FEBS Lett 1994, 339:269–275.

33. Molina F, Bouanani M, Pau B, Granier C: Characterization of the type-1
repeat from thyroglobulin, a cysteine-rich module found in proteins
from different families. Eur J Biochem 1996, 240:125–133.

34. Novinec M, Kordis D, Turk V, Lenarcic B: Diversity and evolution of the
thyroglobulin type-1 domain superfamily. Mol Biol Evol 2006, 23:744–755.

35. Marr H, Edgell C: Testican-1 inhibits attachment of Neuro-2a cells. Matrix
Biol 2003, 22:259–266.

36. Bocock J, Edgell C, Marr H, Erickson A: Human proteoglycan testican-1
inhibits the lysosomal cysteine protease cathepsin L. Eur J Biochem 2003,
270:4008–4015.

37. Nakada M, Yamada A, Takino T, Miyamori H, Takahashi T, Yamashita J, Sato H:
Suppression of membrane-type 1 matrix metalloproteinase (MMP)-mediated
MMP-2 activation and tumor invasion by testican 3 and its splicing variant
gene product. N-Tes. Cancer Res. 2001, 61:8896–8902.

38. Nakada M, Miyamori H, Yamashita J, Sato H: Testican 2 abrogates
inhibition of membrane-type matrix metalloproteinases by other testican
family proteins. Cancer Res 2003, 63:3364–3369.

39. Vannahme C, Smyth N, Miosge N, Gösling S, Frie C, Paulsson M, Maurer P,
Hartmann U: Characterization of SMOC-1, a novel modular calcium-



Belkadi et al. Thyroid Research 2012, 5:3 Page 12 of 12
http://www.thyroidresearchjournal.com/content/5/1/3
binding protein in basement membranes. J Biol Chem 2002,
277:37977–37986.

40. Vannahme C, Gösling S, Paulsson M, Maurer P, Hartmann U:
Characterization of SMOC-2, a modular extracellular calcium-binding
protein. Biochem J 2002, 373:805–814.

41. Aumailley M, Battaglia C, Mayer U, Reinhardt D, Nischt R, Timpl R, Fox J:
Nidogen mediates the formation of ternary complexes of basement
membrane components. Kidney Int 1993, 43:7–12.

42. Chakravarti S, Tam M, Chung A: The basement membrane glycoprotein
entactin promotes cell attachment and binds calcium ions. J Biol Chem
1990, 265:10597–10603.

43. Kim S, Wadsworth W: Positioning of longitudinal nerves in C. elegans by
nidogen. Science 2000, 288:150-154.

44. Rajaram S, Baylink D, Mohan S: Insulin-like growth factor-binding proteins
in serum and other biological fluids: regulation and functions. Endocr Rev
1997, 18:801–831.

45. Holst P, Sorensen M, Jensen CM, Orskov C, Thomsen A, Christensen J: MHC
class II-associated invariant chain linkage of antigen dramatically
improves cell-mediated immunity induced by adenovirus vaccines.
J Immunol 2008, 180:3339–3346.

46. Tsim K, Leung K, Mok K, Chen V, Zhu K, Zhu J, Guo A, Bi C, Zheng K, Lau D,
Xie H, Choi R: Expression and Localization of PRiMA-linked globular form
acetylcholinesterase in vertebrate neuromuscular junctions.
J Mol Neurosci 2009, 40:40–46.

47. Layer P, Kaulich S: Cranial nerve growth in birds is preceded by
cholinesterase expression during neural crest cell migration and the
formation of an HNK-1 scaffold. Cell Tissue Res 1991, 265:393–407.

48. Lee J, Jeso BD, Arvan P: The cholinesterase-like domain of thyroglobulin
functions as an intramolecular chaperone. J Clin Invest 2008, 118:2950–2958.

49. Lee J, Wang X, Jeso BD, Arvan P: The cholinesterase-like domain, essential
in thyroglobulin trafficking for thyroid hormone synthesis, is required for
protein dimerization. J Biol Chem 2009, 284:12752–12761.

50. Palumbo G, Gentile F, Condorelli G, Salvatore G: The earliest site of
iodination in thyroglobulin is residue number 5. J Biol Chem 1990,
265:8887–8892.

51. Fukuda M, Sugihara K, Nakayama J: Trophinin: what embryo implantation
teaches us about human cancer. Cancer Biol Ther 2008, 7:1165–1170.

52. Mezghrani A, Mziaut H, Courageot J, Oughideni R, Bastiani P, Miquelis R:
Identification of the membrane receptor binding domain of
thyroglobulin, Insights into quality control of thyroglobulin biosynthesis.
J Biol Chem 1997, 272:23340–23346.

53. Marino M, Friedlander J, McCluskey R, Andrews D: Identification of a
Heparin-binding Region of Rat Thyroglobulin Involved in Megalin
Binding. J Biol Chem 1999, 274:30377–30386.

54. Lisi S, Pinchera A, McCluskey R, Chiovato L, Marino M: Binding of heparin to
human thyroglobulin (Tg) involves multiple binding sites including a
region corresponding to a binding site of rat Tg. Eur J Endocrinol 2002,
146:591–602.

55. Ogasawara M, Lauro RD, Satoh N: Ascidian homologs of mammalian
thyroid peroxidase genes are expressed in the thyroid-equivalent region
of the endostyle. J Exp Zool 1999, 285:158–169.

56. Wilhelm M, Koza A, Engelmann P, Németh P, Csoknya M: Evidence for the
presence of thyroid stimulating hormone, thyroglobulin and their
receptors in Eisenia fetida: a multilevel hormonal interface between the
nervous system and the peripheral tissues. Cell Tissue Res 2006, 324:535–546.

57. Paris M, Brunet F, Markov G, Schubert M, Laudet V: The amphioxus genome
enlightens the evolution of the thyroid hormone signaling pathway. Dev
Genes Evol 2008, 218:667–680.

58. Monaco F, Dominici R, Andreoli M, Pirro RD, Roche J: Thyroid hormone
formation in thyroglobulin synthetized in the amphioxus (Branchiostoma
lanceolatum Pallas. Comp Biochem Physiol 1980, 70:341–343.

59. Covelli I, Salvador G, Sena L, Roche J: Sur la formation des hormones
thyroïdiennes et de leurs précursseurs par Branchiostoma lanceolatum.
C R Soc Biol Paris 1960, 154:1165–1169.

60. Delsuc F, Brinkmann H, Chourrout D, Philippe H: Tunicates and not
cephalochordates are the closest living relatives of vertebrates. Nature
2006, 439:965–968.

61. Campbell R, Satoh N, Degnan B: Piecing together evolution of the
vertebrate endocrine system. Trends Genet 2004, 20:359–366.

62. Grimmond S, Larder R, Hateren NV, Siggers P, Hulsebos T, Arkell R,
Greenfield A: Cloning, mapping, and expression analysis of a gene
encoding a novel mammalian EGF-related protein (SCUBE1). Genomics
2000, 70:74–81.

63. Woods I, Talbot W: The you gene encodes an EGF-CUB protein essential
for Hedgehog signaling in zebrafish. PLoS Biol 2005, 3:e66.

64. Tu C, Su Y, Huang Y, Tsai M, Li L, Chen Y, Cheng C, Dai D, Yang R:
Localization and characterization of a novel secreted protein SCUBE1 in
human platelets. Cardiovasc Res 2006, 71:486–495.

65. Wu B, Su Y, Tsai M, Wasserman S, Topper J, Yang R: A novel secreted, cell-
surface glycoprotein containing multiple epidermal growth factor-like
repeats and one CUB domain is highly expressed in primary osteoblasts
and bones. J Biol Chem 2004, 279:37485–37490.

66. Hishinuma A, Takamatsu J, Ohyama Y, Yokozawa T, Kanno Y, Kuma K,
Yoshida S, Matsuura N, Ieiri T: Two novel cysteine substitutions (C1263R
and C1995S) of thyroglobulin cause a defect in intracellular transport of
thyroglobulin in patients with congenital goiter and the variant type of
adenomatous goiter. J Clin Endocrinol Metab 1999, 84:1438–1444.

67. Targovnik H, Esperante S, Rivolta C: Genetics and phenomics of
hypothyroidism and goiter due to thyroglobulin mutations. Mol Cell
Endocrinol 2009, 322:44–55.

68. Kim P, Hossain S, Park Y, Lee I, Yoo S, Arvan P: A single amino acid change
in the acetylcholinesterase-like domain of thyroglobulin causes
congenital goiter with hypothyroidism in the cog/cog mouse: a model of
human endoplasmic reticulum storage diseases. Proc Natl Acad Sci USA
1998, 95:9909–9913.

69. Jaco AD, Dubi N, Comoletti D, Taylor P: Folding anomalies of neuroligin3
caused by mutation in the α/β -hydrolase fold domain. Chem Biol Interact
2010, 187:56–58.

70. Longo M, O’Neil M, O’Neill R: Abundant Human DNA Contamination
Identified in Non-Primate Genome Databases. PLoS One 2011, 6:e16410.

doi:10.1186/1756-6614-5-3
Cite this article as: Belkadi et al.: Phylogenetic analysis of the human
thyroglobulin regions. Thyroid Research 2012 5:3.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Introduction
	Materials and methods
	Sequence extraction

	link_Fig1
	Sequence similarity
	Phylogeny

	Results
	The N-terminal Tg1 region

	link_Fig2
	The Tg2 region

	link_Fig3
	The Tg3 region

	link_Fig4
	link_Fig5
	The C-terminal ChEL domain
	Thyroid hormone synthesis sites

	Discussion
	The Tg1 region of thyroglobulin may be involved in binding
	Phylogeny of the Tg1 region
	Involvement of the Tg2 region in cell adhesion
	The Tg3 region may have a structural function
	The ChEL domain is involved in protein transport
	Existence of other thyroid hormone synthesis sites

	Note
	Additional files
	Authors&rsquo; contributions
	Acknowledgements
	Author details
	References
	link_CR1
	link_CR2
	link_CR3
	link_CR4
	link_CR5
	link_CR6
	link_CR7
	link_CR8
	link_CR9
	link_CR10
	link_CR11
	link_CR12
	link_CR13
	link_CR14
	link_CR15
	link_CR16
	link_CR17
	link_CR18
	link_CR19
	link_CR20
	link_CR21
	link_CR22
	link_CR23
	link_CR24
	link_CR25
	link_CR26
	link_CR27
	link_CR28
	link_CR29
	link_CR30
	link_CR31
	link_CR32
	link_CR33
	link_CR34
	link_CR35
	link_CR36
	link_CR37
	link_CR38
	link_CR39
	link_CR40
	link_CR41
	link_CR42
	link_CR43
	link_CR44
	link_CR45
	link_CR46
	link_CR47
	link_CR48
	link_CR49
	link_CR50
	link_CR51
	link_CR52
	link_CR53
	link_CR54
	link_CR55
	link_CR56
	link_CR57
	link_CR58
	link_CR59
	link_CR60
	link_CR61
	link_CR62
	link_CR63
	link_CR64
	link_CR65
	link_CR66
	link_CR67
	link_CR68
	link_CR69
	link_CR70


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.440 793.440]
>> setpagedevice


