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1. ABSTRACT

A phylogenetically conserved 5-residue 
thyroid hormone (TH)- binding motif was originally 
found in a few TH plasma carriers and, more recently, 
in all known plasma and cell-associated proteins 
interacting with TH as well as in proteins involved 
in iodide uptake. Minor variations of the motif were 
found, depending on the particular class of those 
proteins. Since thyroglobulin (Tg) is the protein matrix 

for TH synthesis starting from iodination of a selected 
number of tyrosines (to form first monoiodotyrosine 
(MIT) and diiodotyrosine (DIT) and then T3 and T4), 
we hypothesized that by searching the presence of 
perfect or imperfect versions of that motif in two Tg 
species (human and murine) in which the iodinated 
tyrosines and pattern of iodotyrosine/iodothyronine 
formation are known, we could have found relevant 
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explanations. Explanations, which are not furnished 
by the simple possession of tyrosine-iodination motifs 
and sequence of the iodination motif, concern why only 
some (but not other) tyrosine residues in one species 
are iodinated and why they have a particular iodination 
pattern. In this bioinformatics study, we provide such 
explanations.

2. INTRODUCTION

In 1994, Benvenga et al. (1) found, using 
a bioinformatics approach, that the amino acid 
sequences of apolipoproteins known as minor plasma 
carriers of thyroid hormone (namely, apo A-I, A-II, 
A-IV, C-I, C-II, C-III, apo B-100, and apoE) have 
local homology with those of major plasma carriers 
(namely, thyroxine-binding globulin (TBG), prealbumin 
or transthyretin (TTR) and serum albumin (HSA)). 
In a subsequent paper (2), the conservation of the 
5-residue hydrophobic TH binding motif “Y, L/I/M, 
X, X, V/L/I” (where X indicates any amino acid) was 
demonstrated in all known apolipoproteins. In 2016, 
using more advanced technologies and a much larger 
sequence database, it was shown that the 5-residue 
motif is conserved in human and animal TH binding 
proteins and absent in those which do not bind TH; 
furthermore, it was shown that the 5-residue motif is 
part of a larger motif (3).

More recently, we tested the hypothesis that 
the motif was possessed by another category of cell 
proteins that interact with TH, the selenodeiodinases 
(4). The relationship of selenodeiodinases (dio-1, dio-
2 and dio-3) with TH is one of the enzyme-substrate 
kind, in that they activate the prohormone T4 into the 
more potent T3 and/or inactivate either TH into poorly 
active metabolites. Interestingly, upon analyzing a total 
of 488 sequences of selenodeiodinases from Homo 
sapiens and another 487 species, we noted that the 
5-residue motif was conserved imperfectly. Precisely, 
the consensus sequence was F, L/V/M, L/I/V, V/I, Y, with 
the notable presence of Tyr in the fifth position in lieu 
of any residue of the amino acid group Ile/Leu/Met/Val. 

We realized that an additional protein, 
thyroglobulin (Tg), interacts physically with TH, in 
that TH synthesis takes place starting from iodination 
of certain (not all) tyrosine residues of Tg to form 
monoiodotyrosine (MIT) and diiodotyrosine (DIT). 
Subsequent coupling of these two iodotyrosines 
leads to formation of triiodothyronine (T3), while 
coupling of two DIT molecules leads to formation of 
tetraiodothyronine (T4). On the other hand, it is long 
known that iodotyrosines can be bound by plasma 
proteins, with an affinity of approximately 1x10-6 M to 
1x10-5 M (5, 6), and even iodine is transportable by 
serum albumin (7). As confirmed recently (8, 9), cell-
membrane TH transporters also carry TH precursors 
(MIT and/or DIT).

While iodinated Tyr are frequently part of the 
iodination consensus motifs (D/E, Y; S/T, Y, S; E, X, 
Y) (10), inconsistencies exist. For instance, the Asp-
Tyr motif is associated with a complete iodination 
pattern (MIT, DIT, T3 and T4) in mY1310 but only T3 
and T4 in the corresponding hY1309, which in turn is 
a pattern different from mY2586 (MIT and DIT) and 
from the corresponding hY2586 (MIT only). Even when 
any of the iodination motifs is present, one Tyr at the 
corresponding position in Tg from the two species may 
or may not be iodinated. This is, for instance, the case 
of mY235 (with this Tyr belonging to the stretch Ser-
Gly-Tyr and being MIT-forming), while hTg235 also 
belongs to a Ser-Gly-Tyr stretch but it is non-iodinated.

In brief, we hypothesized that copies of the 
5-residue core hydrophobic TH-binding motif are 
present in Tg, and that scrutiny of their sequence 
and position with respect to iodinated/non-iodinated 
Tyr residues might help explain why (i) only a limited 
number of Tyr are iodinated; (ii) of the iodinated Tyr, 
some form one or both iodotyrosines while others 
form one or both TH. Because the different number of 
iodinated Tyr and iodination patterns existing between 
Tg from two widely studied species (mice and humans) 
are known (10, 11), object of our investigation was 
murine Tg (mTg) and human Tg (hTg).

3. MATERIALS AND METHODS

We retrieved the amino acid sequences 
of murine and human Tg from the Entrez Protein 
database (https://www.ncbi.nlm.nih.gov/protein). In 
both cases, we selected the precursors (2768 amino 
acids each), identified in the database by the reference 
numbers AAB53204.1 (mTg) and NP_003226.4 (hTg). 
Next, we used the software MotiFinder (12) to search 
for occurrences of the motif “F/Y/W, V/I/L/M, X, X, 
V/I/L/M” within the two sequences. In positions 1, 2 
and 5 of the motif, we included all amino acids of the 
same groups of those of the original motif (3). As in our 
previous papers (1, 2, 3, 4, 13, 14), amino acid groups 
were grouped as follows: A/G (Ala/Gly), D/E/N/Q (Asp/
Glu/Asn/Gln), F/Y/W (Phe/Tyr/Trp), H/K/R (His/Lys/
Arg), I/L/M/V (Ile/Leu/Met/Val), S/T (Ser/Thr), C (Cys), 
P (Pro). We defined a full match with the above “F/Y/W, 
V/I/L/M, X, X, V/I/L/M” motif as “perfect”, while a match 
of only the first (F/Y/W) and second (V/I/L/M) position 
or a match of only the first (F/Y/W) and fifth position 
(V/I/L/M) was termed as “imperfect”. 

4. RESULTS 

Figure 1 and Figure 2 illustrate the positions 
of both perfect and imperfect TH-binding motifs in 
mTg and hTg, respectively. For hTg, this Figure also 
highlights such positions relative to the position of 
amino acids that have been reported to be mutated in 
patients with congenital hypothyroidism (15).
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4.1. Perfect five-residue TH-binding motifs

There are nine copies of this motif in mTg, 
and eight in hTg, with six present in corresponding 
positions (Figure 3). In contrast, three perfect motifs 
of mTg (aa 7-11, 2487-2491 and 2609-2613) become 
imperfect at corresponding positions of hTg; the 
opposite occurs for two perfect motifs of hTg (aa 476-
480 and 2321-2325) in corresponding positions of 
mTg (Figure 3). 

Of the nine copies in mTg, five have Phe 
and Leu in the first and second position, and six 

have Leu in the fifth (Figure 3). Of the eight copies 
in hTg, these patterns are observed in five and five 
copies, respectively. All 17 motifs are diverse, with 
not even two identical copies. The fifth position is at a 
very variable distance from the subsequent iodinated 
tyrosine, and similarly variable is the interval between 
the first position and the preceding iodinated tyrosine. 
For instance, in mTg there are 10 residues between 
Tyr810 and Phe821, 13 residues between Leu11 
and Tyr25, whereas in hTg there are 217 residues 
between Tyr258 and Phe476 (Figure 3). Noteworthy, 
for Tyr forming T4 or both T4 and T3, the upstream or 
downstream perfect motif is relatively close. 

Figure 1. Positions of perfect and imperfect thyroid hormone-binding motifs in mouse Tg. 
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Figure 2. Positions of perfect and imperfect thyroid hormone-binding motifs in human Tg. Positions of amino acids that have been reported to be mutated 
in patients with congenital hypothyroidism (15) are shown on the left.

In either species Phe is consistently replaced 
by Trp in the most N-terminal motif (though in hTg 
the motif becomes imperfect) and by a noniodinated 
Tyr in the most C-terminal motif. Both changes are 
accompanied by the conservative replacement of 
Leu in the second position (Val N-terminally and Ile 
C-terminally). The Phe to Tyr replacement also occurs 
at position 2487 in mTg only. In addition to the motif at 
aa 2487-91, the motifs at aa 2609-2613 and 8-12 switch 
to imperfect in hTg. Vice versa, the motifs 476-480 and 
2321-2325 in hTg switch to imperfect in mTg (Figure 3).

Of interest, four of the eight motifs in hTg 
are associated with hTg mutations that have been 

reported in patients with congenital hypothyroidism 
(15). Precisely, Leu571 occupies the 5th position in 
the FLASL motif, while Gln736, Gln1796 and Gly2319 
are always two positions ahead of the corresponding 
motifs FLRTV, FIKSL and FLAAV (Figure 3). Of these 
four motifs, three are associated with tyrosines that 
form MIT, DIT, T4 and T3 (Tyr704 and Tyr2573).

4.2. Imperfect five-residue TH-binding motifs

There are 84 copies of imperfect motifs in mTg 
(Figure 1) and 85 in hTg (Figure 2), with those nearest 
to iodinated tyrosines in mTg and their counterparts 
in hTg (n= 50 and 42) shown in Figure 4. Note that 
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one motif can be placed simultaneously downstream 
with respect to one iodinated Tyr but upstream with 
respect to a subsequent iodinated Tyr. Similarly to the 
perfect motifs (see above), not even two imperfect 
motifs in either species are identical. However, 
a number of motifs in one species are maintained in 
the other species. For instance, in regard to mTyr150/
hTyr149, in both species the motif is YLPQC upstream 
and FMPVQ downstream. Other examples are (i) 
mTyr704/hTyr704, with the upstream motif FLPVQ and 
the downstream motif YIPQC that are present in both 
species; (ii) mTyr2573/hTyr2573 with the upstream 
motif WYYSL and the downstream motif FSRAL; (iii) 
mTyr2587/hTyr2587 with the upstream motif FSRAL 
and the downstream motif FIICP. mTyr150/hTyr149 
form the same iodinated molecules (MIT and DIT), as 
do mTyr2573/hTyr2573 (MIT, DIT, T4 and T3). Instead, 
some difference exists for both Tyr704 (MIT and DIT 
in mTg, but MIT, DIT, T4 and T3 in hTg) and Tyr2587 
(MIT and DIT in mTg, but MIT and T4 in hTg).

Phe is frequent in the first position of the 
motif, but starting from approximately the 1400th 

residue, Phe is conservatively replaced by Trp. 
Similarly to the perfect motif, when the imperfect motif 
maintains the I/L/V/M residue in the fifth position, this 
residue is frequently Leu. When it does not and the 
motif falls in the cystein-rich domain of Tg, then the 
fifth position is frequently occupied by Cys (Figure 4). 
In mTg (and hTg), such motifs are FVPSC, FVPTC, 
FIPVC (FVPAC), YIPQC (YIPQC), YLPQC (YLPQC) 
or YMPQC (YMPQC). Interestingly, with no exceptions 
in mTg and only one exception in hTg (Tyr704), the 
Cys-ending imperfect motifs are never associated 
with a hormone-forming Tyr, but consistently with 
iodotyrosine(s)-forming Tyr (Figure 4).

Of the 14 noniodinated Tyr of hTg in Figure 
4, six are associated with loss of the motif compared 
with presence of the motif in the corresponding 
position of mTg. Vice versa, of the two non-iodinated 
Tyr of mTg in Figure 4, one is associated with loss of 
the motif compared with presence of the motif in the 
corresponding position of hTg. This data, together 
with the aforementioned pattern of the Cys-ending 
imperfect motifs and the fact that some mutations of 

Figure 3. Perfect 5-residue thyroid hormone-binding motifs in mouse Tg (mTg, accession number AAB53204.1) and human Tg (hTg, accession 
number NP_003226.4), and their positions in relation with the nearest upstream and downstream iodinated tyrosines. Footnote: M=monoiodotyrosine; 
D=diiodotyrosine. Residues that match those at first, second or fifth position of the 5-residue motif (F/Y/W, I/L/M/V, X, X, I/L/M/V) are typed boldface. 
Identical or conservatively replaced residues between the two species at any position are highlighted in green or turquoise, respectively. When in either 
species the motif is imperfect, it is typed italicized. Of the tyrosines of mTg appearing in this table, those not conserved in hTg are written in lower case 
(y). Underlined tyrosines in Tg of one species indicate that they become noniodinated in Tg of the other species. Corresponding tyrosines that form the 
same iodotyrosine(s) and/or iodothyronine(s) in the two species are typed bold-faced in columns 3, 4, 7 and 8 of this Table. 1Residue L571 was found to 
be mutated in patients with congenital hypothyroidism due to Tg mutations. 2Residues Q736, Q1796 and G2319, located very close to perfect 5-residue 
thyroid hormone binding motif, were found to be mutated in patients with congenital hypothyroidism due to Tg mutations. 3The tyrosine in the motif YLREL 
is iodinated (M, D). 4According to Dedieu et al. (11), “no definitive conclusion should be drawn” about the iodination status of Y2766 of mTg.
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Figure 4. Imperfect 5-residue thyroid hormone-binding motifs in mouse Tg (mTg) and human Tg (hTg) that are located closest to iodinated tyrosines. 
Footnote: cons.=conserved; iod.=iodinated; M=monoiodotyrosine; D=diiodotyrosine. Residues that match those at first, second or fifth position of the 
5-residue motif (F/Y/W, I/L/M/V, X, X, I/L/M/V) are typed boldface. Identical or conservatively replaced residues between the two species at any position 
are highlighted in green or turquoise, respectively. Imperfect motifs are typed italicized. In hTg, a position is underlined and boldfaced to indicate that 
one of the five residues in the motif was reported to be mutated in cases of congenital hypothyroidism associated with Tg mutations (Q870, S990). The 
position is underlined only, when such mutation occurs very close to the motif (C194, R296, A2234, Q2657). Other mutations (C1264, W1437, C2006, 
Q2016, R2336, G2374, G2375) occurred very close to imperfect motifs not shown in this table. 1When a 5-residue motif in one species loses the 
sequence to qualify as a motif in the corresponding position of the other species, the said sequence is reported in the table, but printed lower case on 
gray blackground. When the imperfect motif is conserved, but the nearest motif is different between mTg and hTg, position numbers in hTg are written in 
red. 2The tyrosine is part of a motif. Consensus motifs for iodinated tyrosines: 3EY, 4EXY, 5DY, 6SYS, 7TYS. 8No consensus motif for iodination.
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hTg causing congenital hypothyroidism occur within or 
very close to an imperfect motif (Figure 4), stimulated 
us to analyze in greater detail the characteristics 
of the motifs in relation to the iodination properties 
of tyrosines, including the type of iodotyrosine(s)/
iodothyronine(s) formed (see below).

4.3. Perfect/imperfect motifs in relation to tyrosines 
that, in both mTg and hTg, form solely MIT

We started by searching for analogies 
between tyrosines of mTg and hTg that form only 
MIT, taking note not only of the closest upstream 
and downstream TH-binding motifs but also of the 
iodination consensus motifs (Figure 5). There are 
13 such Tyr in mTg, but only four in hTg, with only 
one being conserved in the two species (mY2183/
hY2184). A remarkable difference is that only one 
mTyr (Y1115) has a iodination consensus motif (Asp-
Tyr). In contrast, 3/4 hTyr (Y258, Y785 and Y2617) 
have another iodination consensus motif (Asp-X-Tyr). 

Starting inspection of Figure 5 from the 
Tyr that is conserved in the two species (mTyr2183/
hTy2184), neither has any iodination consensus motif. 
We also notice that, except for the Ile preceding the 
Arg-Lys following this Tyr, there is no similarity either 
upstream or downstream of mTyr 2183/hTyr2184. 
Marked differences also include the upstream and 
downstream 5-residue imperfect motif and distance 
from Tyr 2183/2184. When analysis is performed 
within species, no pattern emerges. In mTg, the 
upstream 5-residue motif (which is of the perfect type 
for three tyrosines) is variably positioned (from zero 
to almost 60 residues ahead of Tyr2183), and so is 
the downstream motif occupying columns 22-26 in 
Figure 5 (from approximately 15 to over 150 residues 
away), with only the first position (Phe) being relatively 
common. A similar pattern applies to hTg, though the 
downstream motif at columns 22-26 is less variably 
positioned from the selectively MIT-forming Tyr (9 to 31 
residues away). In six instances for mTg and none for 
hTg, the selectively MIT-forming Tyr is part of (Y867, 
Y1115 and Y2630) or immediately followed by an 
imperfect motif (Y884, Y1913 and Y2658). 

4.4. Perfect/imperfect motifs in relation to 
tyrosines that, in both mTg and hTg, form 
solely DIT

There are only one such Tyr in mTg, and 
two in hTg (Figure 6). mTyr810 had no iodination 
consensus motif, while hTyr883 and hTyr2697 had 
two different motifs (Ser-Tyr-Ser and Glu-X-Tyr). 
Interestingly, for Y2697, the X residue is Asn, exactly 
as for the selectively MIT-forming Y2617 (Figure 5). 
To add to the parallelism between Y2697 and Y2617 
of hTg, similar is the number of residues between the 
fifth position of the upstream TH-binding motif (four 
and three), the sequence of such motif (FVPRA and 

FMYHA, with underlined residues indicating identity 
or conservative replacements). However, the number 
of residues between the DIT-forming Tyr at the first 
position of the TH-binding motif at columns 22-26 
(20 and 12), and the sequence of such motif differ 
substantially. Furthermore, the fourth and fifth position 
of the imperfect motif WSKYI coincide to be the first 
and the second position of the perfect motif YISSL 
(Figure 6). This mixture of imperfect and perfect motifs 
at columns 22-29, with Ser occupying column 23 and 
Ser-Leu occupying columns 28-29, plus Pro occupying 
the third position in the imperfect upstream motif 
(column 3) and Arg/Lys-Glu immediately following the 
DIT-forming tyrosines are the analogies between Y810 
of mTg and Y2697 of hTg (Figure 6).

Finally, only Y2697 (as well as Y883) is 
immediately followed by another imperfect motif 
(FSELL), a fact that does not occur for any of the four 
MIT-forming tyrosines of hTg (Figure 5).

4.5. Perfect/imperfect motifs in relation to 
tyrosines that, in both mTg and hTg, form only 
MIT and DIT

There are 19 such tyrosines in mTg and four 
in hTg, of which only the most N-terminal one (Y150) at 
a position matching mTg (Figure 7). Two mTyr (Y383 
and Y2587) and one hTyr (Y992) have the Asp-Tyr 
consensus iodination motif. Another six mTyr (Y150, 
Y259, Y430, Y692, Y704 and Y785) and another two 
hTyr (Y149 and Y866) have eight different copies of the 
Glu-X-Tyr iodination motif, in that the X residue differs 
in each of the eight sequences. The remaining 11 mTyr 
have no iodination consensus motif, while the remaining 
hTyr1467 have the Ser-Tyr-Ser iodination motif. 

In hTg, the iodinated Tyr is preceded, with 
an interval of one to 41 residues, by the fifth position 
of the upstream thyroid hormone binding motif, which 
is imperfect except for Tyr866. Tyr866 is part of a 
composite imperfect/perfect motif, while Tyr992 is part 
of an imperfect motif. The fifth position (Q870) in the 
downstream imperfect motif that includes Y866, the 
fifth position (Ser990) in the imperfect motif upstream 
of Y992, and the first Ser (S1466) of the Ser-Tyr-Ser 
that includes Y1467 are all positions where mutations 
associated with congenital hypothyroidism have 
been reported. Other residues mutated in congenital 
hypothyroidism (C183 and C194) flank the 5-residue 
TH-binding motif downstream of Y149. The motifs at 
columns 22-26 downstream of the four selectively DIT-
forming Tyr of hTg have a relative abundance of Tyr in 
the first position, Met in the second position, Pro in the 
third or fourth position, these being characteristics that 
are not observed for the selectively MIT-forming hTyr 
(Figure 5) or selectively DIT-forming hTyr (Figure 6).

In mTg, these characteristics at columns 
 22-26 are more tenuous, with Tyr in the first position, 
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Figure 5. Amino acid sequences of mouse Tg (mTg) and human Tg (hTg) which include tyrosines that form MIT only (column 9) and their closest 
upstream and downstream TH-binding motifs. Footnote: Perfect motifs are written on a dark gray background, imperfect motifs on a light gray background. 
Residues that match those at first, second or fifth position of the 5-residue motif (F/Y/W, I/L/M/V, X, X, I/L/M/V) are typed boldface. Cysteines are typed 
in red. 1In position other than column 9, also this tyrosine forms MIT. 2These tyrosines of mTg form both MIT and DIT: Y383, Y2170, Y2181.
3These amino acids are the terminal part of the imperfect motif FDLPY (863-867).
4Amino acids R296, C2154 and Q2161 were reported to be mutated in cases of congenital hypothyroidism associated with Tg mutations.
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Figure 6. Amino acid sequences of mouse Tg (mTg) and human Tg (hTg) which include tyrosines that form DIT only (column 9) and their closest upstream 
and downstream TH-binding motifs. Footnote: Perfect motifs are written on a dark gray background, imperfect motifs on a light gray background. 
Residues that match those at first, second or fifth position of the 5-residue motif (F/Y/W, I/L/M/V, X, X, I/L/M/V) are typed boldface. Cysteines are typed 
in red. 1Amino acid Q870 was reported to be mutated in cases of congenital hypothyroidism associated with Tg mutations.

Met in the second and Pro in the third or fourth position 
occurring with corresponding frequencies of 2/19, 
3/19 and 4/19; the fifth position is Cys in 6/19 cases. 
Columns 22-26 downstream of Y708 and Y785 are 
occupied by the same perfect motif. Six Tyr are part 
of a perfect (Y2487) or imperfect motif (Y692, Y1006, 
Y2181, Y2478 and 2540), and another Tyr (Y2587) 
precedes an imperfect motif just immediately. Phe, Tyr 
or Trp at column 22 are located six to 105 residues 
away from Tyr at column 9. Interestingly, this distance 
is of the same magnitude for pairs of Tyr, namely 14 
residues for Y1384 and Y2670, 21 residues for Y2540 
and Y2487, 45 residues for Y430 and Y704, and 105 
residues for Y1166 and Y1446. 

Starting from Y1006, whenever the first 
position of the upstream motif is Tyr, this Tyr is either 
MIT- and DIT-forming (Y2478 and Y2487) or MIT-, DIT- 
and T3-forming (Y993) (Figure 7). With one exception 
(Y2540), the upstream motif is always imperfect, and 
with Pro occupying the third or the fourth position in 
8/19 cases. In 12/19 cases, there is an interval of 
two to 11 residues between the fifth position of the 
upstream motif and the selectively DIT-forming mTyr.

4.6. Perfect/imperfect motifs in relation to 
tyrosines that, in both mTg and hTg, form MIT, 
DIT, T4 and T3 

There are two such Tyr in mTg, and three in 
hTg, of which only one (Tyr2573) is shared by mTg 
and hTg (Figure 8). In addition, it is uncertain whether 
the mTg homologue of hTyr2766 is iodinated. Thus, 
mTg sequence 2761-2768 is included in Figure 8 (and 
compared with other MIT-, DIT-, T4- and T3-forming 
tyrosines) to ascertain whether data are in favor or 
against iodination of mTyr2766. 

While mTyr1310 and mTyr2573 have the 
Asp-Tyr iodination motif, only hTyr2573 has; hTyr704 

has the Glu-X-Tyr iodination motif, but hTyr2766 has 
the Thr-Tyr-Ser iodination motif, which is homologous 
to the Ser-Tyr-Ser motif of mTyr2766. The homology 
between the two species around Tyr2766 is reinforced 
by the last residue (Lys), by the same number of 
residues (n= 40) between Tyr2766 and the fifth 
position of the upstream motif, and by the perfect 
nature of the motif. Forty is a number greater than 
the corresponding number of 6 or 9 residues for the 
other tyrosines in Figure 8. Furthermore, the first, 
second, and fifth position of this motif are occupied 
by identical residues, and the fourth by conservatively 
similar residues. The same residues in this fourth and 
fifth position (Ser-Leu) and a conservatively similar 
residue (Trp) are present in the motif upstream of 
both mTyr2573 and hTyr2573. All these observations 
enhance the chances that mTyr2566 be indeed 
iodinated and even sharing MIT-, DIT-, T4- and 
T3-formation with hTyr2766. No comment on the 
downstream motif is possible because both mTg and 
hTg end with Lys2768. 

In addition to the downstream motif at 
columns 22-26, mTyr1310 is part of an imperfect 
motif, which is followed by another imperfect motif at 
columns 16-20. mTyr2573 and hTyr2573 are followed 
by an imperfect motif at aa 12-73. The first position 
of all motifs downstream of all tyrosines in Figure 8 is 
consistently occupied by Phe. 

Upon comparison of mTg 2562-2600 with 
hTg 2562-2600, the four residues in column 6 (EHST) 
and the three in column 21 (RDY) are identical in 
the two species. Strikingly enough, differences start 
immediately before the upstream motif (columns 1-5) 
and immediately after the downstream motif (columns 
22-26). Indeed, the residue preceding W in column 1 
is V in mTg and T in hTg; as shown in Figure 8, the 
residue following the fifth position of the downstream 
motif is M in mTg and I in hTg.
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Figure 7. Amino acid sequences of mouse Tg (mTg) and human Tg (hTg) which include tyrosines that form both MIT and DIT only (column 9) and 
their closest upstream and downstream TH-binding motifs. Footnote: Perfect motifs are written on a dark gray background, imperfect motifs on a light 
gray background. Residues that match those at first, second or fifth position of the 5-residue motif (F/Y/W, I/L/M/V, X, X, I/L/M/V) are typed boldface. 
Cysteines are typed in red. 1mTg Y993 forms MIT, DIT and T3. 2These tyrosines form MIT only. 3These tyrosines of mTg form both MIT and DIT. 4These 
tyrosines form MIT, DIT, T4 and T3. 5Amino acids C183, C194, Q870, S990, S1466, R1530, D1513, C1607 were reported to be mutated in cases of 
congenital hypothyroidism associated with Tg mutations. 6These amino acids are the initial part of the imperfect motif YFLPV (692-696). 7These amino 
acids are the initial part of the imperfect motif FQLHL (1408-1412).
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4.7. Perfect/imperfect motifs in relation to 
tyrosines that are iodinated in Tg from one species 
but not iodinated in Tg from the other species

4.7.1. Forming solely MIT, and only in one species

Tyrosines that are MIT-forming only in mTg, 
but non-iodinated in hTg, are the first six in Figure 9. 
In contrast, the last Tyr (Tyr2617) in Figure 9 is MIT-
forming in hTg but non-iodinated in mTg.

Iodination consensus motifs cannot 
account for the said difference in iodination between 
corresponding tyrosine residues in the two Tg species. 
Indeed, only one of the top six mouse Tyr in column 9 
of Figure 9 (Y1115) has one of the known iodination 
motifs (E-Y). However, the non-iodinated Tyr1114 also 
has the E-Y iodination motif. 

In contrast, the TH-binding motif could help 
explain why a given Tyr is iodinated and its counterpart 
in the other species is not. mTyr1115 has Tyr in the 
first position of an imperfect TH-binding motif, with Val 
in the corresponding second position (column 10 in 
Figure 9). Remarkably, the second position is occupied 
by a different amino acid (Ala) in the corresponding 
position of hTg. A change in the second position also 
occurs in the motif (columns 1-5) upstream not only 
of hTyr1114 but also of hTyr376 and hTyr1481. In the 
motif upstream of hTyr2658 and hTyr1916 the change 
concerns the third and the fourth position, with the 
fourth position also being affected concerning hTyr376. 
The loss of iodination of mTyr2617, compared to 
iodinated hTyr2617, is associated with a change in 

the fifth position of the upstream motif. Concerning 
the downstream motif at columns 22-26, a change in 
at least one of the five positions occurs for four hTyr 
(hTyr234, hTyr1114, hTyr1481, hTyr1916) as well as for 
mTyr2617; the third and the second position are those 
most frequently affected. Downstream of hTg2658, the 
change in the motif is quite drastic, in that differences 
in primary structure between mTg and hTg create an 
imperfect TH-binding motif (FSRKV) that is absent 
in mTg. Furthemore, this new motif is the closest to 
hTyr2658, with an interval of 15 residues, compared to 
the interval of 26 residues of mTyr2658.

Peculiar changes at positions intermediated 
between Tyr at position 9 and the upstream or 
downstream motif might also contribute to the loss of 
Tyr iodination in hTg (see asterisks at given columns in 
Figure 9 and footnote).

4.7.2. Forming solely DIT in mTg but not iodinated 
in hTg, and vice versa

The mTyr810/hTyr809 pair has no iodination 
motif (Figure 10). However, at least a change in any of 
the five positions of any 5-residue TH-binding motif is 
detected, and this change might account for the different 
iodination pattern of this Tyr pair. The change concerns 
the second position in the downstream perfect motif at 
columns 22-26. Similarly to the Tyr2617 pair shown in 
Figure 9 (MIT-forming in hTg, but not iodinated in mTg), 
the Tyr2697 pair both has an E-X-Y iodination motif, 
with an E-N-Y version in the DIT-forming hTg but E-S-Y 
version in the not iodinated mTg. However, this is not 
the only difference between mTyr2697 and hTyr2697. 

Figure 8. Amino acid sequences of mouse Tg (mTg) and human Tg (hTg) which include tyrosines that form MIT, DIT, T4 and T3 (column 9) and their 
closest upstream and downstream TH-binding motifs. Footnote: Perfect motifs are written on a dark gray background, imperfect motifs on a light gray 
background. Residues that match with those at first, second or fifth position of the motif (F/Y/W, I/L/M/V, X, X, I/L/M/V) are typed boldface. Cysteines are 
typed in red. 1It is uncertain whether the mTg homologue of hTyr2766 is iodinated. 2Q711X (Q692X) and Q736X (Q717X) mutations of hTg.
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Figure 9. Comparison between the amino acid sequences of mouse Tg (mTg) and human Tg (hTg) which include tyrosines that form MIT only in mTg 
or only in hTg (column 9) and their closest upstream and downstream TH-binding motifs. When a motif is not conserved in either Tg, the amino acids in 
the corresponding positions are shown, without boldface letters and on white background. Footnote: A lower case Y (y) in column 9 indicates that such 
tyrosine is not iodinated. Perfect motifs are written on a dark gray background, imperfect motifs on a light gray background. Residues that match those 
at first, second or fifth position of the 5-residue motif (F/Y/W, I/L/M/V, X, X, I/L/M/V) are typed boldface. Cysteines are typed in red. 1Mutations of hTg 
residues associated with congenital hypothyroidism: L253, R296, Q329, G381, C1264, W1437, S1466, D1513, R1530, C1897, I1931, Q2657.



Iodinated and non-iodinated tyrosines of thyroglobulin

224 © 1996-2019

Indeed, there are amino acid changes at two positions 
(second and fourth) in the upstream TH-binding motif 
and another two (third and fourth position) in the perfect 
TH-binding motif at columns 25-29.

4.7.3. Forming MIT and DIT only in mTg, but not 
iodinated in hTg

Of the six such Tyr, only mTyr383 has a 
iodination consensus motif (D-Y), which is lost in the hTg 
counterpart (Figure 11). However, at least one change 
at any of the five positions in any 5-residue TH-binding 
motif is apparent for five hTyr. In hTyr382, hTyr1165 and 
hTyr1446 the change occurs in the second position of 
the upstream motif, and in hTyr2478 in both the third and 
fifth position. The last position also changes in the motif 
upstream of hTyr1165. hTyr1005 has no change both in 
the upstream motif (columns 1-5) and the downstream 
motif (columns 22-26). However, hTyr1005 (that is, the 
counterpart of mTyr1006) occupied the second position 
in the imperfect motif at columns 8-12, a motif that is 
lost because Leu in the fifth position in mTg is replaced 
by Arg in hTg. Interestingly, this Arg (R1008) is one of 
the amino acids mutated in patients with congenital 
hypothyroidism due to Tg mutations. Other mutations 
occur at residues more or less close to the six hTyr 
residues in Figure 11 (see cells with asterisks and 
footnote). A change in the fifth position (column 14 in 
Figure 11) of an imperfect motif that follows immediately 
hTyr in column 9 concerns hTyr2478.

4.7.4. Tyrosines that form both MIT and DIT in 
mTg, but only MIT in hTg

The mTyr259/hTyr258 pair has the same 
iodination motif (E-X-Y in the version of E-I-Y), 
whereas the X residue differs in the mTyr785/hTyr785 

pair (Figure 12). Thus, the iodination motif does not 
provide a consistent explanation for both hTyr258 
and hTyr785 losing the DIT-formation property of their 
mTyr counterparts. There is no difference either in the 
sequence and spacing from the upstream 5-residue 
thyroid hormone motif within each pair. However, some 
changes occur in the downstream motif. Downstream 
of hTyr258, the fourth position of the motif is occupied 
by Val (as opposed to Ile in the corresponding position 
of mTg), while downstream of hTyr785 there is a 
composite motif that spans columns 22-29 and with 
an interval a bit longer from hTyr785. This composite 
motif in mTg consists of an imperfect FSLFL motif at 
columns 22-26 and a perfect FLQSL motif at columns 
25-29. In hTg, the first motif differs at three positions 
(second, third and fourth) and the second motif at 
another three positions (third, fourth and fifth).

4.7.5. Tyrosines that form both MIT and DIT in 
mTg, but both MIT and T4 in hTg

Unlike the E-X-Y iodination motif of the two 
MIT- and DIT-forming mTyr in Figure 12 (mTyr258 
and mTyr785), the MIT-and DIT-forming mTyr2587 in 
Figure 13 has the D-Y iodination motif. The same motif 
is shared by the MIT- and T4-forming hTyr2587. Like 
the mTyr258/hTyr258 and mTyr785/hTyr785 pairs, 
where the human component loses DIT-formation, the 
switch from DIT-formation in mTyr2587 to T4-formation 
in hTyr2587 cannot be accounted for by changes in the 
upstream 5-residue TH-binding motif or spacing size 
(Figure 13). There is no change either in the TH-binding 
motif that immediately follows Tyr2587 (columns 10-
14). Instead, similarly to Y258 and Y785 (Figure 12), 
at least one change occurs in the downstream motif at 
columns 22-26. This is a perfect motif, and the change 
occurs in the fifth position (Figure 13). 

Figure 10. Comparison between the amino acid sequences of mouse Tg (mTg) and human Tg (hTg) which include tyrosines not iodinated in mTg, but 
iodinated as DIT in hTg (column 9) and their closest upstream and downstream TH-binding motifs. When a motif is not conserved in either Tg, the amino 
acids in the corresponding positions are shown, without boldface letters and on white background. Footnote: A lower case Y (y) in column 9 indicates that 
such tyrosine is not iodinated. Perfect motifs are written on a dark gray background, imperfect motifs on a light gray background. Residues that match 
those at first, second or fifth position of the 5-residue motif (F/Y/W, I/L/M/V, X, X, I/L/M/V) are typed boldface. Cysteines are typed in red.
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4.7.6. Tyrosines that form MIT, DIT and T4 in mTg, 
but MIT, T4 and T3 in hTg 

Here the hTyr (Tyr24) maintains the MIT- and 
T4-forming property of mTyr25, but switches the DIT-
formation to T3-formation, though the iodination motif 
is the same (E-Y) in the two Tyr (Figure 14). The pair 

mTyr25/hTyr24 occupies the second position of an 
imperfect motif (columns 7-11), which is followed by 
another two imperfect motifs equally spaced, with none 
of the three motifs having even a single amino acid 
change. Instead, the upstream motifs differ. hTyr25 is 
preceded by the imperfect motif WVSAN (aa 16-20), 
which is lost in mTg (LVAAN, aa 17-21). However, 

Figure 11. Comparison between the amino acid sequences of mouse Tg (mTg) and human Tg (hTg) which include tyrosines iodinated in mTg as MIT 
and DIT but not iodinated in hTg (column 9) and their closest upstream and downstream TH-binding motifs. When a motif is not conserved in either Tg, 
the amino acids in the corresponding positions are shown, without boldface letters and on white background. Footnote: A lower case Y (y) in column 9 
indicates that such tyrosine is not iodinated. Perfect motifs are written on a dark gray background, imperfect motifs on a light gray background. Residues 
that match those at first, second or fifth position of the 5-residue motif (F/Y/W, I/L/M/V, X, X, I/L/M/V) are typed boldface. Cysteines are typed in red. 
1Mutations of hTg residues associated with congenital hypothyroidism: Q329, G381, R1008, P1012, C1264, W1437, C1466, D1513, R1530.
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Figure 14. Comparison between the amino acid sequences of mouse Tg (mTg) and human Tg (hTg) which include tyrosines iodinated in mouse Tg as 
containing MIT, DIT and T4, but containing MIT, T4 and T3 (viz, maintaining MIT and T4-forming property but exchanging DIT for T3) in human Tg (column 
9), and their closest upstream and downstream TH-binding motifs. When a motif is not conserved in either Tg, the amino acids in the corresponding 
positions are shown, without boldface letters and on white background. Footnote: Perfect motifs are written on a dark gray background, imperfect motifs 
on a light gray background. Residues that match those at first, second or fifth position of the 5-residue motif (F/Y/W, I/L/M/V, X, X, I/L/M/V) are typed 
boldface. Cysteines are typed in red. 1For mTg a perfect upstream motif is WVSTL (aa 7-11), corresponding to FTLLA (aa 8-12) in hTg. 2R38K (R19K 
in the mature protein) mutation of hTg.

Figure 13. Comparison between the amino acid sequences of mouse Tg (mTg) and human Tg (hTg) which include tyrosines iodinated in mTg as 
containing both MIT and DIT but containing MIT and T4 in human Tg (column 9), and their closest upstream and downstream TH-binding motifs. 
Footnote: Perfect motifs are written on a dark gray background, imperfect motifs on a light gray background. Residues that match those at first, second 
or fifth position of the 5-residue motif (F/Y/W, I/L/M/V, X, X, I/L/M/V) are typed boldface. Cysteines are typed in red.

Figure 12. Comparison between the amino acid sequences of mouse Tg (mTg) and human Tg (hTg) which include tyrosines iodinated in mTg as 
containing only both MIT and DIT but containing only MIT in hTg (column 9), and their closest upstream and downstream TH-binding motifs. When a motif 
is not conserved in either Tg, the amino acids in the corresponding positions are shown, without boldface letters and on white background. Footnote: 
Perfect motifs are written on a dark gray background, imperfect motifs on a light gray background. Residues that match those at first, second or fifth 
position of the 5-residue motif (F/Y/W, I/L/M/V, X, X, I/L/M/V) are typed boldface. Cysteines are typed in red. 1L253fsX256 (L234fsX237 in the mature 
protein) mutation in hTg.
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mTg has a more N-terminal, perfect motif (WVSTL, aa 
7-11) that is lost in the corresponding sequence of hTg 
(FTLLA, aa 8-12).

4.7.7. Tyrosines that form MIT, DIT, T4 and T3 in 
mTg, but MIT, T4 and T3 in hTg

There is only one such Tyr, Y1310 in both 
species (Figure 15). Here, the hTg counterpart loses 
only the DIT-formation. Again, the iodination motif 
cannot explain the difference in the iodination pattern 
between mTg and hTg, because it is of the type D-Y 
in both (Figure 15). Similarly to the mTyr25/hTyr24 
pair (which shares with the mTyr1310/hTyr1310 pair 
the maintainment of MIT and T4-formation but loses 
DIT-formation in hTg), there is some change only 
in the upstream motif. Such change occurs in the 
fourth position, not in the downstream motifs (Figure 
15). However, hTyr1310 occupies the first position 
of imperfect motif, with the second and third position 
occupied by amino acids different from those in mTg.

4.7.8. Tyrosines that form MIT, DIT and T3 in 
mTg, but only MIT and DIT in hTg

Here, the hTyr counterpart loses T3 formation. 
Unlike the MIT-, DIT- and T3-forming mTyr1310 (which 
has a D-Y iodination motif; Figure 15), mTyr993 has 
the E-Y iodination motif. Also, a D-Y iodination motif is 

featured by hTyr992, which does not form T3 (Figure 
16). Both the upstream and downstream 5-residue TH-
binding motif have an amino acid change (fifth, and 
fourth and fifth position, respectively). Noteworthy, the 
change in the fifth position causes hTyr992 to lose 
the downstream motif (Figure 16) and, as a probable 
consequence, hTyr992 fails to form T3.

4.7.9. Tyrosines that form only MIT in mTg, but 
only DIT in hTg

Here, mTyr884 has no iodination motif, 
whereas the mPro883 to hSer882 change causes 
hTyr883 to acquire the S-Y-S iodination motif (Figure 
17). However, this is not the sole difference. Indeed, 
there are two changes (second and third position) in the 
first TH-binding motif downstream and one change (third 
position) in the more downstream TH-binding motif.

4.7.10. Summary

There are 37 iodinated Tyr in mTg, but only 
16 in hTg (11). Only 16/37 mTyr (43%), as opposed 
to 15/16 hTyr (94%, P= 0.0006 by Fisher’s exact test), 
have any of the known iodination motifs. However, 
there are instances in Tg of either species where 
possession of the iodination motif does not ensure 
Tyr iodination. Furthermore, the same iodination 
motif is not associated with the same panel of formed 

Figure 16. Comparison between the amino acid sequences of mouse Tg (mTg) and human Tg (hTg) which include tyrosines iodinated in mTg as MIT, 
DIT and T3, but containing MIT and DIT in hTg, thus losing T3-formation (column 9), and their closest upstream and downstream TH-binding motifs. 
When a motif is not conserved in either Tg, the amino acids in the corresponding positions are shown, without boldface letters and on white background. 
Footnote: Imperfect motifs are written on a light gray background. Residues that match those at first, second or fifth position of the 5-residue motif (F/Y/W, 
I/L/M/V, X, X, I/L/M/V) are typed boldface. 1S990I (S971I in the mature protein) mutation in hTg. 2P1012L (P993L in the mature protein) mutation in hTg. 

Figure 15. Comparison between the amino acid sequences of mouse Tg (mTg) and human Tg (hTg) which include tyrosines iodinated in mouse Tg as 
containing MIT, DIT, T4 and T3, but containing MIT, T4 and T3 (viz, maintaining MIT, T4 and T3-forming property but losing DIT-forming property) in human 
Tg (column 9), and their closest upstream and downstream TH-binding motifs. Footnote: Imperfect motifs are written on a light gray background. Residues 
that match those at first, second or fifth position of the 5-residue motif (F/Y/W, I/L/M/V, X, X, I/L/M/V) are typed boldface. Cysteines are typed in red.
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iodinated tyrosines and/or thyronines, as resulting 
from both intraspecies and interspecies analyses. 
To complete the picture of inconsistencies, the same 
panel of formed iodinated tyrosines and/or thyronines 
is associated with different iodination motifs. 

In contrast, our detection of perfect or 
imperfect versions of a 5-residue TH-binding motif 
(Y, L/I/M, X, X, V/L/I) that was previously found to 
be conserved in TH-binding plasma proteins (2) and 
updated into Y/F/W, L/I/V/M, X, X, L/I/V/M (3) or W/F/Y, 
L/I/V/M, I/V/M/L, P, L/V/I/M upon considering also cell-
associated TH-interacting proteins (viz, membrane 
transporters, selenodeiodinases and TH nuclear 
receptors) (4) provides more consistency. First, the 
iodinated Tyr of either species is always preceded and 
followed by at least one such motif, and sometimes the 
iodinated Tyr occupies the first position of the motif. 
Second, the aforementioned inconsistencies in the 
iodination/not iodination property of Tyr and/or panel 
of iodination products find always an explanation in at 
least one of the TH-binding motifs flanking or containing 
the Tyr in question. Third, a number of residues of hTg 
that are mutated in patients with congenital forms of 
hypothyroidism occupy one of the five positions of the 
TH-binding motif or are very close to it. 

5. DISCUSSION

As summarized at the end of the Results, 
this in silico research represents an effort in trying to 
understand why only a limited number of tyrosines in 
Tg are iodinated and why, of these, some form one 
or both TH precursors (MIT, DIT) while others form 
one or both TH (T3, T4). Explanations cannot be 
sorted out by the simple possession and sequence 
of any of the classical iodination motifs. Because in 
practical terms the synthesis of either TH precursors 
or TH within a protein is equivalent to binding of 
iodotyrosines/iodothyronines to a circulating or cellular 
protein –based on the fact that the iodothyronines/
iodotyrosines need to occupy an optimal 3-dimensional 
local site–, we reasoned (see Introduction) that this 

optimal local environment could have been provided 
by a phylogenetically conserved 5-residue TH-binding 
motif, a motif which was originally found in a few TH 
plasma carriers. Thus, the presence of this 5-residue 
TH-binding motif might have ensured a spatial 
environment optimal for occupancy by any of MIT, DIT, 
T3 and T4 in Tg. 

The consensus motif resulting from 426 
sequences of thyroid hormone plasma transport 
proteins (Homo sapiens and 94 animal species) 
was Y/F/W, L/V/I/M, L/V/M/I, L/V/I/M, V/L/I/M. The 
consensus motif resulting from 8691 sequences 
(Homo sapiens and 368 animal species) of cell-
membrane TH transporters was W/F/Y, L/I/V/M, 
I/V/L/M, P, L/V/I/M. The consensus motif resulting 
from 624 sequences of TH nuclear receptors (Homo 
sapiens and 209 animal species) was F/W/Y, W, P, 
K, L. The consensus motif from 488 sequences of 
the selenodeiodinases stands out in that the motif is 
imperfect, with an amino acid other than I/L/V/M in the 
fifth position. The TH-binding motif in the deiodinases 
is F, L/V/M, L/I, V, Y. Noteworthy, the presence of Pro 
in the third or fourth position of the 5-residue motif, 
thus matching TH nuclear receptors or cell-membrane 
transporters, is also present in mTg (YLPQC; 
FMPVQ; YIPRC; FVPSC; FVPTC; FLPVQ; YIPQC; 
FNMPL; YMPQC; FIPVC; FLYPE; WGPVV; FIPGA) 
and hTg (YLPQC; FMPVQ; YVPSC; FLPVQ; YIPQC; 
FSTPL; YMPQC; FVPAC; YVPAC; WGPVI; FVPRA). 
Pro in the third position of the motif is also present 
in apoC-II (consensus of 14 sequences), and in the 
fourth position of TBG, alpha1-anti-chymotrypsin and 
cortisol-binding protein (consensus of 14, 14 and 7 
sequences). 

In an ad hoc section at the end of the Results, 
we have summarized certain reasons that provide 
some consistency to our results. One such consistency 
is functional in nature, viz. a number of residues of hTg 
that are mutated in patients with congenital forms of 
hypothyroidism occupy one of the five positions of the 
TH-binding motif or are very close to it. 

Figure 17. Comparison between the amino acid sequences of mouse Tg (mTg) and human Tg (hTg) which include tyrosines iodinated in mTg as only 
MIT, but as only DIT in hTg (column 9), and their closest upstream and downstream TH-binding motifs. Footnote: Imperfect motifs are written on a light 
gray background. Residues that match those at first, second or fifth position of the 5-residue motif (F/Y/W, I/L/M/V, X, X, I/L/M/V) are typed boldface. 
1Q870H (Q851H in the mature protein) mutation in hTg.
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In summary, we have provided novel 
bioinformatics data that have the potential to explain 
differences within species and between species that 
cannot be explained by the presence/absence or type 
of known tyrosine iodination motifs. Such differences 
concern (i) the iodination or non-deiodination of the 
same tyrosine in different species; (ii) Tyr iodination 
in spite of the absence of Tyr iodination motifs; 
(iii) Tyr non-deiodination in spite of the presence 
of Tyr iodination motifs; (iv) different patterns of 
iodotyrosines and/or iodothyronines formed in spite 
of the same tyrosine iodination motif; (v) same 
or very similar patterns of iodotyrosines and/or 
iodothyronines formed in spite of different tyrosine 
iodination motifs. The presence of perfect/imperfect 
copies of this motif, which is evolutionarily conserved, 
in cell proteins that transport or simply bind iodide, 
iodotyrosines and iodothyronines suggests that an 
ancestral motif served multiple functions in thyroid 
physiology. These functions start with iodide uptake 
into the thyrocyte (13) and subsequent utilization 
for thyroid hormone synthesis within the protein 
substrate represented by Tg (the present paper), 
continue with thyroid hormone transport in blood 
(3) and thyroid hormone movement across the 
plasma membrane, and end with thyroid hormone 
intracellular metabolism by deiodinases and thyroid 
hormone interaction with the nuclear receptors (3). 
This represents a parsimonious usage of a motif for 
multipurpose tasks, a motif that can be modulated 
with “variations on the theme” based on the specific 
functional task. 
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