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Thyroglobulin (Tg) is secreted by thyroid epithelial cells. It
is essential for thyroid hormonogenesis and iodine storage.
Although studied for many years, only indirect and partial sur-
veys of its post-translational modifications were reported.
Here, we present a direct proteomic approach, used to study
the degree of iodination of mouse Tg without any preliminary
purification. A comprehensive coverage of Tg was obtained
using a combination of different proteases, MS/MS fragmenta-
tion procedures with inclusion lists and a hybrid mass high-
resolution LTQ-Orbitrap XL mass spectrometer. Although
only 16 iodinated sites are currently known for human Tg, we
uncovered 37 iodinated tyrosine residues, most of them being
mono- or diiodinated. We report the specific isotopic pattern
of thyroxine modification, not recognized as a normal peptide
pattern. Four hormonogenic sites were detected. Two donor
sites were identified through the detection of a pyruvic acid
residue in place of the initial tyrosine. Evidence for polypep-
tide cleavages sites due to the action of cathepsins and dipepti-
dyl proteases in the thyroid were also detected. This work
shows that semi-quantitation of Tg iodination states is feasible
for human biopsies and should be of significant medical inter-
est for further characterization of human thyroid pathologies.

Thyroglobulin (Tg)3 is one of the most abundant proteins
produced by the thyroid gland and comprises two identical
subunits of �330 kDa. This prohormonal glycoprotein is se-
creted by thyroid epithelial cells. It is stored in the lumen of
thyroid follicles in a highly condensed and covalently cross-
linked form with numerous disulfide bridges. There, Tg is
used as a scaffold for thyroid hormonogenesis and as an io-
dine reservoir. Many post-translational modifications are
known to occur on this protein such as glycosylation, sulfa-
tion, and iodination (1). A signal peptide is processed during
its export to the lumen. The most specific Tg post-transla-
tional modification is certainly its iodination and 3,5,3�-tri-

iodothyronine (T3) and thyroxine (T4) thyroid hormone syn-
thesis. Indeed, through the combined action of NADPH
oxidase and thyroperoxidase on the outer surface of the thy-
rocyte apical membrane, iodide ions that are also transported
to the follicular lumen are covalently linked to some Tg ty-
rosyl residues to form mono- or diiodotyrosines (MIT or DIT,
respectively). Coupling of two of these DIT residues then
leads to the formation of T4 at an acceptor site, whereas cou-
pling one MIT and one DIT moiety essentially forms T3 (2).
In this reaction, the release of an iodotyrosyl moiety at the
donor site leaves an “empty” side chain and the fate of this
unusual residue is controversial. Some authors claim that a
dehydroalanine is left instead of the tyrosine, whereas others
observed pyruvic acid associated with cleavage of the
polypeptide chain (3–7). Finally, the protein is proteolytically
processed in the lumen, followed by endocytosis in lysosomes,
to release the hormones. The principal proteases involved
include the cathepsins (B, D, K, L, and S, with more or less
specific roles ranging from solubilizing the highly cross-linked
forms of Tg to releasing the hormone moiety), aminopepti-
dase N and dipeptidylpeptidases (8–12).
Studies of the post-translational modification of Tg began

in the 1950s using radioactive iodide. Researchers attributed
the radioactivity to different Tg fractions according to their
sedimentation coefficient or molecular weight on SDS-PAGE
gel. Later, Tg fragments obtained by proteolysis with trypsin
or other proteases were separated by reversed-phase HPLC.
The amount of radioactivity and the chemical form of the
iodinated residues (MIT, DIT, T3, or T4) were then analyzed
(13–15). Most of the studies were performed on purified Tg
or Tg fragments from bovine, rat, guinea pig, rabbit, or hu-
man tissues, after in vitro chemical iodination or not. Signifi-
cant progress was made in the 1980s when the first polypep-
tide sequence was reported for Bos taurus (16). The tyrosine
residues involved were then identified more accurately using
Edman amino acid sequencing and, later, mass spectrometry
(MS) to identify the peptides. These experiments led to the
establishment of a list of a number of iodinated tyrosine resi-
dues. Nonetheless, except for peptide identification, little has
been done concerning MS-based characterization of tyrosine
iodination. An initial attempt was made using purified (1237–
1610) bovine Tg tryptic fragment (full sequence numbering).
After endoproteinase Asp-N digestion, the resulting peptides
were resolved by reversed-phase liquid chromatography and
analyzed by electrospray and fast atom bombardment MS (6).
The post-translational modifications of all seven tyrosine resi-
dues on this fragment were characterized at an unprece-
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dented level of resolution, highlighting Tyr1310 as a new T3
and T4 acceptor site, and unveiling a dehydroalanine at posi-
tion 1394 as a donor site residue. After proteolysis and re-
versed-phase separation as well, Dunn and co-workers (3)
used MS to identify another donor site (Tyr149) on bovine Tg
with the presence of pyruvic acid. Finally, in a more technical
study in 2005, Salek and Lehmann (17) tackled the problem of
iodotyrosine identification. They showed that peptides con-
taining a mono- or diiodotyrosine residue generated specific
markers during collisional-induced dissociation (CID)
fragmentation.
To study post-translational modifications of Tg in the thy-

roid and their heterogeneity, we proposed to analyze them
using the most direct strategy possible, avoiding all purifica-
tion steps and their inherent bias, and without the need for
radioactivity. We dissected thyroid glands from mice and di-
rectly analyzed Tg using a shotgun-based MS/MS approach.
We revealed as many tyrosine positions as possible by using a
combination of different proteases and different MS/MS frag-
mentation procedures, involving analysis with inclusion lists,
and using a high-resolution LTQ-Orbitrap XL hybrid mass
spectrometer. We identified 37 modified tyrosine residues in
mouse tissue, whereas only 16 sites are known for human Tg.
Of these, we clearly identified 4 hormonogenic sites and two
donor sites by identifying a pyruvic residue instead of the ini-
tial tyrosine. The analysis of cathepsin and dipeptidyl cleavage
sites provided information of what happens in the cells. Our
panoramic results bring new challenging data relative to Tg
post-translational modifications.

EXPERIMENTAL PROCEDURES

Obtaining Tg from Mouse Thyroid Lobes—The study proto-
col was approved by the Committee for Animal Studies and
was in accordance with the guidelines of the National Insti-
tute of Health principles of animal laboratory care (NIH pub-
lication 86-23, revised 1995). Three mice (mixed C57BL6/
129Sv background) were sacrificed. Per animal, a thyroid lobe
was removed and quickly cut into 6–8 small pieces. NuPage
lithium dodecyl sulfate sample buffer (Invitrogen) supple-
mented with 15% �-mercaptoethanol was immediately added
resulting in direct protein solubilization. The samples were
incubated for 5 min at 99 °C. After 30 s of centrifugation, the
soluble material was used for SDS-PAGE.
One-dimensional SDS-PAGE and In-gel Proteolysis—Pro-

teins were resolved on NuPAGE Novex 4–12% BisTris gels
(Invitrogen) run with MES buffer (Invitrogen). The gels were
stained with Coomassie Blue Safe stain (Invitrogen). Each lane
was cut into 2.5-mm slices from top to the bottom. Each sam-
ple was deposited in triplicate for subsequent proteolysis with
trypsin, chymotrypsin, or GluC. For proteolysis, the protein
bands were treated as previously described (18). For trypsin
digestion, dry gel pieces were rehydrated with 12 ng/ml of
trypsin (Roche Applied Science) in 25 mM NH4HCO3 (pH 8.5)
containing 1% CaCl2 and incubated overnight at 37 °C. Se-
quencing grade chymotrypsin (Roche Applied Science) was
used as previously described (19). GluC (Roche Applied Sci-
ence) was reconstituted in distilled water. After proteolysis,
the peptides were extracted, first with 100% HCOOH, then

with 56% CH3CN, 1% HCOOH, and finally with 100%
CH3CN. The resulting pools were dried completely in a vac-
uum and stored at �20 °C until needed for MS analysis.
Nano-LC-MS/MS Analysis—LC-MS/MS experiments were

performed on a LTQ-Orbitrap XL hybrid mass spectrometer
(ThermoFisher) coupled to an UltiMate 3000 LC system (Di-
onex-LC Packings). The peptide mixtures (0.1–2 pmol) were
loaded and desalted online in an LC Packings Acclaim Pep-
map 100 C18 reversed-phase precolumn (5 �m bead size,
100-Å pore size, 5 mm � 300 �m). They were resolved on an
LC Packings nanoscale Acclaim Pepmap 100 C18 (3 �m bead
size, 100-Å pore size, 15 cm � 75 �m) at a flow rate of 0.3
�l/min. The peptides were separated using a 90-min gradient
(5 to 60% solvent B) with aqueous solvent A (0.1% HCOOH)
and solvent B (0.1% HCOOH, 80% CH3CN). The column was
then washed for 10 min with 100% B and re-equilibrated for
20 min with 5% B. Full-scan mass spectra were measured
fromm/z 300 to 1800. The LTQ-Orbitrap XL mass spectrom-
eter was run in data-dependent mode using TOP5 strategy
with a Fourier transform mass spectrometer resolution set at
30,000 as previously reported (18, 20). In brief, a scan cycle
was started with a full scan of high mass accuracy in the Orbi-
trap, followed by MS/MS scans in the linear ion trap on the 5
most abundant precursor ions with dynamic exclusion of pre-
viously selected ions. This dynamic exclusion consisted in two
acquisitions of MS/MS spectra of the most abundant ion over
30 s and then excluding this ion for the fragmentations over
the next 60 s. The activation type normally used was CID with
a standard normalized collision energy set at 30. Alternatively
the Higher Energy Collision Dissociation (HCD) mode was
used. In this case, a TOP3 strategy was used with Fourier
transform mass spectrometer resolution set at 30,000. MS/MS
scans in the linear ion trap were then performed at 7,500 res-
olution and a normalized energy set at 35. In some experi-
ments a specific parent mass list set-up was used to detect all
the expected iodine post-translational modifications includ-
ing dehydroalanine or pyruvic acid at donor sites. This parent
mass list comprised 1335 values.
Polypeptide Database Mining—Peak lists were generated

using Matrix Science MASCOT DAEMON software (version
2.2.2) from the ThermoFisher Xcalibur FT (version 2.0.7, ex-
tract_msn.exe) data import filter. Data import filter options
were set at 400 (minimum mass), 5000 (maximum mass), 0
(grouping tolerance), 0 (intermediate scans), and 1000
(threshold). Using the MASCOT (2.2.06) search engine (Ma-
trix Science), we searched all MS/MS spectra against a home-
made mouse database built using the VARSPLIC algorithm
(21). The VARSPLIC tool generates all natural variants or
sequence conflicts described in the SwissProt data base (ver-
sion 57.7). This database comprises 925,162 polypeptide se-
quences, totaling 1,244,593,373 amino acids and was used for
producing supplemental Tables S1–S6. A restricted database
was used to analyze post-translational modifications as ex-
plained under “Results.” It contains 1294 peptide sequences,
totaling 630,319 amino acids. The list of proteins in this sub-
database is shown in supplemental Table S7. In all cases, pep-
tide searches were performed with the following parameters:
a mass tolerance of 7 ppm on the parent ion and 0.5 Da for
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the MS/MS, static modifications of carbamidomethylated
Cys (�57.0215), dynamic modification of oxidized Met
(�15.9949), tyrosine post-translational modification:
�125.8966 for monoiodotyrosine; �251.7933 for diiodoty-
rosine; �469.7162 for triiodothyronine; �595.6128 for thy-
roxine; and �94.0419 for dehydroalanine. The maximum
number of missed cleavages was set at 3 for the semi-chymot-
rypsin search and 2 for all other searches. All peptide matches
with a Peptide Score above the peptide identity threshold set
at p � 0.01 for the selected data base, and rank 1, were filtered
using IRMa 1.22.4 software (22). The proteins were validated
(supplemental Tables S2, S4, and S6) when at least two pep-
tides were identified above the identity threshold. The false-
positive rate for protein identification was estimated using the
appropriate decoy data base below 0.7% in the worse case
with these parameters.
MS Data Deposition—MS data were deposited in the

PRIDE PRoteomics IDEntifications data base (23) under ac-
cession numbers 12019 to 12032 (inclusive). They are freely
available online.

RESULTS

Tg Is the Most Abundant Protein in Thyroid Extract—Fig. 1
shows the analytical flow chart we used to obtain the most
comprehensive characterization of Tg iodinated sites based
on MS. We removed a thyroid lobe from three mice. Each
lobe was quickly cut into 6–8 pieces and dissolved directly in
lithium dodecyl sulfate buffer. Then, total proteins were then
resolved by one-dimensional SDS-PAGE and fractionated
into 21 different slices on the basis of their molecular weight.
In these samples, we first focused our attention on the four
upper bands corresponding to proteins with molecular

masses above 250 kDa, where the intact Tg polypeptide was
expected. Following trypsin proteolysis of these bands from
the three thyroid samples, the proteins were identified using
nano-LC-MS/MS shotgun by means of an LTQ-Orbitrap XL
mass spectrometer. The 12 runs produced a dataset compris-
ing 96,569 recorded MS/MS spectra. Besides the mouse
O08710 Tg sequence, several variants are currently reported
in the SwissProt data base. One natural variant was described
with an L2283P mutation (24) causing congenital goiter in
mice. The Q2NKY1 (isoform CRA_a) with the T1327A and
I1721T double modification is reported in the NCBI data base
(25). A third variant was described with a similar sequence to
Q2NKY1 but with 13 additional amino acids at its N-terminal
(26). Moreover, Tg encompasses a 20-amino acid peptide sig-
nal. We built a specific mouse protein database taking all the
currently described variants as well as the 15 sequence con-
flicts indicated in the SwissProt data base into account for Tg.
Using this in-house data base, we used the MASCOT search
engine to assign a set of 1382 unique peptides in these frac-
tions (supplemental Table S1), corresponding to 107 different
proteins (supplemental Table S2). The presence of Tg in these
fractions was demonstrated with 172 confident unique
peptides, covering 59% of the protein sequence. The
peptide(1305–1328), which is proteotypic of the Q2NKY1
sequence was detected in abundance in all three animals,
whereas no proteotypic peptides for the other variants were
found (supplemental Table S1). On this basis, we assumed
that the three mice with mixed C57BL6/129Sv genetic back-
ground have the Q2NKY1 Tg. Through spectral counting, we
estimated that Tg was the most abundant protein. Of the
21,044 assigned MS/MS spectra, three-quarters (15,935) are

FIGURE 1. Schematic illustration of analytical flow. Proteomic analysis consists in direct extraction of thyroid lobes and high-throughput nano-LC ESI-MS/
MS. In the dissected mouse shown on the left, the thyroid lobes are indicated with black arrows. The SDS-PAGE gel stained with Coomassie Blue Safe stain is
shown on the right. The molecular masses in the first well corresponds to 188, 98, 62, 38, 28, 17, 14, and 6 kDa. The numbering of the gel slices (1–21) is also
indicated.
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Tg peptide signatures. This proportion was observed for the
three animals analyzed (83, 65, and 79%). As Tg is quite an
unusually huge protein, we further analyzed its abundance
after normalizing the spectral count using the molecular
weight of each polypeptide (supplemental Table S2). In this
case, Tg is also far from the other identified polypeptides in
terms of quantity (the second one is Myosin Q5SX39 identi-
fied with 148 unique peptides and 1265 MS/MS). Such abun-
dance allowed us to further investigate Tg without the need
for purification.
Following iodination in the thyroid lumen, the Tg was pro-

cessed by cathepsins and exopeptidases. The various resulting
fragments were resolved from intact Tg onto our SDS-PAGE.
We analyzed the 17 other SDS-PAGE bands comprising pro-
teins with molecular masses lower than 250 kDa for each of
the three samples. Combining the results for all 21 slices, a
total of 9935 unique peptides were confidently identified
(supplemental Table S3). They correspond to the 1364 pro-
teins listed in supplemental Table S4. In this dataset, we iden-
tified 174 different peptides corresponding to Tg fragments
(supplemental Table S3). Once again, we did not detect any
tryptic peptides proteotyping the other sequences apart from
Q2NKY1 (supplemental Table S3).

It should be noted that all the bands corresponding to mo-
lecular masses below 250 kDa were found to contain Tg pep-
tides. Regarding spectral counts, Tg fragments account for
29% of total proteins, whereas hemoglobin (HBB1), the sec-
ond in order of importance, represents only about 8%. So Tg
is really the most abundant protein in thyroid extract.
Comprehensive Coverage of Tg—To get a comprehensive

coverage of intact mouse Tg, we used a multiplexed proteo-
lytic digestion strategy. Samples from the three animals were
re-applied to SDS-PAGE in duplicate to process the four up-
per bands containing intact and heavy fragments of Tg with
chymotrypsin, and endo-GluC proteases. The 588 unique
peptides in this MS/MS dataset are listed in supplemental
Table S5. The proteins identified with these peptides are
listed in supplemental Table S6. 172 different Tg peptides
were previously found with trypsin, 250 were found with chy-
motrypsin, and 28 with endo-GluC. Chymotrypsin was found
to be quite helpful in unveiling additional tyrosine residues
because of its cleavage specificity (i.e. after aromatic and hy-
drophobic residues). On collecting all the results for the three
proteolytic enzymes, we obtained 83% coverage of the Tg se-
quence. No tryptic peptides matching the Tg peptide signal
described earlier (27) could be detected. This was expected,
because the exported processed form accumulated in the thy-
roid follicle is present in significantly excessive quantities
compared with the immature form. However, we confirmed
that the mature sequence starts at N21, as we detected the
21–32 semi-chymotryptic, 21–39 semi-tryptic, and 21–40
semi-GluC peptides.
To search for Tg-specific post-translational modifications,

as well as lumen or intracellular proteolytic events, we re-
stricted the protein data base to the proteins detected in the
extract (28). Supplemental Table S7 shows the compilation of
proteins that were inserted into this subdatabase.

Identification of Iodination Sites by Pseudo-CID
Fragmentation—Using the raw data sets obtained for all
bands using all types of enzymes, we searched the protein
subdatabase for specific tyrosine modifications in the Tg
polypeptide: monoiodination, diiodination, triiodothyronine,
and thyroxine modification. The 1356 unique Tg peptides
identified in this search are listed in supplemental Table S8.
Identification was highly redundant as these peptides account
for 52285 MS/MS spectra. Of the 1356 peptides, 881 were
unmodified and 184 comprised at least one iodination. Tyro-
sine iodination was found to be a very stable post-transla-
tional modification. Pseudo-CID fragmentation of these iodi-
nated peptides obtained in the LTQ linear trap followed the
usual fragmentation pathway of protonated peptides leading
to informative y or b ion series. Remarkably, we observed the
four expected iodinations on Tyr2572 for the large
peptide(2555–2577), whose sequence is ILAAAVWYYSLEH-
STDDYAFSR. Fig. 2 shows four MS/MS spectra correspond-
ing to these modifications at this specific position: mono-
iodotyrosine, diiodotyrosine, triiodotyronine, and thyroxine.
These spectra were observed, as expected, at four different
retention times (43, 59, 67, and 69 min, respectively) because
of the increase in hydrophobicity due to the successive addi-
tion of iodine atoms. As shown in these spectra, the y and b
series are complete enough for unambiguously assigning the
modifications to Tyr2572 and not to one of the two other tyro-
sine residues at its N terminus. The y5 and y6 ions (red labels)
in the first three spectra are clearly visible. Sometimes in the
type D spectrum, the y6 ion is not present but the presence of
the doubly charged y0(6)2� is noted. Furthermore, the b8, b9,
or doubly charged y(14)2�, y(15)2�, and y(16)2� ions confirmed
that Tyr2562 and Tyr2563 are not modified in these peptides.
Regarding the thyroxine modification, we pointed out that

the specificities of its isotopic pattern should be carefully
taken into consideration when analyzing the spectra. With a
high resolution mass spectrometer such as the LTQ-Orbitrap
XL, monoisotopic mass, i.e. nomination of the correct peak of
an isotopically resolved group of peptides peak as a monoiso-
topic peak (29), is determined using an algorithm based on
the study reported by Senko et al. (30). These authors pro-
posed the concept of a virtual amino acid, Averagine, con-
structed using the statistical occurrences of amino acids in the
PIR protein data base (31). Such an Averagine contains the
normal isotope variants of carbon (C), hydrogen (H), nitrogen
(N), oxygen (O), and sulfur (S). This Averagine can then be
used to obtain an isotopic pattern for any peptide, with pre-
cise masses and typical relative heights. The iodine atom (53,
its atomic mass is 126.904) is inadequately present in the PIR
data base and was simply neglected in this algorithm. In our
study, the four iodine atoms in the thyroxine modification
particularly influence the relative heights of the peaks in the
isotopic pattern. Fig. 3 shows the experimental isotopic pat-
tern recorded for peptide(2555–2577) containing a thyroxine
modification at Tyr2572 exhibiting a theoretical monoisotopic
molecular mass of 1087.6808, as well as the relative heights of
the first isotopes of an “Averagine peptide” (black line) with a
closely related molecular mass of 1087.5869. This comparison
shows a clear difference between both profiles. We therefore
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concluded that the effect of four iodine atoms should not be
ignored or this type of iodinated pattern would not be recog-
nized as a normal peptide pattern. Being aware of this prob-
lem, we found a total of 3 different thyroxine modifications as
described below.
Table 1 shows a summary of all the iodinated tyrosines de-

tected using our methodology. The corresponding peptide
characteristics (supplemental Table S8) and mapping of un-
modified and modified peptides onto the mouse Tg sequence
(supplemental Fig. S1) are given as supplementary data. A
total of 36 and 24 tyrosines were found to be monoiodinated
(MIT) and diiodinated (DIT), respectively. Thirteen tyrosines
were only monoiodinated. Of the diiodinated residues, 23
were also found to be monoiodinated. Thus, one position,
namely Tyr810, was only seen as a diiodinated tyrosine. T3
acceptor sites are sites where 3�,3,5-triiodothyronine is
formed by coupling one DIT and one MIT. The 3�,3,5-tri-
iodotyronine modification was detected on three tyrosine res-
idues: 993, 1310, and 2572. T4 acceptor sites are sites where
thyroxine is formed by coupling two DITs. This type of modi-
fication was detected on three tyrosines: 25, 1310, and 2572. It
is worth noting that Tyr1310 and Tyr2572 positions were also
found to be triiodinated. We found that all these T3 and T4
acceptor positions were also found as modified mono and
diiodo forms. Interestingly, Tyr1310 was found to be modified
(monoiodo, diiodotyrosine, 3�,3,5-triiodothyronine, and thy-

roxine) on the peptide that is proteotypic of Q2NKY1 (sup-
plemental Fig. S2), confirming once more that this isoform is
encoded in the genome of the mice used here. This could be
another illustration of the proteogenomics concept (32). Tak-
ing these iodinations into account, tyrosine sites had 91% Tg
coverage when trypsin, chymotrypsin, and endo-GluC prote-
olysis results were merged. Our data show a reproducible io-
dination pattern as we found 1484, 1047, and 1596 iodinated
peptides for each of the 3 mice. As currently recommended in
shotgun analysis (33), the standardized values obtained by
dividing these numbers by the total number of peptides ob-
served in each mouse are quite consistent: 7.8, 7.5, and 8.3%
of the total peptides in each case. 80% of mono- and diiodoty-
rosine modifications were observed in all three mice.
The Search for Immonium Ions Recorded Poor Results—Pre-

cursor ion scanning is used to recognize modified peptides on
the basis of residue-specific fragment ions. Salek and Lehman
(17) noticed that peptides containing a mono- or diiodoty-
rosine residue generate abundant immonium ions under CID
atm/z 261.97 and 387.87, respectively. These residue-specific
marker ions were suggested as possibly helpful in discovering
new iodination sites. These immonium ions are generated at
rather “high”m/z and can sometimes be observed after CID
fragmentation, depending on the size and charge of the frag-
mented peptide. Besides CID, we used HCD mode to obtain
more information in the lowerm/z part of the spectra. This

FIGURE 2. Unambiguous assignment of four different iodination patterns on Tyr2572. Representative ESI CID spectra obtained for Tg peptide(2555–
2577) (ILAAAVWYYSLEHSTDDYAFSR) are presented. Monoiodotyrosine (panel A), diiodotyrosine (panel B), triiodothyronine (panel C), and thyroxine (panel D)
modifications on Tyr2572 were observed. In these spectra, information from the y and b series was complete enough to assign the modifications to Tyr2572

unambiguously. Note the presence of y5 and y6 ions (red labels) in all spectra.
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HCD fragmentation takes place in a dedicated octopole colli-
sion cell in the LTQ-Orbitrap XL hybrid mass spectrometer.
Fig. 4 shows the spectrum obtained after HCD fragmentation
for peptide(990–996), the sequence of which is GGEYAIR,
modified with a triiodothyronine. For such a small peptide we
obtained an almost complete y series, particularly y3 and y4
ions with a mass difference of 632.780 Da (for a theoretical
mass difference of 632.892). The triiodothyronine immonium
ion, which is clearly present on the spectra (m/z at 605.792) is
a residue-specific marker ion that confirms the assignment.
These immonium ions have been observed in some of our
MS/MS spectra for mono- or diiodotyrosines. However, in
most HCD and CID spectra, these signature ions have not
been found. Because mono- and diiodotyrosine, triiodothyro-
nine, and thyroxine were identified in the set of HCD data

with a complete series of y (and sometimes b) ions, we won-
der if these immonium ions appear only under specific experi-
mental conditions.
Fate of the Lost Side Chain during Thyroid Hormonogenesis—

During thyroid hormone synthesis, the iodophenyl moiety of
the iodotyrosine residue (donor site) is cleaved and trans-
ferred to the other tyrosine residue (acceptor site). As shown
in Table 1, many potential donor sites exist, as we found nu-
merous monoiodinated and diiodinated tyrosines. Whether
dehydroalanine or pyruvic acid (with a polypeptide break)
replace Tyr residues at these sites was investigated using our
large experimental dataset. We did not detect any peptides
with a dehydroalanine residue replacing a tyrosine, even in-
cluding the specific MS/MS records we obtained by including
the parent mass list for such events (data not shown). How-

FIGURE 3. Specific ion pattern for peptide containing the thyroxine modification. This figure was constructed using Protein Prospector software with
default resolution set to 10,000. This parameter has no effect on the ratios of the two isotopic patterns shown here. The relative height is shown for the first
isotopes of an “Averagine peptide” (black line) with a molecular mass of 1087.5869 and the iodinated peptide (red line) (ILAAVWYYSLEHSTDDYAFSR) con-
taining a thyroxine modification at Tyr2572 with a molecular mass of 1087.6808. The elemental composition and characteristics of these two chemical enti-
ties are given below, as well as the calculated values for isotopic distribution. The isotopic distribution of iodinated peptide is different from that of noniodi-
nated peptide with a similar mass. The effect of 4 iodine atoms should not be ignored, otherwise this type of iodinated pattern would not be recognized as
a peptide pattern.
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ever, we did find evidence of the existence of at least two do-
nor sites (Tyr259 and Tyr2539) in which the tyrosine is replaced
by pyruvic acid and the polypeptide chain is broken. For ex-
ample, Tyr259 is usually encompassed by a large Tg
peptide(245–279) with the sequence ELAETGLELLLDEIY259-
DTIFAGLDQASTFTQSTMYR (detected unmodified and
with a monoiodo or diiodo modification at Tyr259). Fig. 5
shows the spectrum assigned to a shorter peptide(259–279)
corresponding to a subset of this sequence,
Y*DTIFAGLDQASTFTQSTMYR, where the first tyrosine
residue had been replaced with pyruvic acid (detected 55
times with a maximum confidence score of 75.64). Moreover,
we also specifically detected the complementary peptide(245–
258) with the sequence ELAETGLELLLDEI in our dataset (19
times with a maximum confidence score of 100.76). For
Tyr2539, the Y*QALQNSLGGEDSDAR peptide with the
first tyrosine residue replaced by pyruvic acid was detected 25
times with a maximum confidence score of 108.76. In that
case the complementary TAF peptide(2536–2538) was too

short to be detected. It is worth mentioning that the two tyro-
sine residues found as donor sites (Tyr259 and Tyr2539) were
both detected as mono- or diiodotyrosine residues, a logical
prerequisite to be a donor tyrosyl residue.
Evidence for Cathepsins and Other Proteases in Processed Tg—

Many proteolytic events take place in the lumen and intracel-
lular compartments during the processing of iodinated Tg.
We analyzed our MS/MS data to list all proteolytic events
detected. Supplemental Table S8 reports all semi-trypsin,
semi-chymotrypsin, and semi-GluC peptides belonging to Tg.
Of these, those arising from nonspecific MASCOT protease
patterns (758) were extracted. In terms of spectral count,
these represented �20% of all the Tg peptides detected dur-
ing the whole study. The abundant semi-tryptic peptide(426–
432) (AVEHYQR) was found to be diiodinated. This peptide
is a signature of a cellular proteolytic event at Ile425. Note that
some proteolytic events were found after two different pro-
teolytic digestive processes: Lys520, Cys1748, Cys1894, Ser2075,
and Ile2688. Other major proteolytic events were detected at
Tyr237, Ile425, Gln670, Cys730, Arg1160, Ser1259, Gln1601, Ile1747,
Gln2079, His2163, Tyr2639, and Lys2762. Some Tg peptide mo-
tives seem very sensitive to proteolytic attack: Gln1096-
Arg1097-Asn1098-Pro1099, Ala2388-Asp2389-Val2390-Ala2391, and
Gln2430-Gln2431 are worth mentioning. The resulting peptides
are evidence of sites of Tg processing by cathepsins and amin-
opeptidase/dipeptidylpeptidase trimming.

DISCUSSION

Tg is a polypeptide matrix necessary for the synthesis of
thyroid hormones. It is a very large glycoprotein consisting of
two identical chains of 330 kDa. The numerous studies car-
ried out so far have only led to a partial and indirect survey of
its degree of iodination. Table 1 shows the positions of the
iodinated tyrosines in both mouse and human Tg. A more
general view of the status of Tg modification has been at-
tempted through review work and many results have been
deduced similarity with other established sequences, but were
not always demonstrated (6, 34–36). Palumbo et al. (37)
noted that of the 140 tyrosines in the Tg dimer in rats, only
25–30 are normally iodinated and a much smaller number
undergo coupling to form thyroid hormones (T3 and T4).
Dunn et al. (38, 39) mentioned the presence of four essential
hormonogenic sites in rabbit Tg. Those sites, designated A, B,
C, and D, were found either experimentally or by homology
when the cDNA sequences were established (16, 40, 41).
These sites correspond to tyrosyl numbers 5, 2553, 2746, and
1290, respectively (this numbering applies to the mature Tg
rabbit molecule, omits the peptide signal, and corresponds to
positions 25, 2572, 2764, and 1310 in the mouse sequence
with its presequence). Sites A and B are T4 and T3 sites; D is
exclusively T4, and C mainly T3. As summarized in Table 1,
our proteomic approach provides the broadest panoramic
survey ever achieved using native Tg. The sequence coverage
for Tg is very high (89% when iodination modifications are
included). In the present study, we detected mouse equivalent
hormonogenic sites A, B, and D. In our case, sites B and D
carry T4 and T3, whereas site A carries only T4. By analogy
with other Tg mammals, site C (Tyr2764, mouse numbering) is

TABLE 1
Iodinated tyrosines in mouse and human Tg

Residuesa Mouseb Humanb

Our results Literature
Y25 M, D, Thyr. M, Tri.2,Thyr.1,2 (24)
Y150 M, D M, D2 (149)
Y235 M Not detected
Y237 M Not conserved
Y259 M, D M2 (258)
Y377 M Not detected
Y383 M, D Not detected
Y430 M, D Not conserved
Y632 M, D Not conserved
Y692 M, D Not conserved
Y704 M, D M, D,Tri.2,Thyr.1,2 (704)
Y785 M, D M2 (785)
Y810 D Not detected
Y840 M Not detected
Y867 M M, D2 (866)
Y884 M D2 (883)
Y993 M, D, Tri. M, D2 (991)
Y1006 M, D Not detected
Y1115 M Not detected
Y1166 M, D Not detected
Y1310 M, D, Tri., Thyr. M, Tri.2,Thyr.1,2 (1309)
Y1384 M, D Not conserved
Y1424 M, D Not conserved
Y1446 M, D Not detected
Y1466 Not conserved M, D2 (1466)
Y1480 M Not detected
Y1681 M Not conserved
Y1913 M Not detected
Y2180 M, D Not conserved
Y2182 M M2 (2183)
Y2477 M, D Not detected
Y2486 M, D Not conserved
Y2539 M, D Iodinated?2
Y2572 M, D, Tri., Thyr. M, D, Tri.2,Thyr.1,2 (2572)
Y2586 M, D M2,Thyr.1 (2586)
Y2616 Not detected M2 (2616)
Y2629 M Not conserved
Y2657 M Not detected
Y2669 M, D Not detected
Y2696 Not detected D2 (2696)
Y2764 Not detectedc M, D2,Tri.1,2,Thyr.2 (2765)

a The residue positions correspond to the mouse Tg sequence. Only tyrosine resi-
dues iodinated in at least one species are shown.

b Information on iodinated positions for human Tg was collected from (1) the
SwissProt database (2) (49). Not detected means tyrosine was present at this
position but not iodinated. Not conserved means tyrosine was not present at
this position, M stands for monoiodination, D for diiodination, Tri for triiodo-
thyronine modification, and Thyr for thyroxine.

c This position was only detected with 3 unmodified peptides and no definitive
conclusion should be drawn.
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located at the C terminus. In our proteomic strategy, the
SYSK peptide containing Tyr2764 generated by trypsin was too
small to be detected by the mass spectrometer unless a lim-
ited proteolysis strategy was used. As far as triiodothyronine
is concerned, we demonstrated its presence at positions
Tyr2572 (site B), Tyr1310 (site D), and also at Tyr993 (mouse
numbering) as mentioned in Table 1. This latter position has
not previously been described as a hormonogenic site. It
should be noted that we did not detect triiodothyronine at
position 25 (site A).
We have already mentioned that the sequence coverage

obtained for Tg was very high. We wondered why some re-

gions were not covered and noted that most of the undetected
peptides carry a potential glycosylation site as predicted by
bioinformatic tools based on homology with other species.
The number of tyrosyl residues detected (71 of 76), particu-
larly the number of mono- or diiodinated tyrosines, 36 and
24, respectively, is higher than had ever been found before
(37). If we consider that only a few positions (4 in our study)
are involved in hormonogenesis we might think that the cou-
pling process is highly regioselective and probably driven by
constraints because of the native three-dimensional structure
of Tg. The abundant iodination found in mouse Tg is proba-
bly a storage process for iodine, which can be mobilized when

FIGURE 4. HCD fragmentation spectrum showing unambiguous attribution of peptide(990 –996) with a triiodothyronine modification on Tyr993.
HCD fragmentation provides information from m/z � 100 Thomson. For such a small peptide, peptide(990 –996), we obtained an almost complete y series.
The y3 and y4 ions with a mass difference of 632.780 Da (for a theoretical mass difference of 632.892) indicated the presence of the modification. The tri-
iodothyronine immonium ion, which is clearly present on the spectra (605.792), is a residue-specific marker ion that confirms the complete y series.

FIGURE 5. CID fragmentation spectra of peptide(245–258) (ELATGELLLDEI). The almost complete b and y series obtained from a non-noisy spectrum (35
fragment ions using 42 most intense peaks) gave a Mascot ion score of 101. This spectrum assignment indicates the break on the peptide bond after an
isoleucine, which cannot be explained enzymatically but by the transformation of a monoiodo (or diiodo) tyrosine into a pyruvic acid residue.
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iodine intake becomes limited. More iodination sites were
found in mouse Tg compared with those previously identified
in the thyroids of larger mammals. This difference may be
related to the more active thyroid metabolism in smaller ani-
mals or to the greater sensitivity of our methodology.
Dunn et al. (39) proposed a classification of iodinated ty-

rosyl groups into three consensus families: ((D/E)Y), ((S/
T)YS)), and (EXY) motives. (i) The ((D/E)Y) di-amino acid
consensus was associated with T4 at sites A, B, and D. This is
also the case in mouse Tg as supported by our results. It
should be noted that the novel T3 site characterized here at
residue 993 belongs to this EY consensus. Moreover, this con-
sensus sequence is found iodinated but with apparently no
hormone formation at four other locations Tyr383 (DY),
Tyr1115 (EY), Tyr2486 (DY), and Tyr2586 (DY). (ii) The
((S/T)YS) tri-amino acid consensus was associated with tri-
iodothyronine synthesis at site C. In the present study, we
noticed that of the 36 mono- or 24 diiodotyrosines none
could be linked to this consensus group because the sequence
((S/T)YS) is only present at position 2764 (mouse number-
ing). (iii) The consensus sequence (EXY) appeared to favor
iodination. Of 8 possibilities of this consensus in mouse Tg, 6
are iodinated sites as shown here. We can increase this figure
to 9 of 12 if we include an extended ((E/D)XY) consensus se-
quence. This ratio is significantly higher than the mean ratio
of 36 iodinated positions of 71 detectable tyrosine residues.
Our results confirmed that the presence of an acidic residue
located two amino acids upstream of a tyrosine promotes
iodination.
Identifying donor tyrosyl residues has been a difficult chal-

lenge for years. At donor sites, the coupling process should
leave dehydroalanine, which may be converted to alanine,
pyruvic acid, or acetic acid during subsequent isolation steps
(5, 42). Marriq et al. (36, 43) first reported a cleavage in the
peptide bond with the appearance of pyruvate instead of tyro-
sine. In 1997, Gentile et al. (6) noted that the identification of
donor tyrosyl residues was indirect in all the cases reported so
far. In their study, they claimed to provide the first direct
identification of tyrosine 1375 in mature bovine Tg (not con-
served in humans or mice) as a donor residue. This result was
obtained by taking into account the fact that tyrosine was
converted into dehydroalanine. They used electrospray MS
with 250–500 ppm precision. In 1998, Dunn et al. (3) using
also electrospray MS demonstrated a cleavage in the polypep-
tidic chain in bovine Tg, and identified a peptide in which
Tyr130 (Tyr150 in mouse numbering) was replaced by pyru-
vate. In our large dataset, we were unable to detect any pep-
tide displaying a dehydroalanine modification, whereas work-
ing to 5 ppm precision, even when the parent mass list was
included. We identified two donor tyrosine residues at N-
terminal and C-terminal fragments of the Tg molecule with
peptide bond cleavage, and demonstrated the presence of pyr-
uvic acid replacing the tyrosine residue. Our thyroid-wide
proteomic analysis suggests that the residual side chain is
converted to pyruvic acid in vivo or in vitro after iodotyrosyl
transfer. We do not have any evidence that this cleavage oc-
curs in the thyroid in vivo but we wonder whether the acidic
conditions used during subsequent experimental manipula-

tions were severe enough to break the peptide bond. In any
case, detection of this cleavage event provides clear evidence
for donor site identification.
Although MS is widely used in the analysis of post-transla-

tional protein modifications (44–46), it has rarely been used
to identify iodinated tyrosyl residues in Tg and only on frag-
mented Tg (3, 6, 17). Here, we report the first detailed analy-
sis of the entire Tg molecule from a direct, fresh extract of the
mouse thyroid gland. Using this strategy, we obtained unam-
biguous characterization of 71 tyrosyl residues of this huge
protein, confirmed the presence of three thyroxine sites and
three triiodothyronine sites, and detected one new T3 site
(Tyr993). From the same dataset, we were able to characterize
two hormonogenic donor tyrosines at each end of the mole-
cule. Based on spectral count, the ratio of the number of de-
tected spectra for modified to unmodified peptides can be
calculated for each modified tyrosine site. Because each pep-
tide has its own ionization characteristics, this ratio is not
very informative per se but it could become very enlightening
when comparing Tg iodination levels under different condi-
tions such as pathophysiological states. The use of isotope
synthetic peptides carrying the different iodinated forms us-
ing a stable isotope dilution strategy (47) could also be used to
record the absolute quantity of each major modification.
The release of thyroid hormones from the Tg prohormone

requires the presence of different cathepsins, B, D, and L (9).
Friedrichs et al. (11) noted that this rather complex process
involves sequential proteolytic events with some interaction
with different cathepsins, B, K, and L (48). Covalently cross-
linked Tg is stored in the thyroid follicular lumen where lim-
ited proteolysis occurs. Tg processing continues under intra-
cellular conditions after Tg fragment internalization (12). Our
organ-oriented data were obtained from a complex mixture of
partially or fully degraded Tg. Novel proteomic strategies,
such as those developed to label N-terminal extremities for
degradosome or proteogenomic studies (19), could be devel-
oped to follow the in vivo degradation process in thyroid folli-
cules more accurately.
In conclusion, in this study, we established the iodination

status of Tg in mice. Our direct organ to mass spectrometer
shotgun approach revealed a more comprehensive set of iodi-
nation sites in Tg. Our methodology may be applied to ana-
lyze whether potential alteration in the process of Tg iodina-
tion could be detected. This study could be carried out on
thyroid extracts from various mouse models, such as Tg pro-
cessing or iodine uptake using genetically modified mutants.
Drugs that modify the Tg iodination status could also be in-
vestigated with this type of monitoring. The approach does
not require large samples. It should be straightforward in ap-
plication to human thyroid punctures, which could be impor-
tant for clinical studies on iodination dysfunction.
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