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ABSTRACT 
The thyroid gland is known to generate the iodinated hormones TB 

and T, from the prohormone thyroglobulin. In this report we examined 
whether polypeptides other than thyroglobulin are iodinated and hor- 
monogenic in thyrocytes and the prerequisites for their iodination. In 
primary cultures of porcine thyrocytes, a substantial portion of organ- 
i&d radioiodine was incorporated into cellular proteins other than 
thyroglobulii. Some of these were identified by immunoprecipitation. 
They included proteins of the extracellular matrix, plasma membrane 
proteins, and lysosomal enzymes, which follow in part a secretion and 
recapture pathway. All of these proteins come into contact with the 

iodinating system of thyrocytes located on the apical plasma membrane 
and possess iodination consensus sequences. Immunoprecipitation with 
T,- or T,-snecific antibodies showed that thyroid hormones were de- 
&table &iy within thyroglobulin. This was confirmed by an analysis 
of the iodoamino acids of thyroglobulin, cathepsin-D (representing a 
secretory protein), and aminopeptidase-N (a membrane-integrated pro- 
tein) by two-dimensional TLC, which revealed the presence of Ta and 
T, only within the polypeptide chain of thyroglobulin. These results 
indicate that iodoproteins other than thyroglobulin do not participate 
in the generation of thyroid hormones in situ. (Endocrinology 136: 
1566-1575,1994) 

I T IS WELL established that thyroid hormones are produced 
from the macromolecular precursor protein thyroglobulin 

(Tg), which is secreted by thyrocytes and stored in the follicle 
lumen (1). Iodination of Tg and generation of thyroid hor- 
mones are accomplished through the concerted action of 
several enzymes, among which the plasma membrane-bound 
thyroid peroxidase (TPO) is the key enzyme. It iodinates 
certain tyrosyl residues within the polypeptide chain of Tg 
and performs the coupling of iodotyrosyls to yield protein- 
bound T, and T, (2, 3). Storage of Tg at concentrations of at 
least 100 mg/ml(4) is in part accompanied by the formation 
of a solid lurninal content consisting of covalently cross- 
linked Tg molecules (5). Upon TSH-signaled hormone de- 
mand, Tg is mobilized and recaptured by follicle cells. During 
its transport to lysosomes, degradation of Tg commences, 
and TB and T4 are liberated from its polypeptide chain (6, 7). 

So far Tg was considered to be the only specialized mole- 
cule to function as thyroid prohormone. The pioneering work 
on the substrate specificity of isolated TPO by Taurog’s group 
as early as 1967 (8) questions this view, because it showed 
that the thyroid hormone T4 was generated by in vitro 
iodination from protein substrates as different as insulin, 
lysozyme, or BSA. Moreover, the observation that a rat 
thyroid cell line (FRTL-5) incorporated radioactive iodine 
into proteins other than Tg (9) also raises the possibility that 

Received March 15, 1994. 
Address all correspondence and requests for reprints to: Dr. P. Le- 

mansky, Institute of Cell Biology, Ullrich-Haberland-Strasse 61a, 53121 
BOM, Germany. 

*Part of this paper was presented at the Annual Meeting of the 
German Society for Cell Biology, Konstanz, Germany, 1992 [Eur J Cell 
Biol [Suppl 361 57:134 (Abstract), 19921. This work was supported by 
the Deutsche Forschungsgemeinschaft (SFB 284) and the Fond der 
Chemischen Industrie. 

thyrocytes may be able to produce hormones from proteins 
other than Tg. However, the nature and identity of these 
proteins remained obscure, except for the identification of 
iodinated BSA present in the culture medium. We, therefore, 
analyzed the iodination process in more detail, i.e. we ex- 
amined which proteins, other than Tg, were iodinated in 
cultured thyrocytes and whether intramolecular coupling of 
iodotyrosyls would occur within their polypeptide chains. 
The experiments showed that in primary cultures of porcine 
thyrocytes, a considerable proportion of the organified iodine 
was incorporated into secretory, lysosomal, and plasma 
membrane-bound proteins. However, thyroid hormones 
were absent from polypeptides other than Tg, pointing to 
unique structural features in which Tg differs from other 
proteins. We show that protein iodination is a general phe- 
nomenon in thyrocytes, which presumably represents a by- 
product of thyroid hormone formation. Therefore, we pro- 
pose to call the iodination of proteins other than Tg a default 
iodination. 

Materials and Methods 

Cell culture 

Human thyrocytes were isolated from biopsies, whereas porcine 
thyrocytes were obtained from glands of freshly slaughtered pigs. Follicle 
fragments were prepared according to a method described previously 
(10) and were used either directly for experimentation or after establish- 
ing two different systems of cultured thyrocytes. As known from pre- 
vious studies (ll), iodination rates of freshly prepared follicle segments 
were generally much higher than those of cultured cells. Cell culture 
systems of primary thyrocytes included 1) monolayers grown on Cyclo- 
pore membranes (Be&on Dickinson, Heidelberg, Germany) and 2) in- 
side-out follicles kept as suspension culture in Petriperm dishes with 
hydrophobic bottom (Bachofer, Reutlingen, Germany). In these two 
systems, thyrocytes are highly polarized, with distinct apical and baso- 
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lateral plasma membrane domains (10, 12). Cells were maintained in 
Eagle’s Miium Essential Medium supplemented with 100 U/ml pen- 
icillin-G, 0.1 mg/ml streptomycin, 0.2 &ml amphotericin-8, and 10% 
fetal calf serum-& 37 C i;l5%* CO?-air.. - - 

The permanent rat thyroid cell line FRTL-5 was kept in F-12 medium 

Medium. Cells were then washed three times with ice-cold PBS contain- 
ing 1.5 mu M&l, and 0.1 ITLM CaC12 before they were lysed. 

Immunoprecipitation 
supplemented with six hormones and 5% calf serum according to the 
method of Ambesi-Impiombato et al. (13) on culture dishes or coverslips 
coated with Matrigel (Serva, Heidelberg, Germany). Supplementation 
of antibiotics to the culture medium and maintenance of FRTL-5 cells 
were the same as described for primary cultures of thyrocytes. 

Mater& 

L-[?S]methionine (in viva cell labeling grade), car- 
“C-methvlated Rainbow urotein molecular mass 

.  1 I  1 

standards, and the detection kit for enhanced chemiluminescence on 
Western blots were purchased from Amersham Buchler (Braunschweig, 
Germany). Polyclonal rabbit antisera against porcine Tg and aminopep- 
tidase-N (APN) were raised in our own laboratory. Other rabbit antisera 
were specific for human cathepsin-D (CD; obtained from Dr. A. Hasilik, 
(Physiologisch-chemisches Institut, Munster, Germany) and porcine 
thrombospondin (TSP; obtained from Dr. P. Vischer, Institut fiir Arter- 
ioskleroseforschung, Munster, Germany). 

(NH&SO,-precipitated immunoglobulins of the G-type (IgGs) from 
rabbit antiserum specific for human TPO were a generous gift from Dr. 
P. Carayon (Institute National de la Sante et de la Recherche Medicale, 
Laboratoire des Hormones Proteiques, Marseille, France). Rabbit antisera 
specific for T3 and T, were purchased from ICN (Meckenheim, Ger- 
many). The monoclonal antibody MRC OX 6, specific for RTl B [rat 
major histocompatibility complex (MHC) class II] (14) was obtained from 
Camon Labor Service (Wiesbaden, Germany), and 5-(4,6-dichlorotria- 
zin-2-YL)amino-fluorescein hydrochloride (DTAF)-conjugated goat an- 
tigen-binding fragments of IgGs [F(ab)zs] directed against rabbit IgGs 
were obtained from Dianova (Hamburg, Germany). Recombinant rat y- 
interferon was purchased from Laboserv (Giessen, Germany), and pro- 
tein-A-Sepharose Cl-4B was purchased from Pharmacia (Freiburg, Ger- 
many). Acrylamide (research grade) was obtained from Serva. Aprotinin 
was bought from Bayer (Leverkusen, Germany). Protein-G-Sepharose, 
o-dianisidin, streptavidin coupled to horseradish peroxidase, TSH, and 
all other reagents were purchased from Sigma (Munich, Germany). 

Biosynthetic labeling 

Before labeling with L-[?Z.]methionine, FRTL-5 cells were kept in 
culture medium lacking calf serum and methionine for 2 h. Labeling 
was carried out overnight with 15.9 megabecquerels @S]methionine 
in methionine-deficient culture medium containing 5% dialyzed calf 
serum. No starvation was needed for pulse labelings with [“‘I]NaI. Up 
to 19 mBq [‘251]NaI were applied to cells with the additions given in 
each experiment for different periods of time at 37 C, if not stated 
otherwise. Fetal calf serum was omitted from the ulse medium when 
primary cultures of thyrocytes were labeled with [’ 4 ‘I]NaI. 

Treatment with y-interferon 

To stimulate antigen presentation of FRTL-5 cells (15), the cells were 
treated with 100 U/ml recombinant rat y-interferon 48 h before and 
throughout the labeling period. 

Biotinylution of thyrocytes 

Confluency of thyrocytes grown as monolayers on Cyclopore mem- 
branes was checked by measuring the transepithelial resistance. Accord- 
ing to Lisanti et al. (16), monolayers are impermeable to biotin when 
expressing a transepithelial resistance of 1000 Q/cm’. Monolayer thy- 
rocytes with a transepithelial resistance of 2000-3500 Q/cm’ were 
washed three times with ice-cold PBS containing 1.5 ells MgC12 and 0.1 
mu CaC&. Biotinylation was performed for 30 min at 4 C with 0.5 mg/ 
ml biotinamidocaproate-n-hydroxysuc cinimide ester (long chain biotin) 
dissolved in the same salt solution from the apical or basolateral side. 
The reaction was stopped by adding 1.5 vol Eagle’s Minimum Essential 

After labeling, cells were washed twice with PBS and lysed with 0.3- 
0.8 ml 50 ells Tris-Cl (pH 7.4), 0.9% NaCl, 0.5% Triton X-100, 2 mu 
phenylmethylsulfonylfluoride, 5 mu iodoacetamide, and 1 trypsin in- 
hibiting unit/ml aprotinin (lysis buffer) for 30 rnin at room temperature, 
followed by cenhifugation at 15,000 X g for 5 min. The supematant 
was divided into several aliquots according to the number of antigens 
to be immunoprecipitated. The volume of each aliquot was then raised 
to at least 0.4 ml with lysis buffer. 

Five microliters of control serum or antiserum were added to the cell 
lysates, mixed, and left at room temperature for 30 min. The immuno- 
reaction was allowed to proceed overnight at 4 C. Immunocomplexes 
were then collected by adding 30 ~1 of a 1:2 suspension of protein-A- 
Sepharose Cl-4B in lysis buffer and shaking for 1 h at 4 C. Protein-A- 
Sepharose pellets were then washed twice with 0.8 ml PBS containing 
1% Triton X-100,0.5% sodium deoxycholate, and 20 mg/ml BSA (buffer 
A); once with 0.8 ml buffer A and 2 M KCl; once with 0.8 ml 10 mu 
Tris-Cl (pH 8.5) containing 0.6 M NaCl, 0.1% sodium dodecyl sulfate 
(SDS), and 0.05% Nonidet P-40; and once with IO-fold diluted PBS. 

Finally, protein-A-Sepharose pellets were boiled in 30 ~1 1.5-fold 
concentrated sample buffer under reducing conditions for 5 min at 100 
C. After a 2-min centrifugation at 15,000 X g, the supematants were 
applied to slots of a polyacrylamide gel for further analysis. When cell 
lysates were to be analyzed by gel electrophoresis, 5 pl of a 5-fold 
concentrated reducing sample buffer were mixed with 20 ~1 of the lysate 
and boiled for 5 min at 100 C before loading onto a gel. 

In the experiment aiming to show depletion of [1251]CD from cell 
homogenates by immunoprecipitation, the antiserum or a control serum 
was reacted with protein-A-Sepharose Cl-4B, washed three times with 
lysis buffer, and then incubated with the ‘251;labeled cell homogenate 
for at least 8 h at 4 C while shaking. This procedure was employed to 
avoid distortion of gel electrophoretic bands by accumulated serum 
proteins and was repeated twice because of the low titer of the CD 
antiserum. 

In one experiment the immunoprecipitation of [‘*‘I]Tg was followed 
by a second immunoprecipitation. For this reason [?]Tg polypeptides 
contained in 5 ~1 sample buffer were dissolved in 495 ~1 lysis buffer, 
centrifuged for 5 min at 15,000 x g, and processed for immunoprecipi- 
tation as described above. 

SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and fluorogra- 
phy were performed according to the method of Laemmli (17) with 
12.5% polyacrylamide gels followed by fluorography (18). Gels contain- 
ing “?-labeled polypeptides were fluorographed with intensifying 
screens. 

Differential extraction with saponin and Triton X-100 

To differentiate between soluble and membrane-attached polypep- 
tides, 0.1% saponin was used to replace Triton X-100 in the lysis buffer 
(see above). Saponin is known to complex cholesterol, thereby perforat- 
ing biomembranes without disrupting them (19, 20). Extraction of cells 
proceeded for 10 min at room temperature in a volume of 0.8 ml, 
followed by a 5-min cenhifugation step at 15,000 x g. The cell pellet 
was extracted two more times with saponin and finally with regular 
lysis buffer containing 0.5% Triton X-100. Triton X-100 disintegrates 
membranes and is able to solubilize membrane-attached and -integrated 
polypeptides. 

Enhanced chemiluminescence detection of biotinyluted proteins 
on Western blots 

After gel electiophoretic separation of biotinylated polypeptides on 
12.5% polyacrylamide gels, the gels were equilibrated in transfer buffer 
[48 II~M Tris-39 mM glycine (pH 7.3), 0.04% SDS, and 20% methanol] 
for 15 min at room temperature. Polypeptides were then transferred to 
nitrocellulose sheets for approximately 1 h at 25 V in a Trans-Blot 
semidry transfer cell (Bio-Rad, Munich, Germany). Nitrocellulose sheets 
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were incubated overnight at 4 C in blocking solution [75 nut sodium 
phosphate (pH 7.4), 68 mu NaCl, 10 rmt EDTA, 6% casein, and 1% 
Polyvinylpyrrolldone 401 and incubated with 22.5 U streptavidin con- 
jugated to horseradish peroxidase in blocking solution for 1 h at room 
temperature. The blot membranes were then washed six times with 
PBS-0.1% Tween-20 for 5 min at room temperature and twice with PBS 
alone. All incubations were performed on a rocking platform. 

After the final wash, biotinylated polypeptides were visualized ac- 
cording to the manufacturer’s protocol by enhanced chemiluminescence 
(Amersham Buchler, Braunschweig, Germany). 

Two-dimensional TLC analysis 

After fluorography of polyacrylamide gels, regions containing I’?- 
labeled Tg, APN, or CD were excised from the gels and rehydrated for 
1 h. Dlphenyloxazole was extracted from the gel pieces by six subsequent 
incubations in dimethylsulfoxide. Each incubation was performed for 
30 min at room temperature on a rotator. Gel pieces were then equili- 
brated six times for 10 rain with 10 mu Tris-Cl, pH 6.8, at room 
temperature. 

Alkaline hydrolysis was performed in 100 ~11 N NaOH supplemented 
with 10 rg unlabeled TI and T, standards overnight at 110 C in a sealed 
Eppendorf cap. After acidifying samples with 55 ~12 N HCl, hydrophobic 
amino acids were extracted with butanol and run on silica gel 60 high 
performance TLC plates (Merck, Darmstadt, Germany). The fit dimen- 
sion was developed with butanol-20% ammonium hydroxide-methanol 
(80:20:20, vol/vol/vol). After drying the plates, unlabeled standards for 
the second dimension were applied, and the plates were developed with 
chloroform-methanol-water (75:25:4, vol/vol/vol). The gels were dried 
again and developed a second time in the same solvent. Standards of 
the second dimension were 5 fig monoiodotyrosine, 5 ag diiodotyrosine, 
5 cg TL and 2.5 pg T,. Standards were visualized by spraying plates 
with an aqueous 20% solution of Na2C03 (w/vol) and, after drying, 
with a I:3 aqueous dilution of the Folin Ciocalteau reagent. ‘251-Labeled 
amino acids were detected by autoradiography with the help of inten- 
sifying screens. 

Immwwfluorescence detection of cell surface MHC class II 
molecules 

FRTL-5 cells were cultured on Matrigel-coated coverslips in the 
absence and presence of 100 U/ml y-interferon. They were blocked 
with 1% BSA:PBS, washed, and incubated with a mondclonal antibody 
specific for RTl B (rat MHC class II) for 2 h at 4 C. Cells were then 
washed three times &ith ice-cold 0.1% BSA-PBS and probed with DTAF- 
conjugated goat F(ab)rs directed against mouse IgGs for 2 h on ice. After 
washine at 4 C. cells were fixed with 4% uaraformaldehvde for 10 rnin 
at roo<temperature, washed again, and examined by fluorescence and 
phase contrast microscopy. 

Results 

Identification of radioiodinated polypeptides from thyrocytes by 
immunoprecipitation 

Freshly isolated human or porcine follicle segments were 
labeled for up to 4 h with 5.6-18.5 mBq [‘2SI]NaI, whereas 
porcine inside-out follicles were labeled with 6.8-11.1 mBq 
[1251]NaI for 16-62 h in the presence of 20-50 mu/ml TSH. 
Cells were then washed with PBS and lysed, and Tg, TPO, 
CD, APN, and TSP were immunoprecipitated from aliquots 
of the lysates. Immunoprecipitates were analyzed by SDS- 
PAGE under reducing conditions and fluorography; the re- 
sults are shown in Fig. 1. In addition, lysates from which Tg 
or CD had been previously immunoprecipitated were ana- 
lyzed together with control lysates from porcine follicle seg- 
ments. 

A 

Cells TG 
-- 

- + IPPf 

TG, i b 

B C 

Cells CD TPO APN TSP 
-_ I  - - -  

-  + IPPt 

CD, *- ( - 30 

FIG. 1. Identification of iodoproteins other than Tg. Freshly prepared 
follicle sheets or inside-out follicles were labeled with [?]NaI, and 
several polypeptides were immunoprecipitated from the cell homoge- 
nates. Immunoprecipitates and aliquots of cell lysates were analyzed 
by SDS-PAGE and fluorography. A, Lysates of ‘261-labeled porcine 
follicle segments am shown before (-) and after (+) immunoprecipi- 
tation (Ippt) of Tg. The disappearance of a set of polypeptides from 
the total cell homogenate (Cells) correlates with the pattern of immu- 
noprecipitated Tg polypeptides. A considerable number of iodoproteins 
could not be immunoprecipitated by the Tg antiserum, indicating that 
they are iodoproteins other than Tg. The position of the intact Tg 
subunit is given in the left margin (TG, i). B, Immunoprecipitation of 
CD from lysates of *251-labeled porcine follicle segments identifies one 
of the bands as being the heavy chain of mature CD (CD). C, APN and 
TSP were only weakly radioiodinated and could not be aligned with 
bands of the cell lysate. They only became visible after prolonged 
exposure times. All forms (from top to bottom: (r-, &, and y-chains) of 
APN show incorporation of radioiodine. Besides the intact TSP poly- 
peptide (upper band), a partially degraded TSP polypeptide was im- 
munoprecipitated (lower band). One peculiarity of the iodination proc- 
ess is that the thyroid peroxidase iodinates itself, as shown by immu- 
noprecipitation of TPO from the cell homogenate of ‘=I-labeled human 
thyrocytes. The positions of molecular mass standards are given in the 
right margin of each panel. 

Tg is a homodimeric glycoprotein and the major iodinated 
polypeptide in the lysates of porcine thyrocytes. Besides the 
intact subunit with a molecular mass of 330 kilodaltons (kDa; 
TG, i in Fig. lA), proteolytic fragments of Tg could be 
detected after immunoprecipitation; the major fragment pos- 
sessed a molecular mass of approximately 69 kDa. The 
radioactive signal of these polypeptides was greatly dimin- 
ished in cell homogenates from which Tg had previously 
been immunoprecipitated. On the other hand, many other 
polypeptides remained unaffected by Tg immunoprecipita- 
tion, indicating that they are not related to Tg but represent 
proteins that were iodinated together with Tg. Immunopre- 
cipitation of CD identified one of these polypeptides as being 
the heavy chain of mature CD (see Fig. lB), which is known 
to possess a molecular mass of approximately 31 kDa (21). 
Because of the low titer of the antiserum, three subsequent 
immunoprecipitations were necessary to appreciably reduce 
the radioactive signal of the band representing [lz51]CD in 
lysates of porcine thyrocytes (CD). The human lysosomal 
enzymes arylsulfatase-A, P-N-acetylhexosaminidase, and the 
sphingolipid activator precursor protein were found to be 
only weakly iodinated (not shown). These lysosomal en- 
zymes were most likely iodinated because they are partially 
secretory proteins and follow a secretion/recapture pathway 
during which they have transient contact with the apical 
plasma membrane. 
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Except for Tg and CD, incorporation of radioiodine into 
other immunoprecipitated polypeptides was so weak that 
they could only be detected after prolonged expositions of 
x-ray films. These polypeptides could not be aligned with 
iodoproteins from the cell homogenate. Therefore, they are 
shown separately in Fig. 1C. 

APN was synthesized as a 160-kDa polypeptide (a-chain, 
Fig. 1, uppermost band), which was cleaved to yield the @- 
and y-chains (22). Incorporation of iodine could be observed 
for all polypeptides of the enzyme (see Fig. 1C). Although 
numerous iodination consensus sequences (23) were con- 
tained within the g-chain (middle band), it was only weakly 
labeled with radioiodine. Presumably, this can be attributed 
to the fact that the p-chain contains the membrane-spanning 
domain leading to a steric hindrance of iodination by a too 
close apposition of the P-chain to the plasma membrane. 

Two labeled TSP species were detected after labeling with 
[1251]NaI. Upon omission of dithiothreitol from the sample 
buffer, only the upper band shifted into the stacking gel (not 
shown). This is characteristic of the intact TSP trimer, which 
is held together by disulfide bonds (24). The lower band was 
probably a degradation product of TSP because it expressed 
a somewhat lower molecular mass than the intact monomer 
and was not linked to any other polypeptide by disulfide 
bridges. The iodination of TSP shows that iodination is also 
possible with the plasma membrane-associated polypeptides 
of the extracellular matrix. For further analysis of porcine 
cellular iodoproteins, see Fig. 4. 

It is noteworthy that the thyroid peroxidase iodinates itself, 
as could be verified by immunoprecipitation from cell ho- 
mogenates of ‘251-labeled human thyrocytes. As shown in 
Fig. 1, TPO was the only antigen immunoprecipitated from 
human thyrocytes. TPO is a fairly strong iodinated polypep- 
tide, which showed an apparent molecular mass of approx- 
imately 100 kDa. 35S-Labeled TPO, immunoprecipitated from 
human thyrocytes that were labeled for 2 h with [35S]methi- 
onine, had a higher molecular mass than its ‘251-labeled 
counterpart (not shown). The difference in molecular mass 
was in the range of 2-10 kDa, indicating that the TPO was 
subject to some posttranslational modification on its way to 
the plasma membrane. 

Iodinution of MHC class II polypeptides and their 
immunofluorescence detection on the plasma membrane of 
FRTL-5 cells 

Monolayers of the rat thyroid cell line FRTL-5 were labeled 
with 11.1 mBq [1251]NaI or 15.9 mBq [35S]methionine in the 
presence or absence of 100 U/ml y-interferon. For labeling 
in the presence of y-interferon, FRTL-5 cells were preincu- 
bated with 100 U/ml y-interferon for 48 h. [1251]NaI-labeled 
cells were supplemented with 10 mu/ml TSH throughout 
the pulse to stimulate iodination of proteins. 

After the labeling period cells were washed with PBS and 
lysed, and the lysate was divided into two aliquots. One 
aliquot received nonimmune murine IgGs, and the other 
received monoclonal IgGs specific for RTl B (rat MHC class 
II polypeptides). The immunocomplexes were collected with 
protein-G-Sepharose Cl-4B, washed, and analyzed by SDS- 

PAGE and fluorography. 
Expression of the MHC class II antigen could only be 

observed after y-interferon stimulation (see upper panel of 
Fig. 2, [35S]methionine section), which confirms results from 
other workers (15). Both the (Y- and B-chains of the hetero- 
dimeric MHC class II antigen were labeled with radioactive 
iodine (see upper panel of Fig. 2, [1251]NaI section), indicating 
that they contain tyrosyl residues within iodination consen- 

[‘%]-Melh 
N M N M 

rFN-y - - + + 

kDa p ’ 

30.0 - 

[l’sljNaI 

N M N M 
- - + + 

FIG. 2. Induction and k&nation of MHC class II polypeptides in 
FRTL-5 cells. Uoner wnel. FRTL-5 cells were labeled with I”S1 
methionine ([%Z$Meth) or [i25I]NaI overnight in the absence or pres: 
ence of 100 U/ml y-interferon (IFN-7). Cells were pretreated with 100 
U/ml y-interferon for 48 h when a pulse in the presence of y-interferon 
was to be performed. After labeling cells, half of the cell homogenates 
were supplemented with either nonimmune IgGs (N) or monoclonal 
antibodies directed against rat MHC class II polyneptides (M). The 
immunocomplexes were analyzed by SDS-PAGE and fluorography. 
After labeline with E3lmethionine. MHC class II nolvnentides could 
only be obseked upon’ -y-interferon treatment. Both”the (Y- and p- 
chains of the MHC class II antigen were also radioiodinated, indicating 
that they had contact with the plasma membrane-inserted TPO of 
FRTL-5 cells. The positions of molecular mass standards are indicated 
in the margin. Lower panel, FRTL-5 cells were cultured on Matrigel- 
coated coverslips in the presence (a) or absence (b) of y-interferon. 
After incubation with a monoclonal antibody specific for MHC class II 
molecules for 2 h on ice, cells were washed and treated with DTAF- 
conjugated goat F(ab)xs specific for mouse IgGs for another 2-h period. 
Cells were then washed. fiied with naraformaldehvde, and examined 
by fluorescence and phase contrast mkroscopy. Only after y-interferon 
stimulation could cell surface expression of MHC class II molecules be 
observed. Bars = 10 pm. 
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sus sequences that are accessible to TPO (23). This should 
be true for all polypeptides that are iodinated in thyrocytes. 

For immunofluorescence examinations, FRTL-5 cells were 
grown on Matrigel-coated coverslips. After treatment of one 
culture with 100 U/ml y-interferon for 48 h, cells were 
incubated with a monoclonal antibody directed against RTl 
B (rat MHC class II- molecule) for 2 h on ice, followed by an 
incubation of DTAF-conjugated goat F(abbs specific for 
mouse IgGs for 2 h on ice. Cells were then fixed with 4% 
paraformaldehyde and examined by fluorescence or phase 
contrast microscopy; the results are shown in the lower panel 
of Fig. 2. 

Phase contrast images of y-interferon-treated FRTL-5 cells 
(Fig. 2a) as well as control cells (Fig. 2b) showed a round 
appearance, confirming results from Nitsch et al. (25) that 
FRTL-5 cells have lost the ability to grow as a continuous 
epithelial monolayer. Upon y-interferon induction, a bright 
cell surface staining of the MHC class II antigen was observed 
(Fig. 2a), which was totally absent from control cells (Fig. 
2b). The cell surface appearance of MHC class II molecules 
in FRTL-5 cells demonstrates that MHC class II molecules 
reach the plasma membrane-inserted TPO, which provides 
the basis for them to be iodinated (see upper panel of Fig. 2). 

Proteins need to contact the apical plasma membrane to be 
iodinated 

Filter-grown polarized porcine thyrocytes from either the 
apical or the basolateral side were biotinylated for 30 n-tin on 
ice with long chain biotin. Cells were washed twice with PBS 
and lysed, and APN or TSP was immunoprecipitated from 
aliquots of the cell lysate. The immunoprecipitates were run 
on a SDS-polyacrylamide gel and blotted onto nitrocellulose. 
Nitrocellulose sheets were probed for biotinylated polypep- 
tides with streptavidin conjugated to horseradish peroxidase, 
followed by an enhanced chemiluminescence detection pro- 
cedure. 

Only the uncleaved a-chain of the APN could be detected 
in this experiment, with more than 95% being expressed at 
the apical plasma membrane domain (see Fig. 3). This clas- 
sifies APN as being a bona fide marker protein of the apical 
plasma membrane. In contrast, TSP was expressed on both 
plasma membrane domains, with a predominance for the 
basolateral side (24, 26). Taken together, both polypeptides 

were attached to or integrated into the apical plasma mem- 
brane, which allowed them to contact the TPO and to be 
iodinated, as shown in Fig. 1. 

Two groups of iodoproteins can be distinguished by differential 
extraction with saponin and Triton X-100 

Follicle sheets were kept on ice for 1 h before they were 
labeled with 10.2 mBq [‘251]NaI for 2 h on ice. After two 
washes with PBS, they were extracted three times with 0.1% 
saponin (Fig. 4, Sl-S3) and once with 0.5% Triton X-100 
(Fig. 4, TX). Each extraction was performed for 10 min at 
room temperature. Immunoprecipitations of Tg and aliquots 
of the extracts were analyzed by SDS-PAGE and fluorogra- 
phy. Before loading onto the gel, Tg immunoprecipitates 
were counted in a y-counter to determine the efficiency of 
each extraction. 

Immunoprecipitation of Tg from the extracts confirmed 
the absence of major proteolytic fragments of radioiodinated 
Tg from the cell lysate (not shown); therefore, mainly intact 
Tg was visible in the polypeptide pattern of the extracts. A 
total of 93.5% of the labeled Tg could be extracted with 
saponin. The remaining 6.5% of Tg was not extractable with 
saponin, which could reflect membrane interaction of Tg 
(27), but most likely can be attributed to the inability of 
saponin to completely release soluble proteins from perfo- 
rated cells and organelles, as reported by Wassler et al. (20). 

Ekholm and Bjbrkman (3) and Rousset et al. (28) demon- 
strated through electron microscopic autoradiography that in 

Sl s2 s3 TX 

‘I-G D 
kDa 

‘... I - 200 

D 

a b a b 
FIG. 3. Polarized cell surface biotinylation of TSP and APN. Con- 
fluent monolavers of norcine tbvrocvtes were biotinvlated from either FIG. 4. Differential extraction of soluble and membrane-associated 

a 
- 69 

- 46 

- 30 

the apical side (a) or the basolaterai side (b). Immunoprecipitation of 
TSP and APN, with subsequent analysis by SDS-PAGE, Western 
blotting, and detection by a streptavidin/horseradish peroxidase-based 
chemiluminescence kit, revealed the apical localization of APN and a 
1:2 distribution of TSP on the apical US. basolateral plasma membrane. 
Both polypeptides had in common that they were expressed on the 
apical plasma membrane to some extent, which is a prerequisite to 
iodination. 

iodoproteins. Porcine follicle sheets, labeled for 2 h with [iz61]NaI on 
ice, were extracted three times with 0.1% saponin (SlS3) and once 
with 0.5% Triton X-100 (TX). Corresponding aliquots of the extracts 
were analyzed by SDS-PAGE and fluorography. A distinct pattern of 
soluble saponin-extractable polypeptides (A) and membrane-attached, 
Triton X-lOO-extractable polypeptides (A) can he distinguished. For 
molecular mass standards, see right margin. The position of Tg is given 
in the left margin. 
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freshly prepared follicle segments or isolated thyrocytes in- 
tracellular lumina are formed that are bounded by microvillar 
membranes containing active TPO. These cells were able to 
iodinate Tg extracellularly on the plasma membrane and 
intracellularly in the newly formed intracellular lumina. We 
think that the saponin-extractable portion of radioiodinated 
Tg in this experiment derives from these intracellular hunina. 

Besides Tg, several other radioiodinated polypeptides were 
detected, as shown in Fig. 4; some of them were soluble 
proteins (A), and others were membrane associated (A). 
Figure 4 gives an impression of the size and diversity of these 
two groups of iodoproteins. The iodination of polypeptides 
resisting saponin extraction demonstrates that the iodination 
process is not restricted to secretory proteins such as Tg and 
lysosomal enzymes, but includes membrane-associated or 
integrated proteins neighboring the TPO, as demonstrated 
for APN (see Fig. 1) and MHC II polypeptides (see Fig. 2). 

Strong iodinution of porcine cathepsin-D depends on one 
exposed iodination consensus sequence close to the targeting 
region 

Human or porcine follicle segments were labeled with 9- 
19 mBq [‘251]NaI for 2-5 h in the presence of up to 100 mU/ 
ml TSH. Tg and CD were immunoprecipitated from the cell 
extracts and analyzed by SDS-PAGE and fluorography. The 
results are shown in Fig. 5. Because the polypeptide pattern 

CD, 1 

kDa 

- 97.4 

- 69 

- 46 

- 30 

- 21.5 

- 14.3 

PIG. 5. Comparison of the iodination rates of porcine us. human CD. 
Porcine and human follicle sheets were labeled with [‘261]NaI, and 
aliquota of the cell homogenates and immunoprecipitates of porcine 
CD and human Tg were run on a polyacrylamide gel and fluorographed. 
Despite a pronounced similarity of the polypeptide patterns of human 
and porcine iodoproteins, distinct differences can be observed, deriving 
from a different fragmentation pattern of Tg and a strong difference 
in the incorporation of iodine into CD. The latter can be explained by 
the presence of an additional iodination consensus sequence in the 
heaw chain of oorcine CD. Because the liaht chain of CD (molecular 
mass of -15 kDa) lacks iodination consensus sequences, no incorpo- 
ration of radioiodine can be observed in this polypeptide. 

of porcine Tg is shown in Fig. 1, and the immunoprecipitation 
of human CD resulted in the same polypeptide pattern as 
that of porcine CD, these immunoprecipitations were omitted 
from Fig. 5. 

Comparison of the iz51-labeled polypeptide pattern from 
human and porcine cell homogenates showed strong simi- 
larities, with a few exceptions. Some of these exceptions were 
caused by the different degradation patterns of Tg in these 
cells. In porcine thyrocytes, the major degradation interme- 
diate of Tg possessed an apparent molecular mass of approx- 
imately 69 kDa (see Fig. l), whereas in human thyrocytes, 
the Tg degradation intermediates had apparent molecular 
masses of about 120, 90, and 28 kDa (see Fig. 5). 

Another obvious difference in the polypeptide pattern of 
iodoproteins is caused by a relatively strong labeling of CD 
in porcine thyrocytes, which permits identification of one of 
the labeled bands as being the heavy chain of CD (arrowhead 
in Fig. 5). In the gel electrophoretic banding pattern of human 
iodoproteins, this band is absent, indicating that incorpora- 
tion of iodine into human CD is much weaker than that into 
porcine CD. Porcine and human CD have been sequenced 
(29, 30), which allows a search for iodination consensus 
sequences within their polypeptide chains. The mature en- 
zymes show 87% identity in their amino acid sequence (30). 
In the heavy chain of both polypeptides, one Glu-Tyr and 
one Glu-X-Tyr iodination consensus sequence can be found 
at identical positions, whereas an additional Asp-Tyr iodi- 
nation consensus sequence is found in the heavy chain of 
porcine CD, suggesting that this specific site is responsible 
for the strong iodination of porcine CD. 

This is supported from structural data available from the 
human and bovine enzymes (31, 32), which show that the 
Asp-Tyr consensus sequence (As~~~‘-Tyr~~‘, according to the 
numbering of the human enzyme) lies on the surface of the 
protein within four amino acids distance to the targeting 
region of CD, which is recognized by the phosphotransfer- 
ase. This enzyme is responsible for the construction of the 
lysosomal targeting signal mannose-6-phosphate. 

A further search for iodination consensus sequences within 
the primary sequence of CD indicates that there are no 
iodination sites within the light chain of human or porcine 
CD. In fact, in no iodination experiment did we observe the 
light chain being iodinated, demonstrating the necessity of 
iodination consensus sequences for the iodination of pro- 
teins . 

Immunoprecipitation with T3/T4-specific antibodies reveal the 
presence of thyroid hormones only within Tg 

Porcine follicle sheets were labeled with 14.8 mBq [lz51] 
NaI for 2.5 h in the presence of 100 mu/ml TSH. Cells were 
then washed with PBS and lysed, and aliquots of the lysate 
were supplemented with antisera specific for Tg, TB, Tll, and 
CD. The immunoprecipitation was performed as described 
in Materials and Methods. Two microliters of the cell homog- 
enate were analyzed together with the immunoprecipitates 
by SDS-PAGE and fluorography. The results are shown in 
Fig. 6A. 

Comparison of the polypeptide pattern of the T3/Tr im- 
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munoprecipitation with the polypeptide pattern of the total 
cell homogenate or the CD immunoprecipitate does not allow 
for the alignment of polypeptides, except for Tg polypeptides. 
There is a striking similarity between immunoprecipitated Tg 
polypeptides and the polypeptide pattern generated by the 
T3/T4 immunoprecipitation, indicating that Tg polypeptides 
were recognized and precipitated by T3/T4 antibodies. A 23- 
kDa polypeptide was weakly precipitated by Tg antibodies, 
whereas a group of polypeptides with approximately the 
same molecular mass was strongly immunoprecipitated by 
T3/T4-specific antibodies. This raises the possibility that the 
23-kDa group of polypeptides represents fragments of Tg 
with a high hormone to polypeptide ratio. On the other 
hand, this group of polypeptides could represent proteins 
unrelated to Tg. To resolve this issue, lz51-labeled Tg was 
immunoprecipitated, dissolved in lysis buffer, and subjected 
to a secondary immunoprecipitation with antiserum specific 
for Tg or T4. The original Tg immunoprecipitate and the 
secondary immunoprecipitates were analyzed by SDS-PAGE 
and fluorography (see Fig. 6B). 

The reimmunoprecipitation of [lz51]Tg with T4-specific an- 
tibodies resulted in the reproduction of the Tg polypeptide 
pattern, with a marked accumulation of a 23- to 28-kDa 
group of polypeptides and other polypeptides migrating close 
to the gel electrophoretic front. This proves that the 23-kDa 
group of polypeptides indeed consists of Tg fragments. 

Two-dimensional TLC analysis of the iodoamino acids of [““I] 
Tg, [“‘I/CD, and r”I]APN 

Intact [lz51]Tg (46,000 cpm), the y-chain of [‘251]APN (1,000 
cpm), and [‘251]CD (700 cpm) were excised from gels after 
immunoprecipitation, SDS-PAGE, and fluorography. Alka- 
line total hydrolysis of iodinated polypeptides within the gel 
was followed by butanol extraction of radioactive apolar 
iodoamino acids, two-dimensional TLC, and autoradiogra- 
phy. The exposure times of x-ray films were chosen to yield 
autoradiographies with approximately the same radioactive 
signal. 

In the first dimension, labeled oligopeptides were sepa- 
rated from smaller components, such as single amino acids. 
The separation of the latter was achieved in the second 
dimension, which was developed twice with the same sol- 
vent. The positions of the iodotyrosine, diiodotyrosine, TB, 
and T4 standards that were run in the second dimension are 
given in the left margin of Fig. 7. In contrast to [‘251]CD and 
[12’I]APN, only [1251]Tg yielded radioactive spots comigrating 
with the T3/T4 standards, which were added before the 

FIG. 6. Immunoprecipitation with TB- and T,-specific antibodies. A, 
Immunoprecipitation (Ippt) with TJT,-specific antibodies from cell 
homogenates of ‘261-labeled porcine thyrocytes (Iodoproteins) resulted 
in immunoprecipitation of Tg polypeptides, with accumulation of a 23- 
kDa group of polypeptides (arrowhead). CD was immunoprecipitated 
as a control. B, ‘261-Laheled immunoprecipitated Tg (‘=I-TG) was 
reimmunoprecipitated with antibodies specific for T, (Ippt/T,) and Tg 
(Ippt/TG). Immunoprecipitation of T, yielded a reproduction of the 
Tg polypeptide pattern, with accumulation of a 23- to 2%kDa group of 
polypeptides (arrowhead) and fragments migrating close to the front. 
This identifies the 23-kDa group of polypeptides as being Tg fragments 
enriched in hormonogenic sites. 



FIG. 7. Two-dimensional TLC of ‘251-la- 
beled iodoamino acids derived from 
APN, CD, and Tg. Regions containing 
?-labeled Tg, CD, or APN were excised 
from polyacrylamide gels and subjected 
to total alkaline hydrolysis at 110 C over- 
night within the gel. Butanol-extracted 
iodoamino acids were analyzed by two- 
dimensional TLC and autoradiography. 
Only [‘*‘I]Tg contained iodoamino acids 
that comigrated with the unlabeled T3 
and T4 standards, which were added be- 
fore alkaline hydrolysis and were present 
throughout the extractions and TLC 
runs. The positions of these standards 
are indicated by arrows. The positions of 
the standards that were run only in the 
second dimension are given in the left 
margin. 
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alkaline hydrolysis (arrows in Fig. 7). This finding confirms 
the finding of the preceding experiment, that thyroid hor- 
mones are only constructed within the polypeptide chain of 
Tg. 

Discussion 

Based on the observation that Tg is not the only protein 
that can be used as iodine acceptor by TPO (8,9), we became 
interested in the identification of proteins that are iodinated 
together with Tg in thyrocytes, in analyzing the factors that 
regulate their iodination, and in evaluating the physiological 
significance of this process. In this report we analyzed two 
parameters that appear to be essential for the iodination of 
polypeptides. The results show that the same cellular and 
protein structural prerequisites are necessary for protein io- 
dination as have been described for Tg (1, 3, 23). These 
proteins differ, however, in their inability to form thyroid 
hormones in situ. 

The interaction of a polypeptide with the apical plasma 
membrane is necessary for its iodination 

The localization of the iodinating system to the apical 
plasma membrane of thyrocytes lining the follicle lumen 
represents a compartmentation that prevents many polypep- 
tides from reaching the site of iodination. Nevertheless, this 
report shows that a wide spectrum of polypeptides becomes 
iodinated. All iodoproteins reach the apical plasma mem- 
brane during their cellular transport. With regard to mem- 
brane interaction, two groups of polypeptides can be distin- 
guished: 1) plasma membrane-inserted polypeptides (TPO, 
APN, and MHC class II polypeptides), and 2) soluble poly- 
peptides (Tg, TSP, and CD). Some members of the second 
group interact with constituents of the plasma membrane, 
e.g. TSP and Tg. The latter has been reported to associate 
with a low affinity binding site on the apical plasma mem- 
brane during endocytosis (27). 

In cultured follicle sheets that do not possess a Tg-filled 
luminal space, the apical plasma membrane is not saturated 

with Tg because of the low concentration of Tg in the culture 
medium and the low affinity characteristics of the Tg recep- 
tor. Nevertheless, the majority of the iodine label was incor- 
porated into Tg. This implies that there are still other reasons 
for the strong iodination of Tg besides a high specific con- 
centration at the apical plasma membrane. 

Significance of consensus sequences for the iodination of a 
polypeptide 

A computer search of an amino acid sequence data base 
(Prosis) showed that there were few polypeptides that did 
not possess at least one of the iodination consensus se- 
quences. This can be expected because some of the consensus 
sequences are composed of two amino acids only (Glu-Tyr 
and Asp-Tyr). Others are the three-amino acid consensus 
sequences (Ser/Thr-Tyr-Ser and Glu-X-Tyr) (23). This argues 
for a broad substrate specificity of TPO, which is documented 
by a relatively large number of iodinated polypeptides in 
thyrocytes. 

The strong iodination of Tg has been explained in part by 
the presence and accessibility of these consensus sequences 
(lb/subunit of human Tg according to Ref. 23). We have 
shown the importance of the positioning of iodination con- 
sensus sequences within a polypeptide by comparing the 
iodination rate of porcine to human CD. The results suggest 
that the presence of one additional consensus sequence of 
the Asp-Tyr type on the surface of porcine CD was respon- 
sible for a much stronger iodination compared to that of 
human CD, which lacks this motif. 

This report presents data suggesting that Tg is not only an 
ideal iodine acceptor, but the only polypeptide from which 
thyroid hormones are produced by cultured thyrocytes. Ap- 
parently, the mere appearance of iodination consensus se- 
quences on the surface of a protein is necessary, but not 
sufficient, for hormonogenesis in situ. 

The in vitro generation of T4 within insulin, BSA, and 
lysozyme, as reported by Coval and Taurog (8), may be due 
to high concentrations of the analyzed polypeptide during 
the iodination procedure and to the lack of competing Tg. 
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High concentrations of a specific polypeptide may also allow 
for intermolecular coupling of iodotyrosyls (as opposed to 
intramolecular coupling in Tg), which would explain why 
insulin, with one iodination consensus sequence, served as a 
substrate to generate Tq. 

The iodinution of proteins other than Tg may be a default 
iodinution 

The relatively large number of iodinated polypeptides 
other than Tg in thyrocytes led us to speculate on their 
possible function. One role could be to increase the capacity 
of iodine storage in times of ample iodine supply. Iodine 
bound to these polypeptides could then be released during 
the course of their natural turnover, which results in a 
retarded liberation and availability of free iodide. The incor- 
poration of iodine into polypeptides other than Tg would 
render this process independent of Tg biosynthesis, which 
can be rather low at times, depending on the degree of TSH 
stimulation of the gland (9, 33). 

On the other hand, it is well documented that Tg is the 
most potent iodine storage molecule of the thyroid gland, 
receiving 80-90% of the organified iodine (34). In times of 
rich iodine supply, the majority of iodine bound to Tg is 
present as mono- and diiodotyrosine (34) and can be stored 
for many days and weeks (35,36) depending on the hormone 
requirements of the organism. Because of the low iodination 
rate of polypeptides other than Tg and their inability to form 
thyroid hormones in situ, we propose that the iodination of 
these proteins represents a default iodination that function- 
ally does not affect the central role of Tg in thyrocytes. The 
default iodination may include other constituents of the cell 
surface, e.g. membrane lipids. In fact, the iodination of lipids 
has been shown previously (37). The chemical nature of such 
iodolipids, however, is still unknown. The biologically inter- 
esting aspect of our finding is the ability of thyrocytes in 
special culture systems to efficiently iodinate proteins of the 
apical plasma membrane, which makes them an ideal system 
to examine the vectorial transport of polypeptides in polar- 
ized cells. 
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