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Endocytosis of thyroglobulin is not mediated by mannose-6-phosphate receptors 
in thyrocytes 
Evidence for low-affinity-binding sites operating in the uptake of thyroglobulin 
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Thyroglobulin, the major secretory product of thyrocytes, is the macromolecular precursor of 
thyroid hormones. After its synthesis, thyroglobulin follows a complex secretion, storage and recap- 
ture pathway to lysosomes. Porcine thyroglobulin was shown to carry the mannose &phosphate- 
(Man6P)-recognition marker on its N-linked glycans. Since the cation-indepcndent Man6P receptor 
could also be found on the apical plasma membrane of porcine thyrocytes, we examined the signifi- 
cance of the Man6P signal for the transport of thyroglobulin. Here, we present data implying that 
Man6P receptors are not relcvant for endocytosis of thyroglobulin in thyrocytes. Instead, we provide 
evidence for the existence of specific, low-affinity-binding sites for thyroglobulin on the apical plasma 
membrane of thyrocytes responsible for endocytosis of thyroglobulin. Binding studies with intact, 
polar-organized porcine thyrocytes grown on collagen-coated filters revealed cooperative and satu- 
rable binding of thyroglobulin to the apical-plasma-membrane domain at rclatively high concen- 
trations of thyroglobulin (20 pM). These observations show that low-affinity interactions between 
thyroglobulin and the apical plasma membrane play a key role in endocytosis of thyroglobulin and 
hormone formation in the thyroid. The data in this publication have been published as an abstract 
[Lemansky, P. and Herzog, V. (1991) J. Cell Biol. 115, 261al. 

Thyroglobulin is a large, homodimeric protein (approxi- 
mately 660 kDa) which is synthesized in thyrocytes and obli- 
gatorily exported into a large, extracellular reservoir, the fol- 
licle lumen [I - 31. Upon secretion; thyroglobulin is iodinated 
and thyroid hormones are preformed within the polypeptide 
backbone of thyroglobulin. Following a specific thyroid- 
stimulating-hormone (TSH) signal, thyroglobulin is in- 
ternalized and preferentially transferred to lysosomes where 
it is completely degraded to release thyroid hormones [4]. 
Hence, lysosomes are the final destination for most of the 
thyroglobulin. Recently, it was found that porcine thy- 
roglobulin carries the mannose-6-phosphate-(Man6P)-recog- 
nition marker [5],  which is characteristic for soluble lysosomal 
hydrolases [6]. Since newly synthesized lysosomal enzymes are 
targeted to lysosomes by Man6P receptors it was possible to 
speculate that the same receptors are also responsible for the 
transport of thyroglobulin to lysosomes. The question arose 
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as to at which point along the bidirectional secretion, storagc 
and recapture pathway the Man6P marker operates as a signal 
for the transport of thyroglobulin. 

Receptor-mediated endocytosis is known to be a process 
by which the cell internalizes nutrients, growth factors or 
toxins, recognized and bound t o  specific receptors [7, 81. Re- 
ceptors are internalized by coated pits which, after transfor- 
mation into coated vesicles, deliver their content primarily to 
endosomes. The specificity of the receptor involved in this 
process is normally accompanied by a high-affinity interaction 
with ligands. One of these receptors is the Man6P receptor 
which mediates the transport of lysosomal enzymes from the 
Golgi complex or the cell surface to endosomes [9]. Along 
the export pathway, the Man6P signal on thyroglobulin is 
obviously overruled by other mechanisms which direct 
thyroglobulin to be secreted into the follicle lumen. However, 
the Man6P receptor could, in principle, participate in the 
endocytosis of thyroglobulin because it was found that the 
cation-independent Man6P receptor (CI-MPR) is present at 
the apical surface of thyrocytes [lo]. 

In this study, we show that Man6P receptors play only 
a minor role in endocytosis of thyroglobulin in thyrocytes. 
Instead, we provide evidence for the existence of specific, 
low-affinity-binding sites on the apical plasma membrane of 
thyrocytes which mediate most of the reabsorption of 
thyroglobulin from the follicle lumen in combination with 
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unspecific bulk uptake. These lowaffinity interactions pro- 
vide a new basis for understanding the mechanism of 
endocytosis of thyroglobulin. They represent yet another ex- 
ample for a principle found to operate in the body in places 
where specific and easily reversible binding is required. 

MATERIALS AND METHODS 
Cell culture and materials 

Follicle fragments were prepared from porcine thyroid 
glands as described previously [Il l .  From the fragments, two 
different in-vitro systems with the characteristic polar orga- 
nization of thyroid cells were prepared as follows: monolayers 
grown on collagen-coated CellagenTM filter discs (ICN), kept 
within plastic petri-dishes [I 21 ; suspensions of inside-out fol- 
licles with reversed polarity [l I] grown in PetripermTM dishes 
with hydrophobic bottoms (Bachofer). In both culture sys- 
tems, the apical plasma membrane is always exposed to the 
culture medium. 

Thyrocytes as well as human diploid skin fibroblasts, were 
maintained at 37°C and 5% COz in Eagle's minimumessential 
medium (MEM) or in F-12 medium supplemented with 
100 U/ml penicillin, 0.1 mg/ml streptomycin, 0.2 pg/ml am- 
photericin B and 10Y0 fetal calf serum (Boehringer 
Mannheim) as described in [13]. 

[35S]Methionine (in-vivo cell-labelling grade) and [1251]NaI 
were from Amersham Buchler. Polyclonal rabbit antisera 
against human cathepsin D was a gift from Dr. A. Hasilik 
(Physiologisch-Chemisches Institut, Miinster, FRG) and por- 
cine thyroglobulin was raised in our laboratory. Protein-A - 
Sepharose C1-4B and CNBr-activated Sepharose C1-4B were 
obtained from Pharmacia. Iodo-BeadsIM were purchased 
from Pierce, Europe BA Oud-Beijerland and acrylamide (re- 
search grade) was from Serva. All other reagents were of the 
highest obtainable grade and purchased from Sigma Chemical 
Company. 

Biosynthetic labeling with 135Slmethionine 

Cells were kept in methionine-deficient MEM for about 
3 h before adding up to 18.75 MBq [35S]methionine. If 
thyrocytes were to be radiolabeled, 50 mU/ml TSH was 
added; if human fibroblasts were to be radiolabeled, 10% 
dialyzed fetal calf serum was added to the pulse medium. 

NH,CI-induced secretions 

10 mM NH,Cl was included in the starvation and pulse 
mediums, if the secretion of lysosomal hydrolases was to be 
induced [14]. 

Endocytosis of radiolabeled secretions 
Secretions from porcine inside-out follicles or human fi- 

broblasts were cleared from contaminating cells and cell 
debris, dialyzed twice against 20 mM Napi, pH 7.4 and 0.9% 
NaCl/(NaCI/Pi) and once against MEM containing anti- 
biotics at 4°C. Before application to cells, fresh fetal calf 
serum was added to the endocytosis medium at a final concen- 
tration of 5-10YO. 

Endocytosis of radioiodinated thyroglobulin 
Exogenously, radioiodinated thyroglobulin was dialyzed 

against F-I 2 medium. The following components were added 

before endocytosis: 10 mM CaC12, antibiotics (as above), 5% 
fetal calf serum, a cocktail of six growth factors (TSH, insulin, 
transferrin, hydrocortisone, somatostatin, and glycyl-L- 
histidyl-L-lysine acetate according to [15]) and 1 mM thioura- 
cil to block organification of any residual free [1251]iodide in 
thyrocytes [16]. 

After endocytosis, the same media were applied to pre- 
cooled thyrocytes for 2 h at 4°C to determine adsorption of 
[1251]thyroglobulin to the plasma membrane and to allow 
calculation of the actual uptake of radiolabeled thyroglobulin. 

Upon removal of [' 251]thyroglobulin, cells were washed 
three times with 1% bovine serum albumin in NaC1/Pi and 
twice with NaCI/Pi alone. Cells were lysed 50 mM Tris/Cl, 
pH 7.4 and 0.9% NaCl (buffer A) containing 0.5% Triton 
X-100, 2 mM phenylmethylsulfonyl fluoride and 5 mM 
iodoacetamide. All steps were performed at 4"C, the lysates 
were counted in a gamma counter (Model LB-951 G, Berthold 
Co.). 

Adsorption of radioiodinated thyroglobulin 
to the apical plasma membrane of thyrocytes 

Thyrocytes, grown on cell age^^'^ discs, were washed three 
times with ice-cold NaCI/Pi, placed on ice and increasing 
amounts of [1251]thyroglobulin dissolved in 0.8 ml NaC1/Pi 
were applied to the apical domain of thyrocytes. After 30 min 
adsorption, radiolabeled thyroglobulin was removed and cells 
were washed and lysed as described above. The amount of 
adsorbed ['251]thyroglobulin was determined in a gamma 
counter. 

Cell-surface iodination of inside-out follicles and iodination 
of thyroglobulin 

Inside-out follicles or thyroglobulin were iodinated with 
Iodo-BeadsTM according to the protocol given in the Pierce 
catalogue [17]. 

Iodination of cells with 1.3 MBq ['25T]NaI was performed 
on an end-over-end rotator in a total volume of 1 ml NaC1/Pi 
at 4 "C to inhibit endocytosis and degradation of radiolabeled 
proteins. A subsequent twofold wash with ice-cold NaCI/P, 
was followed by lysis in 0.8 ml buffer A, 0.2% Triton X-100, 
2 mM phenylmethylsulfonyl fluoride, 5 mM iodoacetamide, 
1 trypsin-inhibiting unit/ml aprotinin and 10 mM 3-amino- 
1,2,4-triazol. The latter was added to inhibit the endogenous 
thyroperoxidase-mediated iodination activity during lysis [I 81. 

Todination of 3 mg thyroglobulin was performed with 
3.75 MBq ['251]NaI in 0.8 ml NaCI/Pi at room temperature, 
followed by desalting on a Sephadex G-25 column and two 
rounds of dialysis against NaCI/Pi at 4°C. 

Isolation of thyroglobulin from porcine thyroid glands 

Porcine thyroid glands, taken from freshly slaughtered 
pigs, were used to isolate thyroglobulin as described [I91 with 
the following modifications: tissue fragments were stirred in 
NaCI/Pi instead of MEM; (NH4)2S04 precipitations were 
performed at 35% saturation for 2 h at 4 'C  LO remove con- 
taminating proteins and at 45% saturation overnight to pre- 
cipitate thyroglobulin. Four rounds of dialysis against NaCl/ 
Pi with 0.2% NaN, and a final centrifugation step (30 min 
at 5000 g )  resulted in the isolation of more than 99% pure 
thyroglobulin as estimated from SDSjPAGE. 
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Isolation of CI-MPR from porcine liver 

Isolation of the CI-MPR from porcine liver was performed 
as described before [lo]. For affinity chromatography, the CI- 
MPR was coupled to CNBr-activated Sepharose C1-4B. 

Affinity chromatography with CI-MPR - Sepharose C1-4B 

[35S]Methionine-labeled secretions from porcine inside- 
out follicles were taken from the cells, centrifuged for 30 s at 
15000 g ,  supplemented with 0.1 YO Triton X-300,5 mM EDTA 
and 0.04% NaN3 and incubated with CI-MPR- Sepharose 
beads or glycine-Sepharose beads for 2 h on a shaker at 
room temperature. Sepharose beads were washed 5 times with 
0.8 ml buffer A, 0.1% Triton X-100 and 0.040/0 NaN3 before 
elution with 0.5 ml washing buffer containing 5 mM Man6P. 
The elution proceeded for 30 rnin at room temperature on a 
rotator and was repeated once. Polypeptides from the Man6P- 
eluted material were precipitated with trichloroacetic acid and 
aliquots were analyzed by SDSjPAGE and fluorography. 

Affinity-chromatography with TG-Sepharose C1-4B 

Ex tracts from cell-surface-labeled inside-out follicles were 
supplemented with 5 mM CaCl, and centrifuged for 5 min at 
15 000 g. They were incubated with thyroglobulin-Sepharose 
C1-4B or glycine-Sepharosc C1-4B at 4' C overnight on an end- 
over-end rotator. Sepharose pellets were washed twice with 
0.8 ml buffer A, 0.1% Triton X-100, 2 mM phenylmethyl- 
sulfonyl fluoride, 5 mM iodoacetamide, 1 U/ml aprotinin and 
5 mM CaCl, (solution A), twice with 0.8 ml0.1 M NaHC03, 
pH 8, 0.5 M NaCI, 0.1% sodium deoxycholate, 5 mM CaClz 
and 10 mg/ml bovine serum albumin, twice with 0.8 ml buffer 
A, 0.1 YO Tween-20, 5 mM CaCl, and 10 mg/ml bovine serum 
albumin and twice with 0.X ml 10-fold-diluted buffer A con- 
taining 5 mM CaC12. 

Adhering proteins were detached from Sepharose beads 
by boiling in 50 pl twice-concentrated sample buffer under 
reducing conditions for 5 min, and applied to SDS/PAGE. 

Immunoprecipitation from cell extracts and media 

Cell extracts or media in buffer A, 1% Nonidet P-40, 
1 mM EDTA, 2 mM phenylmethylsulfonyl fluoride, 5 mM 
iodoacetamide and 1 U/ml aprotinin were centrifuged up to 
15 min at 15000 g before addition of 5 pl preiminune scra or 
antisera against human cathepsin D or porcine thyroglobulin. 
An incubation period of 30 min at room temperature, to in- 
itiate the immunoreaction, was followed by an overnight incu- 
bation at 4°C. Immune complexes were collected by incu- 
bation with Protein-A - Sepharose C1-4B (double excess of 
nominal binding capacity) for 1 h at 4°C on a shaker. 

Protein-A - Sepharosc pellets wcrc washed twice with 
0.8 ml solution A lacking aprotinin and CaCl,, twice with 
0.8 ml 0.1 M NaHC03, pH 8, 0.5 M NaCI, 0.1% sodium 
deoxycholate and once in 0.8 ml 10-fold-diluted NaC1/Pi. Fi- 
nally, Sepharose beads were boiled in 30 p1 1.5-fold-concen- 
trated sample buffer under reducing conditions and centri- 
fuged for 1 rnin at 15000 g.  Supernatants were analyzed by 
SL>S/PAGE. 

SDS/PAGE of cell extracts and media 

If cell extracts were to bc directly analyzed by SDSIPAGE, 
cells were lysed in 0.1 ml 100 mM TrisiHCI, pH 6,8, 1 YO SDS, 

1 mM phenylmethylsulfonyl fluoride, 1 mM EDTA, 5 mM 
iodoacetamide and 1 U/ml aprotinin. After one step of freez- 
ing and thawing, lysates were centrifuged for 5 rnin at 15 000 g, 
mixed with appropriate amounts of glycerol, bromophenol 
blue and 2-mercaptoethanol, boiled and applied to SDS/ 
PAGE. For analyzing radiolabeled secretions, aliquots of 
dialyzed secretions were mixed with fivefold-concentrated 
sample buffer containing 50 mM dithiothreitol, boiled for 
5 min and applied directly to the gel. SDSjPAGE was 
performed according to [20], on 12.5% polyacrylamide gels 
followed by fluorography [21]. 

RESULTS 
Man6P receptor-affinity chromatography with thyroglobulin 
and lysosomal hydrolases 

[ 5S]Methionine-labeled normal and NH4C1-induced se- 
cretions from porcine inside-out follicles were incubated with 
the CI-MPR isolated from porcine liver, and immobilized to 
CNBr-activated Sepharose C1-4B or glycine-Sepharose C1-4B. 
After a 2-h incubation at room temperature, Sepharose beads 
were washed and eluted with 5 mM Man6P. Aliquots of se- 
cretions and Man6P eluates were analyzed by SDSjPAGE 
and fluorography. 

The major secretory components of thyrocytes in cell cul- 
ture are thyroglobulin and a polypeptide with an apparent 
molecular mass of 43 kDa (Fig. 1, lane 1). NH4Cl is known 
to induce the secretion of newly synthesized lysosomal en- 
zymes as precursors [14, 221 which are visible in Fig. 1, lane 4 
as additional bands when compared to the polypeptide pattern 
of normal secretions. From normal secretions, only the 43- 
kDa polypeptide bound in a Man6P-reversible fashion to the 
CI-MPR (Fig. 1, lane 3). In addition to this polypeptide, a 
number of different polypeptides could be eluted with Man6P, 
when NH4C1-induced secretions were incubated with CI- 
MPR beads (Fig. 1 ,  lane 6). They represent MarhP-bearing, 
newly synthesized lysosomal enzymes which were not charac- 
terized further. 

No proteins bound to glycine-Sepharose C1-4B in a 
Man6P-reversible fashion (Fig. 1, lanes 2 and 5) .  Thy- 
roglobulin could not be detected in the Man6 P eluates, neither 
when CI-MPR beads were incubated with normal secretions 
nor when incubated with NH4Cl secretions. Upon prolonged 
exposure of SDS gels to X-ray films, a more detailed picture 
is obtained. In secretions of thyrocytes, additional polypep- 
tides can be detected representing minor species of secreted 
polypeptides. More importantly, in Man6P eluates from CI- 
MPR beads incubated with these secretions, thyroglobulin 
could be detccted, having bound weakly to the CI-MPR (not 
shown). 

After imrnunoprecipitation of thyroglobulin from normal 
secretions, only one major polypeptide becomes visible, which 
has an apparent molecular mass of 330 kDa, ruling out that 
any of the other polypeptides, in particular the 43-kDa poly- 
peptide, represents a proteolytic fragment of thyroglobulin. 
Thus, thyroglobulin has only a weak affinity for the CI-MPR, 
in contrast to high-affinity ligands such as newly synthesized 
lysosomal hydrolases. 

Endocytosis of thyroglobulin by human skin fibroblasts 

Secretions from porcine inside-out follicles, radiolabeled 
with [35S]methionine were endocytosed by human skin fibro- 
blasts in the absence or presence of 5 mM Man6P for 17 h. 
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Fig. 1. Affinity chromatography with the CI-MPR. SDSjPAGE analy- 
sis and fluorography of [35S]methionine-labeled polypeptidcs 
obtained from (1 )normal secretions of porcinc inside-out follicles, (2) 

Front 

Man6P eluatc from glycine-Sepharose CI-4B, incubated with normal 
secretions, (3) Man6P eluate from CI-MPR ~ Sepharose C1-4R, incu- 
bated with normal secretions, (4) NH,CI-induced secretions from 
porcine inside-out follicles, (5) Man6P cluatc from glycine-Sepharose 
C1-4B, incubated with NH,CI secretions and (6 )  ManbP eluate from 
CI-MPR - Sepharose C1-4B, incubated with NH,Cl secretions. The 
position of thyroglobulin (TG), OF the 43-kDa protein and of molec- 
ular-mass standards are indicated at the margins. Upon longer ex- 
posure, thyroglobulin can be detected in the ManbP eluates rrom 
CI-MPR -Sepharose C1-4B, indicating that a small amount of 
thyroglobulin did bind to the CI-MPR in a Man6P-reversible fashion. 
Taken together, thyroglobulin had a very low affinity for the CI-MPR 
as opposed to lysosomal enzymes which are high-affinity ligands for 
Man6P receptors. 

After removal of radiolabeled secretions, cells were incubated 
for 3 h with a chase medium containing 4.7 mg/ml unlabeled 
thyroglobulin with or without 5 mM Man6P. 

Cells were then washed and lysed, and thyroglobulin was 
immunoprecipitated from these lysates. SDSjPAGE and 
fluorography revealed uptake and proteolytic breakdown of 
thyroglobulin in the absence of 5 mM Man6P (Fig. 2). The 
prcsence of 5 mM Man6P in the endocytosis medium almost 
totally abolished endocytosis of thyroglobulin, leaving re- 
sidual, intact thyroglobulin unspecifically adhering to the sur- 
face of thc cells. This experiment demonstrates that uptake of 
thyroglobulin by human skin fibroblasts depends on Man6P 
receptors. A repetition of this experiment, including endo- 
cytosis of thyroglobulin in the presence of 5 mM glucose 6- 
phosphate, resulted in uptake and proteolytic breakdown of 
thyroglobulin in the presence of glucose 6-phosphate to almost 
the same extent as in the absence of sugar phosphates (not 
shown). 

Endocytosis of cathepsin D by human skin fibroblasts 

NH,Cl-induced, [ 3sS]methionine-labeled secretions from 
human skin fibroblasts contain radiolabeled cathepsin D 

C- IntactTG 

i a 

Fig. 2. Man6P-dependent endocytosis of thyroglobulin by human skin 
fibroblasts. Fluorography of thyroglobulin (TG), immunoprecipitated 
from cell lysates of human skin libroblaski and analyzed by SDS] 
PAGE. Fibroblasts were incubated with [35S]methionine-labclcd sc- 
cretions from porcine inside-out follicles in the absence or presence 
of 5 mM Man6P (M6P). Note that thyroglobulin was rapidly in- 
ternalized and degraded in the absence of Man6P1 whereas in the 
prcscncc of Man6P it rcmained intact. Obviously, uptakc of thy- 
roglobulin and delivery to lysosomes in fibroblasts was mediated 
through Man6P receptors, confirming the presence of intact Man6P 
residues on porcine thyroglobulin 

together with other lysosomal enzymes. They were allowed to 
be endocytosed by human skin fibroblasts overnight in the 
absence or presence of 5 mM Man6P. After removal of 
endocytosis media, cells were washed and lysed. 

Immunoprecipitation of cathepsin D from cell lysates 
showed that Man6P abolished endocytosis of cathepsin D, 
whereas in the absence of ManbP, cathepsin D was 
endocytosed and the mature form was generated by limited 
proteolysis from the cndocytosed precursor (Fig. 3). This ex- 
periment served as a control to the preceding experiment and 
showed that both ligands, thyroglobulin and the lysosomal 
protease cathepsin D, reach lysosomes through Man6P recep- 
tors, resulting in proteolytic cleavage of the respective ligand. 

Endocytosis of [35S]methionine-labeled thyroglobulin 
by porcine inside-out follicles 

[35S]Methionine-labeled secretions from inside-out fol- 
licles containing 50mU/ml TSH (Fig.4, lane 1) were 
endocytosed by freshly preparcd insidc-out folliclcs in thc 
absence or presence of 5 mM Man6P for various periods of 
time. After endocytosis, cells were washed, lysed and aliquots 
were loaded directly onto a 12.5% SDS/polyacrylamide gel 
for analysis. 

The fluorogram shows proteolytic breakdown of 
endocytosed material with time (Fig 4, lanes 2-4) and an 
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Fig. 3. Man6P-dependent endocytosis of cathepsin D by human skin 
fibroblasts. Cathepsin D was immunoprecipitated from NH4C1-in- 
duced secretions of human skin fibroblasts or from cell lysates of 
human skin fibroblasts after endocytosis in the absence or presence 
of 5 mM Man6P (M6Pj. The positions of the precursor, the intermedi- 
ate and mature form of cathepsin D, as well as molecular-mass stan- 
dards are indicated at the margins. Cathepsin D was taken up by 
fibroblasts by Man6P-receptor-mediated endocytosis, directed to 
lysosomcs and proteolytically processed to the mature enzyme. 
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Fig. 4. Man6P-independent endocytosis of thyroglobulin by porcine 
thyrocytes. Polypeptide pattern of [35S]methionine-labeled secretions 
from porcine inside-out follicles (lane 1). Aliquots of cell lysates from 
porcine inside-out follicles were analyzed by SDSjPAGE after 
endocytosis of labeled secretions for several periods of lime in {he 
absence or presence o f 5  mM Man6P (M6P; lanes 2 - 5). Incubations 
were performcd in the presence of SOmU/ml TSH. Endocytosis of 
radiolabeled secretions was time dependent. The polypeptide pattern 
of endocytosed material was essentially the same after 24 h of 
endocytosis in the abscncc or prcscncc of 5 mM ManbP, indicating 
that uptake of thyroglobulin (TGj was independent of Man6P recep- 
tors in thyrocytes. 

idcntical polypeptide pattern after 24 h endocytosis in the 
absence and prescnce of Man6P (Fig. 4, lanes 4 and 5). The 
striking identity of the polypeptide pattern generated after 
24 h endocytosis in the absence and presence of Man6Pmeant 
that there was no need to further characterize these polypep- 
tides by immunoprecipitation. Moreover, endocytosis of 
radioiodinated thyroglobulin in the absence and presence of 
5 mM Man6P, followed by immunoprecipitation, resulted 
again in the generation of an identical polypeptide pattern of 

thyroglobulin fragments (not shown). From these data, it can 
be concluded that uptake of thyroglobulin by thyrocytes was 
not significantly inhibited by Man6P and, hence, that 
endocytosis of thyroglobulin by these cells did not signifi- 
cantly depend on Man6 P receptors. 

Undegraded thyroglobulin is visible at each time point, 
representing the fraction adhering to the cell surface or ma- 
terial which has not yet reached lysosomes. Increasing 
amounts of small radiolabeled breakdown products, migrat- 
ing at the gel front, indicate an ongoing breakdown of 
endocytosed material. There was only a slight increase in the 
total amount of endocytosed material with time, suggesting 
that uptake is almost quantitatively balanced by lysosomal 
breakdown. 

As a control, NH,C1-induced [35S]methionine-labeled se- 
cretions from human skin fibroblasts were applied to porcine 
inside-out follicles to be endocytosed in the absence and pres- 
ence of 5 m M  Man6P. Cathepsin D was then immuno- 
precipitated from cell lysates and immunoprecipitates were 
analyzed by SDS/PAGE, together with aliquots of total cell 
homogenates. Although there was a time-dependent uptake 
of radiolabeled material, cathepsin D could not be detected 
in the immunoprecipitates, even when endocytosis was 
performed in the absence of Man6P. Exposure times of up to 
164 days did not show any detectable radioactive signal on 
the fluorogram (not shown). 

It appears that the endocytosis activity of Man6P recep- 
tors in thyrocytes was low and that ligands such as cathepsin 
D were taken up in amounts which were below the detection 
limit of the procedures used in this study. This is in accord with 
the results obtained from the endocytosis of thyroglobulin 
(Fig. 4). Both ligands carried Man6P residues but neither of 
them was endocytosed through Man6P receptors in thyrocytes 
in appreciable quantities, whereas in human skin fibroblasts 
both ligands were taken up in a Man6P-dependent fashion 
(Figs 2 and 3). Taken together, the results of the endocytosis 
studies confirm the presence of functional Man6P groups on 
thyroglobulin but show that thyrocytes take up thyroglobulin 
differently. 

Evidence for adsorptive pinocytosis of thyroglobulin 
in thyrocytes 

Fluid-phase uptake is limited by the capacity of endocytic 
vesicles, whereas adsorptive pinocytosis is limited by the lim- 
ited number of binding sites on the plasma membrane. 

Considering the high concentration of thyroglobulin in 
the follicle lumen (> 100 mg/ml) we examined whether 
endocytosis of thyroglobulin occurs through unspecific fluid- 
phase uptake or whether it is mediated by adsorptive 
pinocytosis. To solve this problem, portions of 5.9 kBq ex- 
ogenously iodinated ['251]thyroglobulin (at a concentration of 
0.04 mg/ml) were mixed with increasing amounts of unlabeled 
thyroglobulin to give final concentrations of up to 28 mg 
thyroglobulin/ml. Media were then applied to thyrocytes 
grown on collagen-coated filters. Endocytosis proceeded over- 
night in F-12 medium with the ingredients described in Ma- 
terials and Methods. Cclls were then washed, lysed and uptake 
~fT~~~I] thyroglobul in  was determined in a gamma counter. In 
order to correct values obtained from overnight endocytosis 
for adsorption, the same endocytosis media were then cooled 
to 4°C and applied to another set of cells for 2 h at 4°C. The 
cells were washed and processed as above. This was possible 
because uptake of radiolabeled [1251]thyroglobulin from 
endocytosis media was negligible compared to the amount of 
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Fig. 5. Inhibition of endocytosis of radiolabeled thyroglobulin. 
Endocytosis ( W )  and adsorption (V) of ['251]thyroglobulin (TG) by 
porcine thyrocytcs, grown on collagen-coated membranes. Increasing 
concentrations of thyroglobulin were supplemcnted with 5.9 kBq 
radiolabeled thyroglobulin in each cell-culture dish to be endocytosed 
overnight. Although 1251-labeled thyroglobulin was present in every 
medium at the same concentration, its uptake was inhibited by 
unlabeled thyroglobulin in the range 8 - 1 3  mgjml, demonstrating 
competitive binding of thyroglobulin to binding sites on the cell sur- 
face for endocytosis. 

radiolabeled thyroglobulin present in the media (2500 cpm 
versus 3.2 x lo6 cpm). 

As shown in Fig. 5, endocytosis of radioiodinated 
thyroglobulin was strongly inhibited by unlabeled thyro- 
globulin. This demonstrates that unlabeled thyroglobulin 
competed with radioiodinated thyroglobulin for binding sites 
to be endocytosed. Thus, uptake was predominantly via 
adsorptive pinocytosis. If endocytosis was exclusively a fluid- 
phase type of uptake, cells should have endocytosed equal 
amounts of radiolabeled and unlabeled thyroglobulin, be- 
cause both were present with the same radioactivity/volume 
in each medium. Endocytosis of ['251]thyroglobulin could not 
be inhibited totally (i.e. to the expected level of 100% x 
0.04 mg/ml 

= 0.14%) by unlabeled thyroglobulin, indicating 
28 mgiml 

that the residual amount of approximately 10% endocytosed 
['251]thyroglobulin was taken up by fluid-phase endocytosis. 

Adsorption of thyroglobulin 
to the apical plasma membrane of thyrocytes 

The contents of the follicle lumen consist almost entirely 
of thyroglobulin. In order to simulate this situation increasing 
amounts of exogenously iodinated [' 251]thyroglobulin were 
dissolved in NaC1/Pi and applied to the apical domain of 
unstimulated thyrocytes grown on collagen-coated filters 
at 4'C. After 30 min incubation on ice, radioiodinated 
thyroglobulin was removed, cells were washed and lysed, and 
the amount of adsorbed [' 2sI]thyroglobulin was determined 
in a gamma counter. 

The graphical evaluation of this expcriment (Fig. 6) shows 
the following characteristics: adsorption of thyroglobulin to 
the apical plasma membrane started to occur at relatively high 
concentrations; the binding curve had a sigmoid shape; there 
was only one turning point in the binding-curve; binding 
showed a saturation plateau. These findings imply that 
thyroglobulin bound with low affinity, cooperatively to one 
major binding site on the apical plasma membrane and in a 
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Fig. 6. Adsorption of 125L-labeled thyroglobulin to the apical plasma 
membrane of porcine thyrocytes. Binding of thyroglobulin (TG) was 
saturable with a maximum increase in the range 8- 13 mg/ml. Note 
the sigmoid-shaped binding curve and a Scatchard plot resulting in a 
curve pointing concave downwards, which is indicative for positive 
cooperativity of binding. Binding constants cannot be accurately cal- 
culated in this case. 

saturable fashion. Thyroglobulin bound to the apical plasma 
membrane at concentrations of 8 - 13 mg/ml (1 2 - 20 pM). 
Because endocytosis of ['251]thyroglobulin was inhibited in 
approximately the same range (see Fig. 5), this suggests that 
the described binding site for thyroglobulin is involved in 
endocytosis of thyroglobulin. 

Binding of thyroglobulin to the putative binding site was 
characterized by a sigmoid binding curve and a downward 
concave Scatchard plot (Fig. 6, inset), which are typical for 
positive cooperativety of binding [23]. As shown in the next 
experiment, cooperativity of binding resulted from a marked 
affinity of thyroglobulin to itself. 

Affinity chromatography of apical membrane proteins 
from inside-out follicles with thyroglobulin-Sepharose C1-4B 

Insidc-out follicles were radioiodinated for 15 min at 4 '  C 
with the help of Todo-BeadsTM in the presence of 10mM 
Aminotriazol to block endogenous iodination activity of the 
thyroperoxidase [24]. ['251]NaI was then removed, cells were 
washed extensively and lysed. Cell-lysates were incubated 
overnight with thyroglobulin-Sepharose C1-4B or glycme- 
Sepharose C1-4B. Sepharose beads were then washed several 
times with buffers containing 5 mM CaC12 and various deter- 
gents (0.1% Triton X-100, 0.1% sodium deoxycholate and 
0.1 YO Tween-20) before boiling in SDS sample buffer. CaCI2 
was added because of the relatively high concentration of 
Ca2+in the follicle lumen, which may influence the binding of 
thyroglobulin to its binding site. Aliquots of polypeptides, 
boiled in sample buffer, were analyzed by SDSjPAGE and 
fluorography. Fluorograms werc evaluated by densitometry 
to calculate the relative enrichment of polypeptides through 
affinity chromatography on thyroglobulin-Sepharose C1-4B 
versus glycine-Sepharose C1-4B. Five distinct polypeptides 
could be isolated by affinity chromatography, the most promi- 
nent being thyroglobulin with an apparent molecular mass of 
330 kDa (Fig. 7, lane 3). The other polypeptides were named 
PI -P4. Densitometrical analysis of the fluorograms (Fig. 7, 
lanes 2 and 3) gave the concentration factors shown in 
Table I .  
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Fig. 7. Affinity chromatography with thyroglobulin (TG). Fluorography 
of 1251-labeled proteins from the apical plasnia membrane of porcine 
inside-out follicles before (lane 1) and after affinity chromatography 
with thyroglobulin-Sepharose C1-4B (lane 3) or glycine-Sepharose C1- 
4B (lane 2). Lane 2 represents unspecific binding of polypeptides to a 
Sepharose matrix which was needed to define the specific binding of 
polypeptides to thyroglobulin-Sepharose CI-4B (lane 3). For quantita- 
tive evaluation, see Table 1. Note that the exposure time of lane 2 was 
5.3-times longer than in lane 3.  The polypeptide pattern of [35S]me- 
thionine-labeled total cell protein before and after affinity 
chromatography is given in lanes 5 and 4, respectively. Molecular- 
mass standards migrated as indicated on the left. Polypeptides in the 
upper quarter of lanes 4 and 5 show minor dirferences in mobility 
as they derive from different electrophoresis runs. Affinity 
chromatography with radioiodinated-cell-surface proteins gave five 
polypeptides binding to thyroglobulin-Sepharose Cl-4B with 
thyroglobulin (marked by an asterisk) showing the strongest binding. 
The other polypeptides were named P1 through P4, with increasing 
mobility. When [35S]methionine-labeled polypeptides were subjected 
to affinity chromatography. only one major polypeptide, comigrating 
with P3, was detected. This polypeptide is one of the most abundant 
cellular polypeptides (see lane 5). G1yc.-Scph., glycine-Sepharose. 

Thyroglobulin could be iodinated with lodo-BeadsTM, 
showing that there was always some thyroglobulin adhering 
to the apical plasma membrane of inside-out follicles. 
Thyroglobulin showed the highest affinity to immobilized 
thyroglobulin. This explains the cooperativity in binding of 
thyroglobulin to the apical plasma membrane in the preceding 
experiment (Fig. 6). P3, with an apparent molecular mass of 
46 kDa, showed a markedly lower binding to thyroglobulin. 
followed by P2 and P,. When lysates of [3sS]methionine- 
labeled cells were incubated with thyroglobulin-Sepharose 
beads, a polypeptide with an apparent molecular mass of 
46 kDa was the major component binding to immobilized 
thyroglohulin (Fig. 7, lane 4). Assuming that the polypeptide 
isolated from both affinity chromatographys are identical, P3 
is the most probable candidate for a thyroglobulin-binding 

Table 1. Relative binding of proteins from the apical plasma membrane 
of thyrocytes to thyroglobulin. Fluorograms of lanes 2 and 3 from 
Fig. 7 were scanned with a laser-densitometer and absorption values 
of each polypeptide were compared from control and affinity incu- 
bations to obtain a concentration factor. 

Polypeptide Concentration factor for binding 
of polypeptide to thyroglobulin 

Thyroglobulin 152 
P1 10 
p2 30 
p3 44 
p4 18 

site on the apical plasma membrane. Analysis of an aliquot 
of [35S]methionine-labeled cell extract by SDS/PAGE and 
fluorography, revealed the 46-kDa polypeptide as the major 
intracellular protein synthesized by thyrocytes (Fig. 7, lane 5). 

DISCUSSION 

Endocytosis of thyroglobulin is a prerequisite for provid- 
ing vertebrate organisms with thyroid hormones. In spite of 
its great biomedical impact, the mechanism of this process is 
still unclear. Until now unequivocal data were missing which 
allowed us to decide whether unspecific bulk-phase uptake or 
specific adsorptive pinocytosis, or a combination of both, 
were operating [25].  Characterization of putative receptors or 
binding sites involved in endocytosis of thyroglobulin would 
help to identify possible molecular causes of thyroid diseases 
in which the endocytosis of thyroglobulin is reduced. With the 
Man6P recognition signal being detected on porcine 
thyroglobulin [5], it was tempting to speculate on the involve- 
ment of this signal in the endocytosis of thyroglobulin. In this 
study, we provide evidence that Man6P receptors are not 
involved in the transport of thyroglobulin and that 
endocytosis of thyroglobulin in thyrocytes is mediated 
through previously unknown low-affinity interactions. 

Affinity chromatography of biosynthetically radiolabeled 
thyroglobulin with the immobilized CI-MPR showed no 
Man6P-reversible binding of thyroglobulin to the CI-MPR 
(see Fig. 1). On the other hand, endocytosis of thyroglobulin 
by human skin fibroblasts could be inhibited by Man6P (see 
Fig. 2). The explanation for these seemingly contradictory 
results are pronounced differences in the efficiency to concen- 
trate Man6P-bearing ligands in the applied test systems. In 
the affinity chromatography, the immobilized CT-MPR had 
one chance to bind to Man6P-bearing ligands. 

CI-MPR from human skin fibroblasts, which are known 
to be actively utilized for cndocytosis of newly synthesized 
lysosomal enzymes [9], could bind to thyroglobulin for a pro- 
longed period of time. More importantly, during this time the 
receptors were able to concentrate thyroglobulin intracellu- 
larly through numerous rounds of internalization. This ability 
renders human skin fibroblasts superior to affinity chro- 
matography with immobilized receptors. 

The intactness of the immobilized CI-MPR can be seen 
from its Man6P-reversible binding of newly synthesized 
lysosomal enzymes which represent high-affinity ligands for 
Man6P receptors. The lack of Man6P-reversible binding of 
thyroglobulin to the immobilized CI-MPR points to a low 
affinity of thyroglobulin to the receptor and provides an expla- 
nation for the situation in vivn; therc, thyroglobulin passes 
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through the trans-Golgi and is not bound by Man6P recep- 
tors, but rather efficiently secreted. We suggest that the low 
affinity, the relatively short time of exposure to ManhP recep- 
tors and the presence of competing ligands with high affinity 
are the reasons why thyroglobulin is not bound by Man6P 
receptors to be targeted directly to lysosomes. 

Another low-affinity ligand for the CI-MPR is cathepsin 
L which was shown to express a 10-fold lower affinity to the 
CI-MPR when compared to other lysosomal enzymes [27]. In 
normal NIH 3T3 fibroblasts, the low affinity of cathepsin L 
is sufficient to target 89% of the enzyme to lysosomcs. Upon 
virus-induced overexpression of cathepsin L, 94% of the en- 
zyme is secreted. 

Compared to this situation and considering the large 
amounts of thyroglobulin produced by thyrocytes, 
thyroglobulin represents another constantly ‘overexpressed’ 
low-affinity ligand which is therefore secreted. Although the 
CI-MPR could be shown to be localized on the apical plasma 
membrane of inside-out follicles and in vesicles of the 
endocytic pathway [lo], it apparently does not operate effec- 
tively enough to bind and internalize thyroglobulin in appreci- 
able quantities. Therefore, the lack of Man6P-mediated 
cndocytosis cannot be attributed to the absence of the Man6P 
system, but rather to the presence of a system working more 
effectively in the uptake of thyroglobulin. 

The endocytosing capacity of Man6P receptors expressed 
on the apical plasma membrane of thyrocytes seems to be 
rather low because human cathepsin D, a high-affinity ligand 
for Man6P receptors, was not endocytosed in detecable quan- 
tities by inside-out follicles. This is in contrast to the well- 
measurable uptake rate of cathepsin D by human skin fibro- 
blasts (Fig. 3), reflecting tissue-specific differences in utilizing 
Man6P receptors for endocytosis. 

A strong arguement against the concept of thyroid cells 
expressing a high-affinity receptor for uptake of thyroglobulin 
is that thyroglobulin is virtually the only component present 
in the follicle lumen at extremely high concentrations. For this 
reason, the hypothesis of unspecific bulk uptake in the form of 
colloid droplets containing highly concentrated thyroglobulin 
was favoured in the past. A recent study by Rousset’s group 
[28] makes the involvement of pseudopods in the endocytosis 
of thyroglobulin in resting or moderately stimulated reconsti- 
tuted thyroid follicles, unlikely and stresses the importance of 
micropinocytosis via coated vesicles. There is growing evi- 
dence for membrane binding participating in the uptake of 
thyroglobulin ([24, 291, reviewed in [25]). In our experiments 
with thyroglobulin reaching concentrations of 28 mg/ml, 
unspecific fluid-phase uptake accounted for only 10% of 
cndocytosis when moderately stimulated with TSH, 90% of 
the uptake being attributed to adsorptive pinocytosis. Satu- 
ration of binding to the apical plasma membrane was reached 
at relatively high concentrations of thyroglobulin (8 - 13 mg/ 
ml in our experimental system), indicating that binding of 
thyroglobulin to the plasma membrane is mediated through 
low-affinity interactions. With concentrations of at least 
100 mg thyroglobulin/ml in the follicle lumen, the apical 
plasma membranes of thyrocytes should usually be saturated 
with thyroglobulin. Owing to cooperative binding of 
thyroglobulin to the apical plasma membrane, saturation of 
membranes is achieved relatively quickly, once the threshold 
concentration of 8 - 13 mg/ml has been passed. Although the 
threshold concentration lies well below the normal follicular 
concentration of thyroglobulin, hypothyroid symptoms 
should be expected if a thyroid gland is not able to maintain 

Table 2. Amount of thyroglobulin transported in an endocytic vesicle 
with a diameter of 110 nm at two different concentrations of thyro- 
globulin. The percentages are shown in parenthesis. For a substrate 
concentration of 28 mg/ml thyroglobulin, a total of 0.20 fg (100%) 
thyroglobulin was transported. For a substrate concentration of 
100 mg/ml thyroglobulin, 0.25 fg (100Y0) thyroglobulin was trans- 
ported. 

Th yroglobulin 
concentration 

Concentration of thyroglobuliii transported 

soluble membrane-bound 

28 
100 

0.02 (10) 0.18 (90) 
0.07 (28) 0.18 (72) 

at least the threshold concentration of 8 - 13 mg/ml in its 
follicles. 

From the data obtained in Fig. 5, fluid-phase uptake of 
thyroglobulin at concentrations higher than 28 mg/ml can 
be calculated using simple geometrical formulae. A typical 
endocytic vesicle, with a diameter of 110 nm [30], should con- 
tain 0.02 fg thyroglobulin at a concentration of 28 mg/ml, 
only if the thyroglobulin in solution is taken into account. 
Since this amount represents only 10% of the total, 0.18 fg 
thyroglobulin should adhere to the inner surface of the vesi- 
cle. At 100 mg thyroglobulin/ml, the amount of soluble 
thyroglobulin contained in an endocytic vesicle should be 
0.07 fg with 0.18 fg thyroglobulin adhering to the membrane. 
Thus, the proportion of thyroglobulin in solution which is 
transported in this endocytic vesicle does not amount to more 
than 28% of the total (Table 2). These calculations strongly 
suggest that adsorptive pinocytosis is the predominant mech- 
anism operating in the uptake of thyroglobulin in resting or 
moderately stimulated thyroids. 

In addition binding of thyroglobulin to a low-affinity- 
binding site could explain certain features in the transcytosis 
of thyroglobulin. Approximately 90% of‘ the endocytic ves- 
icles fuse with lysosomes. The remainder bypass degradation 
to fuse with the basolateral plasma membrane after a trans- 
cytotic process [19]. There, thyroglobulin is released, owing to 
its low affinity for membranes and its low concentration in 
the extrafollicular space. Thus, low-affinity binding of 
thyroglobulin to membranes meets the requirement of 
thyroglobulin to reversibly bind to membranes in transcytosis. 

To obtain more information about the nature of 
thyroglobulin binding to the plasma membrane, we selectively 
radiolabeled proteins of the apical plasma membrane and 
measured their affinity for immobilized thyroglobulin. ‘The 
most prominent efl‘ect was binding of thyroglobulin to itself, 
followed by binding to P3 (with an apparent molecular mass 
of 46 kDa), P2, P4 and PI (see Fig. 7). From the comparison 
of relative binding affinities, no clear answer can be obtained 
as to which polypeptide is a probable candidate for binding 
of‘thyroglobulin during endocytosis. However, the notion that 
P3 might be a possible binding partner is supported by affinity- 
chromatography analyses with biosynthetically radiolabeled 
total cell protein, resulting in the isolation of a 46-kDa poly- 
peptide which was most abundant in cell extracts of 
thyrocytes. The abundance of this low-affinity-binding sitc 
has to be postulated to explain the large quantities of 
thyroglobulin internalized by thyrocytes. Although the cation- 
dependent Man6P receptor has a molecular mass of 46 kDa, 
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it can be ruled out that P3 is the cation-dependent Man6P 
receptor for the following reasons. Endocytosis of 
thyroglobulin would have to be Man6P dependent, which 
was shown not to be the case. The cation-dependent Man6P 
receptor was shown not to mediate endocytosis of ManbP- 
bearing ligands. This task is restricted to the CI-MPR [32,33]. 
The cation-dependent Man6P receptor is not one of the cells 
most abundant proteins, but rather a low-abundance protein. 

Having shown that Man6P residues on thyroglobulin play 
no major role in the primary cells in which it is synthesized, 
processed and transported, the question remains as to why 
thyroglobulin carries Man6P residues. 

The phosphorylating system known to equip lysosomal 
hydrolases with Man6P residues is believed to work quite 
accurately in selecting only polypeptides which need to be 
diverted from the secretory route to lysosomes [9, 61. It is, 
therefore, unlikely that the equipment of thyroglobulin with 
Man6P residues is coincidental. One possible function can be 
envisaged in which Man6P residues on thyroglobulin could 
serve as a safeguard signal. With Man6P residues on its N- 
linked glycans, thyroglobulin can be endocytosed by any cell 
in the body expressing and utilizing Man6P receptors on its 
plasma membrane. Perhaps the Man6P-recognition marker is 
a signal by which cells other than thyrocytes are able to recog- 
nize and internalize thyroglobulin, as was demonstrated for 
human skin fibroblasts in this study. 

To obtain more insight into the importance of Man6P 
residues on thyroglobulin, it would be helpful to search for 
thyroidal malfunctions in patients with mucolipidosis I1 (I- 
cell disease). In these patients, the enzyme is defect which 
transfers phosphate to mannose residues on N-linked glycans. 
This should result in the biosynthesis of Man6P-free 
thyroglobulin in the thyroid. If the situation in man parallels 
the porcine system used in this study, endocytosis of 
thyroglobulin should be normal in these patients, whereas 
proteolytic breakdown of thyroglobulin should be reduced 
according to lower levels in proteolytic enzymes. Additional 
abnormalities related to thyroid hormones might provide clues 
to understand the significance of the Man6P signal on 
thyroglobulin. 
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