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ABSTRACT 
Thyroglobulin (TG) is the major soluble protein of the thyroid and 

is known to be extracellularly stored for future liberation of thyroid 
hormones. We have developed techniques for the isolation of an in- 
soluble storage form of human TG present in the follicle lumen. The 
application of these techniques yielded insoluble and translucent 
colloid globules varying in size (50-500 pm) and shape and consisting 
primarily of densely packed TG. Intact colloid globules exhibited the 
imprints of the apical cell surfaces of thyrocytes that had surrounded 
the colloid globules in situ. Hence, in size and surface morphology, 
isolated colloid globules represent authentic lumenal content. Based 
on the total protein of single colloid globules and their volume, an 

average protein concentration of 590 mg/mL was calculated. The 
presence of protein disulfide isomerase in colloid globules and in the 
secretory product of cultured thyrocytes suggests-its involvement in 
the extracellular multimerization of human TG. Native colloid elob- 
ules increased their volume considerably upon reduction of dis&ide 
bonds; they were completely dissolved by treatment with dithiothre- 
itol and SDS. The results show that part of extracellular human TG 
undergoes multimerization, primarily by the formation of intermo- 
lecular disulfide bonds, thus allowing the storage of TG at excessively 
high, previously unknown, concentrations. (J Clin Endocrinol Metab 
81: 1918-1926, 1996) 

T HYROGLOBULIN (TG) was discovered almost 100 yr 
ago and has been described as the prominent iodopro- 

tein of the thyroid gland (1, 2), in which it is known to 
comprise the major portion of soluble tissue protein. To fulfill 
its function as a thyroid hormone precursor, TG undergoes 
a series of posttranslational modifications including glyco- 
sylation (3), phosphorylation (4, 51, sulfation (6), iodination 
(7, 81, storage at high concentration, and proteolytic degra- 
dation (for review, see Ref. 9). Part of these modifications, e.g. 
sialylation (lo), appear to be involved in increasing the sol- 
ubility of TG. These modifications occur in thyrocytes along 
its complex bidirectional pathway of secretion, storage, and 
recapture. The storage site is the follicle lumen, which rep- 
resents an extracellular space delimited by a tight monolayer 
of thyrocytes. Because TG can be isolated as a soluble protein, 
TG has been considered to be present in the follicle lumen in 
the form of a highly concentrated solution, nevertheless con- 
sisting of single TG molecules. 

There are, however, two observations that argue against 
this view. Firstly, in resting glands, the diffusion rate of the 
follicle content that appears to be alterable by TSH (11) is very 
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low in the absence of administered TSH (12). Secondly, using 
micropuncture procedures, average lumenal protein concen- 
trations of 100 mg/mL (13) to 250 mg/mL (14), with a max- 
imum value of 400 mg/mL (13,14), have been determined 
in rat thyroid glands, and even higher lumenal concentra- 
tions have been assumed to exist. However, they escaped 
analysis because of the extreme viscosity of the lumenal 
content and the inability to aspirate such densely packed TG 
(15). 

Recently, it was shown that the intact lumenal content can 
be isolated from bovine follicles as colloid globules. These 
globules were observed to consist of covalently cross-linked 
and, thus, insoluble TG (16). Since then, colloid globules have 
been discovered in other species, including pig and rat (our 
unpublished observations). Multimerization of TG can, 
therefore, be considered to be a general phenomenon, pre- 
sumably also occurring in human thyroids. However, the 
human thyroid is known to be built of very large follicular 
structures, reaching 500 pm in diameter or more in resting 
glands (15, 17). The multimerized content of large follicle 
lumina can easily fragment during homogenization. In ad- 
dition, multimerized lumenal contents adhere strongly to 
almost all surfaces and are, therefore, lost during the usual 
isolation procedures. Due to the lack of suitable procedures 
for the isolation of such gigantic lumenal contents, human 
colloid globules have escaped their detection. Hence, major 
physiological parameters, such as protein concentration, to- 
tal lumenal protein content, and the nature of the intermo- 
lecular interactions, of TG were unknown. These parameters 
are, however, essential to understand the regulation of the 
extracellular TG stores and their mobilization for hormone 
liberation in the human thyroid. 

In this report we show that the insoluble follicle content 
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from human thyroids can be isolated in the form of intact 
colloid globules. Due to their structural and compositional 
characteristics, colloid globules represent authentic lumenal 
content. Isolated TG globules were observed to consist of 
cross-linked TG at concentrations above the highest soluble 
TG levels previously determined in other species, e.g. in rats 
(13,14). Enormous numbers of TG molecules cross-linked by 
intermolecular disulfide bonds are involved in globule for- 
mation. From the influx of water and the concomitant swell- 
ing of globules after the reduction of disulfide bonds, we 
conclude that multimerization facilitates the storage of TG at 
extreme concentrations. 

Materials and Methods 

Thyroid tissue 

Tissues were from 15 patients, aged 29-74 yr, afflicted with multi- 
nodular goiter. Immediately after partial thyroidectomy, small pieces of 
apparently normal tissue surrounding the goitrous portions were re- 
moved from the surgical specimens. The tissue samples were trans- 
ported on ice within 20 min to the laboratory, dissected, and stored on 
ice until further processing for the isolation of soluble and insoluble TG 
or for cell culture. To exclude that the observed multimerization of TG 
was due to tissue abnormalities of patients, we analyzed thyroid tissue 
obtained by autopsy about 12 h postmortem from patients without any 
detectable diseased states of the thyroid. Experimentation with human 
thyroid tissue samples was conducted in accord with the ethical prin- 
ciples and guidelines of the Medical Faculty of the University of Bonn 
as approved by the governmental authorities. 

Cell culture 

Follicle fragments were prepared from human thyroid tissue as de- 
scribed nreviouslv (18). The fragments were seeded, and monolayers of 
thyrocyies were cultured for 6 days at 37 C and 5% CO, in Eagle’s MEM 
suuulemented with 10% heat-inactivated (30 min: 56 C) FCS. 100 U/mL 

I I  

penicillin, 0.1 mg/mL streptomycin, and 0.2 kg/mL amphotkricin 8. For 
the detection of secreted protein disulfide isomerase (PDI), cell culture 
was continued in MEM without FCS for an additional 2 days (see below). 

Isolation of PDI 

I’D1 was isolated from bovine liver according to the method of Lam- 
bert and Freedman (19) and assayed using the insulin reduction method 
(20). 

Isolation of insoluble storage TG 

Freshly removed thyroid tissue was freed of fat and connective tissue 
and minced with razor blades into l- to 2-mm pieces. The tissue frag- 
ments were repeatedly resuspended in phosphate-buffered saline (PBS) 
and sedimented at 1 X g for 1 min until the supernatant remained clear. 
The pellet was transferred into plastic culture dishes and monitored with 
an inverted microscope (IM35, Zeiss, Oberkochen, Germany). The com- 
position of the sediment was usually found to be enriched in colorless 
translucent globules highly variable in size and shape, but contaminated 
with remnants of thvroid tissue. The colloid alobules were collected bv , 
the use of capillaries (tip diameter, 0.5 mm)“connected to the vacuum 
device of a micromanipulator (ECET 5170, Eppendorf-Netheler-Hinz, 
Hamburg, Germany). This technique resulted in the preparation of 
small, but highly purified, amounts of well preserved large globules. 

Alternatively, thyroid tissue was homogenized, and fractions were 
collected after Percoll gradient centrifugation using a modification of the 
technique described previously (16). In brief, the tissue samples were cut 
into small (3-mm) tissue fragments that were homogenized at 4 C in PBS 
by the use of a Polytron homogenizer (15 s; position 4.5; Kinematika, 
Kriens, Luzern, Switzerland) and in the presence of protease inhibitors 
(1 mmol/L Na-p-tosyl-L-arginimethyl ester, 1 pg/mL antipain, 1 pg/mL 
pepstatin, 4 pg/mL aprotinin, and 0.5 mmol/L phenylmethylsulfo- 
nylfluoride). The homogenate was diluted 1:lO with PBS and centrifuged 

(60 s; 100 X g). The pellet containing colloid globules was filtered 
(150-pm Thermapor nylon gauze, Reichelt Chemietechnik, Heidelberg, 
Germany), and the filtrate was centrifuged (60 s; 100 X g) in 15-mL 
Polyallomer tubes (Beckman Instruments, Palo Alto, CA). The pellet was 
repeatedly washed, and its composition was monitored light micro- 
scopically. The pellet was further purified by Percoll (Pharmacia Bio- 
systems, Freiburg, Germany) gradient centrifugation (step gradient of 10 
mL undiluted Percoll, 10 mL Percoll diluted 1:2, and 15 mL Percoll 
diluted 1:lO with PBS). The sample was applied on top of the gradient 
and centrifuged (Polyallomer tubes; 2.5 h at 15,000 X g at 4 C) using a 
55.2 Ti rotor in an L7-G5 ultracentrifuge (Beckman Instruments, Palo 
Alto, CA). By this procedure, the colloid globules separated from con- 
nective tissue or cellular remnants and concentrated at the interface 
between lo-50% Percoll. Using this technique, large scale preparations 
were possible, which, however, did not contain the large globules iso- 
lated from opened follicle lumina with the aid of a micromanipulator. 

Isolation of insoluble storage TG under alkylating 
conditions 

To exclude that protein aggregation occurred after removal of tissue 
or during isolation of insoluble TG, e.g. by spontaneous disulfide bridge 
formation through the access of oxygen, tissue samples were suspended 
in 100 mmol/L solutions in PBS of N-ethylmaleinimide, iodoacetamide, 
or iodoacetic acid. 

Isolation of soluble TG 

For isolation of soluble TG, thyroid tissue derived from surgical 
specimens of one patient afflicted with multinodular goiter was used. 
Portions of morphologically normal appearance were homogenized in 
PBS containing protease inhibitors at the same concentrations as those 
used for the isolation of insoluble storage TG (see above). After cen- 
trifugation (30 min; 22,000 X g; L7-65 ultracentrifuge, Beckman Instru- 
ments), the supernatant was subjected to precipitation with ammonium 
sulfate (35% and 45% saturation). The TG fraction, which precipitated 
at 45% saturation, was resuspended, repeatedly washed with 45% sat- 
urated ammonium sulfate, finally cleared by centrifugation, and dia- 
lyzed against H,O. 

Preparation of antiserum against soluble TG 

Antiserum from rabbits against human TG was prepared using stan- 
dard procedures (21). In brief, 1 mg human TG in 200 ILL PBS was 
carefully mixed with 200 PL complete Freund’s adjuvant. Two hundred 
microliters of the mixture were used for multiple intracutaneous injec- 
tions into the back skin of the rabbit. The remaining 200 PL were used 
for injections into the subscapular region. This was followed by booster 
injections 10 and 20 days thereafter. The antiserum was prepared from 
blood samples taken from the ear artery 10 days after the second booster 
injection. 

Microassay for colloid globules 

Determinations of the protein content of single globules were based 
on precise volume measurements (22) in combination with a protein 
microassay. 

Volume determinations of single globules. Single globules were transferred 
into a hemocytometer chamber. Light microscope photographs were 
taken with an Axiophot (Zeiss). The photographs were analyzed with 
the IBAS system (Zeiss) by outlining the area taken by the globules in 
the hemocytometer. The volume was obtained by multiplying the area 
of each globule with the height of the chamber (90 pm). In addition, from 
a large number of globules, including small globules (~90 km), the 
maximum diameters were measured, and the statistical size distribution 
was determined. 

Deteminntion of the protein content of single globules. After volume mea- 
surement, single globules were removed from the hemocytometer cham- 
ber (see above) and hydrolyzed under nitrogen in 6 mol/L HCI at 110 
C for 24 h. Soluble human TG, isolated as described above, was used as 
a standard and hydrolyzed in parallel. The HCl was evaporated under 
nitrogen, and total free amino groups were determined using the col- 
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orimetric ninhydrin assay (23). The total colloid globule protein was 
related to the globule volume. 

Determining the fraction of insoluble storage TG 

Levels of soluble and insoluble TG from single tissue samples were 
determined according to the following procedures. Thyroid tissue was 
minced with a razor blade, homogenized, and centrifuged at 4 C for 30 
min at 22,000 X P (SW 40 rotor in a L7-65 ultracentrifuae). The suuer- 
natant containing soluble TG was subjected to ammo&m sulfate bre- 
cipitation, as described above. The pellet containing insoluble TG was 
dissected by the use of a micromanipulator for the isolation of insoluble 
TG, as described above. Protein of total soluble TG was determined by 
the technique of Heil and Zillig (24); protein determination of insoluble 
TG was performed by the ninhydrin assay, as described above. 

Stability of isolated globules 

The proteinaceous nature of colloid globules was tested by digestion 
with bovine pancreas trvpsin (0.1 mg/mL). Attempts to dissolve colloid 
globules included prolonged storage for up to 2 weeks in water or PBS 
at 0 or 37 C. freezing. and thawinz. Treatment with 8 mol/L urea, 6 
mol/L guanidine hydrochloride, 505 mmol/L ethylenediamine tetraac- 
etate (EDTA), 0.5% SDS, 50 mmol/L dithiothreitol (DTT), high salt (3 
mol/L NaCl), or a combination of each component with DTT was per- 
formed for 2 days at 20 C. The amount of protein removed from the 
globules by sequential treatment with SDS and DTT was determined by 
the ninhydrin assay. 

Exposure of untreated and DTT-treated colloid globules to 
solutions of distinct osmolarity 

Isolated colloid globules were placed into a hemocytometer, which 
allows perfusion of the chamber for treatment of globules with a variety 
of solutions without changing their positions. The volume of native 
globules or of globules treated for 15 min with 50 mmol/L DTT was 
monitored (see above, Volume determination of single globules) during the 
application of distilled water or various dilutions of PBS. 

SDS-PAGE and immunoblotting 

Samples of colloid globules dissolved by treatment with 0.5% SDS 
and 50 mmol/L D’lT and of medium from human thyrocytes were run 
on a 518% polyacrylamide gradient according to the method of 
Laemmli (25) in a horizontal gel electrophoretic apparatus (Pharmacia 
LKB Biotechnology, Uppsala, Sweden). Staining of gels was performed 
by the silver technique (26). Standard mass markers for silver-stained 
gels were purchased from Sigma Chemical Co. (Deisenhofen, Germany). 
For Western blots, Rainbow marker kits were used (Amersham Buchler, 
Braunschweig, Germany). After gel electrophoresis, proteins were trans- 
ferred to nitrocellulose (Schleicher and Schuell, Dassel, Germany) ac- 
cording to the method of Towbin et al. (27). Samples were probed with 
either rabbit antiserum against human TG (preparation see above) or a 
rabbit antiserum against I’D1 using preimmune serum or antiserum 
consisting only of the secondary antibody as negative controls. The 
antiserum against PDI was kindly provided by Dr. Steven Fuller (EMBL, 
Heidelberg, Germany). After incubation with secondary antibodies cou- 
pled to horseradish peroxidase, the antigens were visualized by chemi- 
luminescence (ECL, Amersham, Braunschweig, Germany). 

Immunolabeling for light microscopy 

Colloid globules collected in Eppendorf microvessels were fixed in 
8% formaldehyde in 200 mmol/L HEPES buffer for 4 h at room tem- 
perature, washed in buffer, suspended in 10% gelatin (40 C), and cen- 
trifuged 3 min at 10,000 X g (Microfuge E, Beckman Instruments, Palo 
Alto, CA). The gelatin containing the pelleted colloid globules was fixed 
in 8% formaldehyde in 200 mmol/L HEPES buffer for 4 h at room 
temperature, washed in buffer, and applied to immunofluorescence 
visualization of TG or PDI. For this purpose, 5-pm thick frozen sections 
were prepared with a cryomicrotome (Frigocut 2700, Reichert-Jung, 
Heidelberg, Germany) and mounted on poly-L-lysine-coated glass 
slides. Sections were blocked with 1% BSA in PBS and incubated with 

rabbit antiserum raised against human TG (1 h at 37 C) or PDI. Preim- 
mune serum or antiserum consisting only of the secondary antibody 
were used as negative controls. Fluorescein isothiocyanate-conjugated 
goat antirabbit IgG (Dianova, Hamburg, Germany) was used as second 
antibody (1 h at 37 C). The sections were washed in PBS, prepared for 
light microscopy by the use of Mowiol (Hoe&t, Frankfurt, Germany), 
and examined in an Axiophot light microscope (Zeiss) or in a laser 
scanning microscope (Leica, Bensheim, Germany). 

Electron microscopy 

Freshly isolated colloid globules were fixed in Kamovsky’s glutar- 
aldehyde-formaldehyde fixative (28) for 2 h at room temperature, post- 
fixed in 1% unbuffered 0~0, for 1 h at 4 C, stained en bloc with 2% 
unbuffered magnesium uranyl acetate, and embedded in Epon. Ultra- 
thin sections were prepared with diamond knives, mounted on nickel 
grids, and examined in a CM 120 electron microscope (Philips Elec- 
tronics, Eindhoven, The Netherlands). 

For scanning electron microscopy (SEM), isolated globules were 
spread on coverslips coated with poly+lysine. After dehydration in a 
graded series of acetone, the globules were critical point dried (Critical 
point dryer CPD 010, Balzers Union, Liechtenstein) by the use of oil-free 
COP (291, sputter-coated with gold (Eiko sputter coater IB3, Mito, Japan), 
and observed in a Cambridge Stereoscan 5200 scanning electron mi- 
croscope (Leica). 

For SEM of tissue and cell surface characteristics, 3-mm fragments of 
thyroid tissue were immersed in PBS and gently shaken manually for 
5 min to remove the lumenal contents from thyroid follicles opened 
during the preparation of tissue fragments. The fragments were fixed, 
dehydrated, and critical point dried, as described above. The dried tissue 
fragments were mounted on SEM studs and sputter-coated, as described 
above. 

Results 

Here we present evidence for the existence of multimer- 
ized human TG, which can be separated in the form of 
insoluble colloid globules. Two isolation techniques have 
been successfully employed: 1) a combination of tissue frac- 
tionation, filtration, and density gradient centrifugation re- 
sulting in the large scale separation of colloid globules (50- 
120 pm in size); and 2) removal of large (>120 pm in size) 
colloid globules by the use of a micromanipulator. The mor- 
phological and analytical studies showed that multimerized 
human TG corresponded to previously isolated colloid glob- 
ules from bovine thyroid glands (16) with major differences, 
however, concerning size, nature of intermolecular bonds, 
and dissociation characteristics. In this study, the terms mul- 
timerized TG and colloid globules are equivalent expressions 
for insoluble human TG. Human colloid globules have not 
been described before. We cannot exclude, however, that 
colloid globules relate in part to iodoproteins that have been 
observed to associate with particulate fractions from thy- 
roids of a variety of mammalian species, including man 
(3032). 

Structurally and compositionally, multimerized human 
TG is clearly distinguished from psammoma bodies (33) and 
from oxalate crystals (34). The structural characteristics of 
colloid globules isolated from surgically obtained samples 
were indistinguishable from those of globules separated 
from normal thyroid tissue collected during autopsy, indi- 
cating that colloid globules are a general feature of the hu- 
man thyroid gland. Colloid globules isolated under alkylat- 
ing conditions were indistinguishable from globules 
obtained from other preparations, which rules out the pos- 
sibility that globule formation occurred as an artifact during 
preparation. 
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Structural characteristics of colloid globules 

Isolated colloid globules were highly variable in shape, 
ranging from 50-500 pm in diameter (Figs. 1, a-c). The 
statistical analysis of size distribution based on the maximum 
diameters of 500 globules from the tissue of 4 different in- 
dividuals revealed a bell-shaped curve with diameters cen- 
tered around a mean value of 170 pm. The colloid globules 
were not enclosed by a membrane, e.g. the formerly sur- 
rounding apical plasma membrane of thyrocytes, and no 
cellular remnants were detected on the surface of isolated 
colloid globules. By phase contrast microscopy, the globules 
showed a multilayered onion-like substructure (Fig. lc). This 
multilayered appearance became also visible when cryosec- 
tioned globules were prepared for immunofluorescence de- 
tection of TG (Fig. lb). Transmission electron microscope 
analysis of ultrathin sections revealed layers of variable 
thickness and electron density (Fig. Id) that occasionally had 
a tendency to separate from each other or to peel off (not 
shown), suggesting that the interconnecting forces between 
the layers were weaker than the intermolecular cross-links 
within a given layer. 

Scanning electron micrographs showed that the surface of 
most colloid globules was subdivided into hexagonal or pen- 
tagonal fields separated by grooves (Fig. 2, a and c). Higher 
magnification revealed that colloid globules were composed 
of small particles (-150 nm in diameter; Fig. 2e). The hex- 
agonal and pentagonal substructure appeared to be formed 
by the ridges at the cell borders of thyrocytes that had sur- 
rounded the colloid globules in situ (Fig. 2, b and d). Note that 
microvilli and cilia were not disrupted during the removal of 
the lumenal content from thyroid follicles (Fig. 2f). Appar- 

FIG. 1. Isolated human colloid glob- 
ules differ considerably in size and 
shape (a, differential interference 
contrast). Several layers became dis- 
tinguishable when cryosections were 
subjected to immunofluorescence de- 
tection of TG, with the highest immu- 
nofluorescence signal usually located 
in the outer layer of the globules (b). 
The corresponding phase contrast 
light micrographs revealed an onion- 
like multilayered appearance (c). 
Electron micrographs showed thin 
(l-4 pm) layers (d; transitions 
marked with small vertical bars), of 
which the outer layer was usually of 
particularly low electron density. 
Bars in a-c = 100 pm; bar in d = 2,5 
km. GS, Globule surface. 

ently microvilli and cilia had not been embedded during 
colloid globule formation. 

Composition of colloid globules 

Trypsin digestion resulted in the complete disintegration, 
indicating the proteinaceous nature of human colloid glob- 
ules (not shown). Occasionally, mainly centrally located ox- 
alate-crystals, as identified by x-ray microanalysis (not 
shown), were found in the globules. Oxalate crystals have 
been described as a naturally occurring precipitate in the 
lumenal content of human thyroid follicles (34). 

The immunofluorescence observations showed that iso- 
lated globules contained TG at high concentrations (Fig. lb). 
Analysis by SDS-PAGE and immunoblot revealed that the 
globules were indeed mainly composed of TG. This analysis 
was made possible through the solubilization of human col- 
loid globules by sequential treatment with 0.5% SDS and 50 
mmol/L DTT (Fig. 3). It was noticed that only 26 + 3.4 (&SD) 
of the total globule TG were removed by treatment in 0.5% 
SDS and, hence, found to be loosely associated. Seventy-four 
IT 3.4 (2s~) of the globule TG were soluble only after ad- 
ditional treatment with DTT and, therefore, cross-linked by 
intermolecular disulfide bonds. Complete solubilization was 
also achieved when globules were treated with DTT in com- 
bination with urea or guanidine, whereas urea or guanidine 
alone did not result in globule dissociation. The globules 
resisted also dissociation by suspension in 500 mmol/L 
EDTA or 3 mol/L NaCl alone or in combination with DTT. 
SDS-PAGE and immunoblot of globules completely disso- 
ciated by treatment with SDS and DTT showed that the 
660-kDa band was more prominent than that in the corre- 
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FIG. 2. Surface characteristics of isolated insol- 
uble lumenal content (colloid globules; unfreed 
preparation; a, c, and e) and apical thyrocyte 
surfaces (b, d, and D, as revealed by SEM. The 
globule surface was subdivided by grooves into 
hexagonal or pentagonal fields (a) that corre- 
sponded in size and distribution to the lumenal 
surfaces of thyrocytes (b), characterized by the 
presence of a cilium located in the center of each 
thyrocyte and of microvilli (d and 0. The grooves 
(c) appeared to be imprints of the ridges char- 
acteristic of the apical cell surface borders (d). 
Higher magnifications showed that the globule 
matrix was composed of small (15O+m) parti- 
cles (e). Bars in a and b = 50 pm; bars in c and 
d = 10 pm; bars in e and f  = 5 pm. 

4 
Treatment without DTT 

SDS-PAGE lmmunoblot kDa 

- 

Treatment with DTT 

FIG. 3. Dissociation of isolated human colloid globules. Treatment of 
globules with SDS resulted in the release of loosely associated TG, 
corresponding to 26% of the total globular TG. Subsequent treatment 
of globules with DTT resulted in total dissociation, indicating that 
74% of total globule TG was cross-linked by intermolecular disulfide 
bonds. 

sponding gel from soluble TG (Fig. 4). Proteins other than TG 
were not detected by silver staining techniques. Higher mol 
wt TG entered the stacking gel, but did not reach the running 
gel (glob. in Fig. 4), even after prolonged running periods, 
indicating that a minor proportion of human TG was co- 

SG 

RG 

- 
glob. sol. glob. sol. 

FIG. 4. SDS-gel electrophoretic and immunoblot analysis of globular 
human TG (glob.) obtained by dissociation of globules with SDS and 
DTT and of soluble human TG (sol.). In globular TG, the 660~kDa band 
predominated, and a small portion of TG remained undissociable, 
even after prolonged running periods, at the entry of the stacking gel 
(SG). RG, Running gel. 

valently cross-linked by intermolecular bridges other than 
disulfide bonds. 

As cross-linking occurs after exocytotic release of TG into 
the follicle lumen, we searched for the possible basis of in- 
termolecular disulfide-bond formation in colloid globules. A 
predominant feature of the composition of human colloid 
globules was the presence of PDI, as shown by the immu- 
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nofluorescence detection on frozen sections of colloid glob- 
ules (Fig. 5a). Immunoblot analyses with antibodies against 
PDI showed a single protein band at 58 kDa in solubilized 
human colloid globules and in the medium of cultured hu- 
man thyrocytes (Fig. 5b). This indicated that I’D1 was a nat- 
ural secretory product of thyrocytes, although it contains the 
endoplasmic reticulum (ER) KDEL-retention signal, consist- 
ing of lysine (K), aspartic acid (D), glutamic acid (E), and 
leucine (L). It should be noted, however, that the relative 
amount of PDI in the globules and culture media of human 
thyrocytes is low, and that in normal gels from solubilized 
globules or culture supernatants is beyond detectability. 
Only in overloaded gels or after immunoprecipitation does 
PDI become detectable by SDS-PAGE and immunoblot tech- 
niques. Other proteins previously reported to be normal 
constituents of the thyrocyte secretory product (35) may also 
be regular constituents in the matrix of colloid globules. Their 
possible presence has not been investigated in this study 
because these proteins do not appear to be directly involved 
in colloid globule formation. 

Protein content of colloid globules 

Highly purified preparations of colloid globules were 
used to determine their protein content. Results from 10 
globules pooled from 1 patient gave an average protein 
concentration of about 550 mg/mL. Single colloid globules 
were selected from the thyroid tissue of 3 patients, and 
determinations were made by precise protein and volume 
determinations. The results shown in Fig. 6 indicate pro- 
tein concentrations between 400-750 mg/mL, with an av- 
erage value of 590 mg/mL. There was no direct interre- 
lationship between the size of colloid globules and their 
protein concentration (Fig. 6). These protein concentra- 
tions were above all previous estimations of the soluble 

a b 
FIG. 5. Immunofluorescence visualization of protein disultide 
isomerase in cryosections of pelleted human colloid globules (a). Note 
that all globules were only weakly reactive, and often the outer glob- 
ule layer was the most reactive site. However, the fluorescence signal 
for the detection of PDI was usually low compared to that for TG (see 
Fig. lb). Bar = 100 pm. Immunoblot detection of PDI (b) after SDS- 
PAGE of dissociated colloid globules (left) and the supernatant of 
human thyrocytes monolayers (middle). Standard PDI is shown in the 
right lane. Note the presence of a single signal in both sample prep- 
arations characteristic in molecular mass of PDI (58 kDa). 
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FIG. 6. Individual protein concentration and size (in nanoliters) of 37 
isolated colloid globules. An average protein concentration of 590 
mg/mL (dotted line) was determined. The samples were from women, 
aged 29 (a) or 74 (0) yr, and a 53-yr-old man (0). The size of the 
globules was independent of the age or sex of the patient. 

follicle content (13,14). The volume sizes ranged between 
2-25 nL (Fig. 6). The size of colloid globules was inde- 
pendent of the sex or age of the patients (Fig. 6). When 
colloid globules were selected by the use of a microma- 
nipulator, the application of shearing forces gave the im- 
pression of a gum arabic-like consistency. Strong shearing 
forces usually resulted in rupture of the globules. 

The proportion of multimerized TG in the form of colloid 
globules was determined and was found to vary consider- 
ably, with an average value of 34% of the total TG isolated 
from the tissue. The variations in this proportion among the 
tissue probes were independent of sex and age. Because the 
purpose of this study was to analyze the principal nature of 
multimerized TG, no attempts were made to extend the 
analyses to the possible dysregulation of multimerization in 
the various disease states, which could possibly explain such 
variations. 

Volume changes in colloid globules after suspension in DTT 

Suspensions of colloid globules in various dilutions of PBS 
revealed a remarkable stability of their volume. However, 
when disulfide bonds were reduced by treatment with 50 
mmol/L DTT (15 min) in PBS, the volume of colloid globules 
increased by a factor of 1.2-1.6 (Fig. 7a). When such globules 
were transferred to distilled water, a dramatic, but reversible, 
3-to 5-fold swelling was observed (Fig. 7a). Upon suspension 
in PBS, the DTT-treated globules returned almost to the orig- 
inal volume observed before their suspension in H,O. Sus- 
pension in 0.5% SDS after treatment with DTT resulted in the 
immediate dissolution of the globules (Fig. 7b), which was 
usually finished within 15 min. It should be pointed out that 
DTT before, during, or after the SDS treatment was always 
required, whereas SDS alone was never sufficient to disso- 
ciate human colloid globules. Furthermore, DTT-treated col- 
loid globules did not regain their stability, indicating that 
rapid spontaneous formation of intermolecular disulfide 
bonds did not take place. 

Discussion 

Since the discovery of TG (1, 2), its solubility has been 
described as one of its prime physicochemical features. In 
this report we establish that part of the TG released into the 
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After DTT-Treatment 

b 

FIG. 7. Swelling of human colloid globules by an influx of water after 
martial reduction of disulfide bonds with 50 mmovL DTT (a. middle). The -. 
sizes of D!tT-treated globules increased excessively when they were 
suspended in distilled water (right). The corresponding differential in- 
terference contrast micrographs are shown above each column. DTT 
treatment alone was not sufficient to dissociate the globules. b shows 
that complete dissociation of colloid globules was achieved by treatment 
with DlT in combination with SDS (time sequence: 0,3,6, and 8 mm, 
from left to right). Bars in a and b = 100 pm. 

follicle lumen undergoes multimerization, resulting in the 
formation of gigantic globules that represent a previously 
unknown insoluble storage form of human TG. Colloid glob- 
ules are easily lost, because of their strong adherence to 
virtually all surfaces, e.g. of centrifuge tubes and pipettes. 
This stickiness and their considerable size may be reasons 
why human colloid globules have not been recognized be- 
fore as a naturally occurring multimerized state of the oth- 
erwise soluble TG. To our knowledge, human colloid glob- 
ules contain the highest extracellmar protein concentrations 
detected in the organism. We here discuss the structural and 
compositional characteristics of human colloid globules and 
the physiological implications arising from the process of TG 
multimerization. These implications are of interest for un- 
derstanding central functions, such as storage, sorting, and 
mobilization of TG, that have been recognized as important 
operational steps in thyroid hormone liberation. 

Structural aspects of colloid globule formation 

TG globules isolated from human thyroids are translucent 
structures, highly variable in size (50-500 pm) and shape, 
with an average protein concentration of 590 mg/mL. Their 
cobblestone-like surface pattern reflects imprints of lumenal 
plasma membranes of thyrocytes and indicates that human 
colloid globules make up the intact contents of thyroid fol- 

licle lumina. These structural peculiarities resist dissociation 
under normal physiological conditions (see below). 

Colloid globules consist of cross-linked TG arranged in 
concentric layers, as revealed by immunofluorescence de- 
tection of TG in cryosections, usually with the lowest 
fluorescence signal located in the center of colloid glob- 
ules. By electron microscope and phase contrast light mi- 
croscope examinations, a greater number of concentric 
layers can be distinguished, which in part differ consid- 
erably in their optical or electron density, thereby prob- 
ably reflecting differences in TG concentration or pack- 
aging, It is unknown how these layers evolve, but it is 
conceivable that they are formed by distinct phases of TG 
export and multimerization in the follicle lumen. Succes- 
sively, these secretory phases may have contributed thin 
layers of newly exported TG to the globule, thus resulting 
in appositional growth of the lumenal content under rest- 
ing conditions. The size of colloid globules appears inde- 
pendent of sex or age, and it can be assumed that the 
growth of globules may be followed by phases of endo- 
cytic removal when thyroid hormones are needed. Indeed, 
rapid mobilization of the storage form of TG is observed 
upon direct stimulation with TSH or during feeding with 
propylthiouracil, e.g. in rats (36). 

Nature of intermolecular cross-links in isolated human 
colloid globules 

Multimerization of proteins is a frequently observed phe- 
nomenon and a posttranslational step that may result from 
a variety of distinct mechanisms and involve a wide spec- 
trum of different proteins, such as the GPI (glycosyl phos- 
phatidyl inositol)-anchored proteins in caveolae (37), the de- 
velopmentally regulated Ca*+-binding protein S (38), the 
hepatitis-6 virus protein (39), the fibrin y-chains (40), the 
pulmonary surfactant protein D (41), PRL within secretion 
granules (42), or fibronectin (43). One of the most common 
and important mechanisms involves interchain disulfide 
bridge formation (42-45). Here we show that the intermo- 
lecular cross-links in isolated human colloid globules consist 
mainly of disulfide bonds. The treatment of globules in SDS 
without DTT resulted in the removal of only small portions 
of loosely incorporated or surface-attached TG. The struc- 
tural peculiarities are, however, rapidly lost after the reduc- 
tion of disulfide bonds. Complete solubilization was 
achieved only when globules were treated with DTT in com- 
bination with, after, or before their suspension in SDS, urea, 
or guanidine. Hence, other forces, presumably hydrophobic 
interactions, are an additional factor during globule forma- 
tion. As high salt conditions or treatment with EDTA did not 
result in the dissociation of DTT-pretreated globules, ionic 
interactions can be excluded as playing a major role. 

Extracellular multimerization is preceded by intracellular 
oligomerization of TG. This oligomerization step is in part 
brought about by the formation of disulfide-linked aggre- 
gates, resulting in the appearance of dimeric TG. Disulfide 
bond formation coincides with protein folding of TG (46) and 
occurs in the lumen of the ER (47). For IgM, it has been 
demonstrated that free sulfhydryl groups operate as an ER 
retention signal (48). Nevertheless, the persistence of free 
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thiol groups has been described for TG isolated from the 
follicular lumen (49). Although the localization of the free 
thiols in TG is unknown, it can be assumed that within the 
ER they are masked and located in the center of the molecule. 

It is well established that the thiol protein disulfide inter- 
change is catalyzed by the ER resident PDI (50, 51). The 
presence of I’D1 in colloid globules and in the supernatant of 
cultured thyrocytes suggests that this enzyme is a regular 
secretory constituent of thyrocytes despite the presence of 
the KDEL ER retention sequence (our manuscript in prep- 
aration). The export of I’D1 may result from excess ligands 
overflowing the KDEL receptors in ER cisternae. This mech- 
anism has already been assumed to underlie the appearance 
of PDI in the secretion product of the rat exocrine pancreas 
(52). Its presence in the follicle lumen suggests that I’D1 may 
also catalyze the intermolecular disulfide bond formation. 
We would, therefore, like to propose that in the follicle lu- 
men, conformational changes occur within the TG molecule 
that enable isomerization of disulfide bridges, resulting in 
the PDI-mediated multimerization of TG and the formation 
of insoluble colloid globules. 

Previous studies with isolated globules from bovine thy- 
roids had shown that the reduction of disulfide bridges is not 
sufficient to dissociate bovine globules, which were found to 
be smaller (20-120 pm in diameter) and to resist all available 
dissociation procedures (16). As dissociation of human col- 
loid globules can be brought about by the reduction of di- 
sulfide bridges, different species may use distinct strategies 
to cross-link the lumenal content of thyroid follicles. 

Possible physiological significance of TG multimerization 

We have shown that the partial dissociation by the reduc- 
tion of disulfide bonds in human colloid globules leads to a 
marked increase in globule volume. These observations sup- 
port the view that the multimerization of extracellular TG is 
a means to store TG at excessively high concentrations. The 
capacity of TG to bind water is apparently strongly reduced 
during multimerization. Hence, multimerization serves to 
increase the storage capacity for TG without the massive 
influx of water and possible consequences on the architecture 
of the thyroid gland. The high degree of cross-linking found 
in isolated globules does not imply that the lumenal content 
of all follicles is in the same cross-linked state. An average 
proportion of 34% globule TG ZIS. 66% soluble TG shows that 
soluble TG in human thyroid tissue predominates. It is the 
purpose of this report to show the general existence of mul- 
timerized TG and its structural and compositional features. 
TG in bovine colloid globules has been shown to be iodinated 
to a much higher degree than soluble TG (16). Future studies 
will provide information on the regulation of TG multi- 
merization and its iodine and hormone contents in normal 
and diseased states of the human thyroid. 

According to our observations on the multimerization of 
TG, we would like to propose the following model. In con- 
ditions of normal hormone demand, the portion of TG that 
is internalized for thyroid hormone production mainly con- 
sists of newly exported TG according to the “last come, first 
served concept” (53). In resting conditions, newly exported 
TG may be integrated into preexisting colloid globules by 

intermolecular disulfide bond formation. These globules 
serve as an insoluble storage form of TG. When large 
amounts of thyroid hormones are required, multimerized TG 
may be mobilized by the dissociation of colloid globules to 
facilitate endocytosis. 

Dissociation of multimerized human TG may be achieved 
by partial proteolysis or the regulated reduction of disulfide 
bonds. Although aminopeptidase N is a well known con- 
stituent of the apical plasma membrane of thyrocytes (54), 
and this protease and others, e.g. cathepsin D, become io- 
dinated when reaching the cell surface (35), clear evidence of 
lumenal proteolysis is still lacking. On the other hand, it is 
well known that under suitable redox conditions, PDI can 
induce not only the formation, but also the reduction, of 
disulfide bonds (for review, see Ref. 50). The mechanisms by 
which thyrocytes may provide conditions suitable for the 
PDI-mediated dissociation of multimerized TG are still un- 
known. 
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