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Multimerization of thyroglobulin (TG) takes place
extracellularly in the thyroid follicle lumen and is re-
garded as a mechanism to store TG at high concentra-
tions. Human thyroglobulin (hTG) has been shown to
multimerize mainly by intermolecular disulfide cross-
links. We recently noted that TG of various mammalian
species contains three highly conserved thioredoxin
boxes (CXXC). This sequence is known to underlie the
enzymatic activity of protein disulfide isomerase (PDI).
As hTG formed intermolecular disulfide bonds in the
absence of other proteins depending on the redox
conditions and hTG concentration, the CXXC-boxes
of TG might provide the structural basis for self-assist-
ed intermolecular cross-linking. To test this hypothe-
sis we prepared a recombinant TG fragment contain-
ing the three thioredoxin boxes. This fragment exhibit-
ed a redox activity amounting to about 10 % of the ac-
tivity of PDI at redox conditions supposed to be pre-
sent in the extracellular space. This activity might be
supplemented by the oxidizing system of the apical
cell surfaces of thyrocytes facing the follicle lumen.
Indeed, incubation of hTG with peroxidase and H2O2

resulted in intermolecular disulfide bridge formation.
Our results suggest a combined mechanism of self-
assisted and peroxidase-mediated disulfide bond for-
mation leading to the intermolecular cross-linking of
lumenal hTG. 
Key words: Glutathione / Mulimerization / Oxidation /
Peroxidase / Redox activity / Redox potential.

Introduction

The secretory pathway in thyroid follicle cells is regulated
in that thyroglobulin (TG), the major secretory product and
the macromolecular precursor of thyroid hormones (Ek-
holm, 1990; Dunn, 1991; Kohn, 1993), is oligomerized in
the endoplasmic reticulum (ER; Kim and Arvan, 1991),
temporarily stored in apically located export vesicles and

released following hormonal stimulation, e.g. by TSH (for
reviews see Ericson, 1981; Wollman, 1989). The capacity
of apical vesicles to store TG is low but uniquely comple-
mented by a large extracellular storage compartment for
TG that exists in the lumen of thyroid follicles. This lumenal
TG provides an important reservoir that is regulated in size
by the addition of newly synthesized TG and by its endo-
cytic removal. As constant levels of thyroid hormones are
essential for the normal development and the mainte-
nance of vertebrate organisms, the extracellular storage
of TG and its function as a reservoir for thyroid hormones
are of central importance (Rall, 1974). 

Extracellular storage is effectively aided by a compac-
tion process which involves the tight packaging of TG mol-
ecules to reach high lumenal concentrations (Hayden 
et al., 1970; Smeds, 1972). We recently discovered that the
compaction process is made possible by specific protein-
protein-interactions, which may explain in part the gener-
ally low diffusion rate of TG in the follicle lumen (Loewen-
stein and Wollman, 1967). These interactions differ among
mammalian species and may include the predominant for-
mation of intermolecular disulfide bonds in human and
porcine TG (Berndorfer et al., 1996) and, in bovine TG, the
additional action of transglutaminase resulting in the for-
mation of intermolecular isodipeptide cross-links (Herzog
et al., 1992; Saber-Lichtenberg et al., 2000).

The human thyroid gland is built of very large follicle
structures reaching 500 µm or more in resting glands
(Fujita, 1975). Due to the lack of suitable procedures for the
isolation of such gigantic lumenal contents, human colloid
globules have escaped their detection. We recently devel-
oped procedures which allowed the isolation of large
quantities of intact lumenal content from human thyroids
and the determination of the main physiological para-
meters (Berndorfer et al., 1996). Thus, it was found that the
insoluble follicle content consists mainly of TG at average
concentrations of 590 mg/ml, reaching maximum values
higher than 700 mg/ml. Although the stability of the insol-
uble lumenal content was shown to depend on intermo-
lecular disulfide bonds (Berndorfer et al., 1996), the mech-
anism of disulfide bond formation remained unknown.

Oxidation of free sulfhydryl residues and isomerization
of an existing disulfide bond are the possible processes
leading to new disulfide bonds. In the ER, both reactions
are mediated by protein disulfide isomerase (PDI). The ac-
tivity of PDI is known to depend on thioredoxin boxes con-
sisting of vicinal cysteines (CXXC) (for review see Ferrari
and Söling, 1999). It was therefore of particular interest
when we noted that TG of various mammalian species, in-
cluding hTG, contains three highly conserved CXXC-box-
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es. In this report we describe an intrinsic, as yet unknown
redoxactivity of TG. This activity could be ascribed to a
CXXC motif, as the corresponding recombinant peptide
was indeed active in disulfide bond isomerization reac-
tions. Because disulfide forming activity was also ob-
served in intact hTG, the motif containing the three CXXC-
boxes may provide the structural basis for a self-assisted
mechanism of hTG multimerization. In addition, the oxida-
tive environment known to be present in the follicle lumen
(Dupuy et al., 1989; Taurog, 1991) appears to cooperate
during the multimerization process in providing the condi-
tions for intermolecular disulfide bridge formation.

Results

Human thyroglobulin was found in condensed form in the
follicle lumen (Figure 1A) from where multimeric TG glob-
ules could be isolated (Figure 1B). High resolution scan-

ning electron microscopy of TG globules revealed an
alignment of TG molecules in rod-like structures (Fig-
ure 1C). We previously showed that human thyroid glob-
ules can be completely dissociated under reducing condi-
tions which points to the importance of intermolecular
disulfide cross-links (Berndorfer et al., 1996).

The structural basis for the catalytic activity of enzymes
mediating disulfide bond isomerization reactions is the
presence of thioredoxin boxes which are composed of
two cysteine residues separated by two amino acids
(CXXC in single letter code). We recently reported on low
amounts of PDI in human thyroid globules (Berndorfer 
et al., 1996), which, however, were not consistently 
detectable. On the other hand, we noted that CXXC-
boxes are present in the TG of various species as shown 
in Table 1. Therefore we tested whether hTG itself might
have an intrinsic ability to form cross-links by intermolec-
ular disulfide bond formation.

Since the formation of TG globules takes place in the
follicle lumen, we tested whether a self-assisted cross-

Fig.2 Self-Assisted Cross-Linking of hTG.
Radiolabeled hTG was incubated with varying amounts of non la-
beled TG for 3 days under ER-like conditions (–170 mV) in the ab-
sence of oxygen. After this pre-incubation time, the redox poten-
tial was shifted to a more oxidizing value. Incubation was contin-
ued for 8 more days. Densitometric quantitation of non-reducing
(non-red.) PAGE-analysis of these experiments is shown. Corre-
sponding protein bands to the columns marked from 1–5 and the
reducing (red.) PAGE bands are shown in inset. At higher protein
concentrations, the shift of the redox potential to more oxidizing
values resulted in an increase of disulfide-bonded protein, with a
maximum at –150 mV. Hence under suitable incubation condi-
tions TG itself is able to form intermolecular disulfide bonds.

Fig.1 Microscopic Analysis of Multimerized hTG.
Phase contrast light micrographs of human thyroid tissue (A) re-
vealed the highly concentrated luminal content (asterisk) which
can be isolated as intact thyroid globules visualized by DIC-optics
(B) and which consists of TG molecules multimerized to form rods
as visualized by high resolution scanning electron microscopy
(C). Bars: (A), 100 �m; (B), 50 �m; (C), 30 nm.

Table1 Conserved Thioredoxin Boxes in TG of Various Species.

Species Sequence

Human

Bovine

Mouse

The sequences of human, bovine and mouse TG were taken from Malthiery and Lissitzky
(1987), Mercken et al. (1985) and Caturegli et al. (1997), respectively.
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linking reaction might occur under redox conditions sup-
posed to be present in the extracellular space. In control
experiments, radiolabeled TG was incubated in a redox
buffer of –170 mV for 11 days, i. e. under redox conditions
assumed to be present in the ER (Hwang et al., 1992), with
varying amounts of unlabeled native hTG. Under these
conditions, the rates of multimerization were concentra-
tion dependent, since an increase in the concentration of
TG from 0.3 to 1.9 mg/ml and up to 3.5 mg/ml each result-
ed in a strong increase in intermolecular disulfide bond
formation as detected by SDS-PAGE and measured den-
sitometrically (Figure 2). Further increase in protein con-
centration to 8.3 mg/ml showed only a slight effect. A more
oxidizing redox potential, which could be assumed in the
follicular lumen because of the known presence of a per-
oxidase and a peroxide generating system in the apical
plasmamembran of thyrocytes, also led to intermolecular
disulfide bond formation in TG. Shifting the buffer from 
–170 mV to –160 mV or to –150 mV after 3 days of pre-
incubation resulted in a strong increase of cross-linked TG
(Figure 2), with the most prominent increase being ob-
served when adjusting the redox potential of the buffer 
to –150 mV. Shifting the redox potential of the buffer to 
–140 mV showed no further effect. 

As the thioredoxin boxes may be the structural basis for
the ability for self-assisted cross-linking of TG, the corre-
sponding 54 amino acid fragment of TG (Table 1) was bac-
terially expressed and its ability to catalyze disulfide bond
isomerization was measured. In an RNase renaturation
assay (Figure 3A), the 54 amino acid fragment showed
about 10 % of the RNase renaturation activity of PDI. In a
second assay, which measures the catalytic reduction of
insulin and thus the first step of an isomerization reaction,
the fragment had also about 10 % of the activity of PDI
(Figure 3B). In both assays, a lysate of non-induced bacte-
ria identically purified and used as a control did not show
any activity. Both assays demonstrate that the 54 amino
acid fragment of TG containing its three thioredoxin boxes
was able to catalyze the isomerization of disulfide bonds.
In both standard assays, however, hTG failed to be active.
Using the modified RNase renaturation test with an in-
cubation time of 7 days, precipitations were shown to form
(Figure 4A). To test whether this effect depends on the
presence of RNase and oxygen or whether hTG is suffi-
cient for disulfide forming reactions, purified radiolabeled
hTG was incubated with rdTG for 7 days in a glutathione
redox buffer of –170 mV in the absence of atmospheric
oxygen. Covalently cross-linked proteins analyzed by
SDS-gel electrophoresis did not penetrate into the stack-
ing gel and remained in the sample slot. As compared to
reactions without rdTG a 5.5-fold increase in aggregated
TG was detectable, indicating that hTG is able to form
intermolecular disulfide bridges in the absence of any 
other protein (Figure 4B).

Because H2O2 and thyroperoxidase are present in the
thyroid follicle, we analyzed the effect of both constituents
on the cross-linking of thyroglobulin. Either thyroperoxi-
dase or the soluble but enzymatically similar lactoperoxi-

dase (LPO) were used. H2O2 was exogenously added or
generated by glucose oxidase. Whereas H2O2 or LPO
alone induced only a slight increase in aggregate forma-
tion, LPO or thyroperoxidase in combination with H2O2

caused an about 7- to 10-fold increase (Figure 5). All
aggregates were almost completely dissolved under
reducing conditions (Figure 5B), indicating that the cross-
links consisted mainly of disulfide bonds. The type of per-
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Fig.3 Disulfide Bond Isomerization Activity of the Thioredoxin
Boxes of TG.
The enzymatic activity of a 54 amino acid fragment of TG contain-
ing three thioredoxin boxes was tested by two distinct assays. In
both assays, a lysate of non-induced bacteria identically purified
and used as a control did not show any activity. (A) The disulfide
bond isomerization activity of the fragment was measured by its
ability to catalyze the renaturation of reduced and denatured
RNase in a glutathione redox buffer of –160 mV. Renatured
RNase was quantified by measuring the degradation of cCMP in
a photometric assay. The fragment showed disulfide bond iso-
merization activity which was about 10% of the activity of purified
PDI. (B) The redox activity of PDI was determined in a photomet-
ric assay measuring the catalytic reduction of insulin by coupling
it to a NADPH-consuming enzyme assay. The catalytic activity of
the TG fragment containing the three CXXC-boxes was about
10% of the activity of PDI.
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oxidase and the source of H2O2 had no influence on the
cross-linking efficiency.

The aggregates found in the thyroid gland can be visu-
alized by electron microscopy (see Figure 1). Therefore,
we tested whether peroxidase-induced aggregation in 
vitro also lead to morphologically detectable complexes.
After the incubation the reaction mixture was transferred
onto grids, negatively stained with uranyl acetate and
visualized in the electron microscope. The resulting ag-
gregates formed meshworks reaching diameters in the
micrometer range (Figure 6A). In the control reactions with-
out LPO small aggregates were detectable but the large
meshworks of aggregated TG were completely absent
(control in Figure 6A). The rods formed in vitro are com-
posed of single TG molecules and allow, therefore, to
determine the number of TG molecules within such rods
and quantitation of TG aggregate formation. Statistical

evaluation of the three largest aggregates found on 11
(control: 9) randomly taken electron micrographs showed
an about 4-fold increase in the average number of TG mol-
ecules per aggregate as compared to control reactions
(Figure 6B).

Discussion

Multimerization of TG is a physiological means to store
large quantities of TG at high concentrations in an osmot-
ically inert form (Herzog et al., 1992; Berndorfer et al.,
1996; Saber-Lichtenberg et al., 2000). In this study we
have analyzed the formation of intermolecular disulfide
bonds leading to the multimerization of human TG (hTG).
For this purpose we have tested whether the thioredoxin-

Fig.4 Isomerization of Surface-Exposed Disulfide Bonds.
TG radiolabeled with 125I was incubated with reduced and dena-
tured proteins (rdRNase and rdTG) for up to 7 days. The reaction
products were separated by reducing (red.) and non-reducing
(non-red.) SDS gel electrophoresis and visualized with a storage
phosphor system (Fuji BAS-1000). The densitometric analysis of
the aggregated material remaining in the sample slot  is shown.
Corresponding proteinbands to the columns marked from 1–2
are shown in inset. Bars represent the standard deviation. (A) In-
cubation of radiolabeled hTG with rdRNase for 4 days resulted in
the 2.4-fold increase in aggregate formation. Most of these ag-
gregates could be dissolved using reducing agents, indicating
that these aggregates are disulfide-bonded. (B) Radiolabeled
hTG was incubated with rdTG for 7days in a glutathione redox
buffer of –170 mV in the absence of oxygen. Incubation of hTG
with rdTG in the absence of any other protein resulted in a 5.5 fold
increase of aggregated proteins. These aggregates could be dis-
solved using reducing agents.

Fig.5 Oxidative Cross-Linking of TG.
(A) TG radiolabeled with 125I was incubated without (–TPO) or with
(+TPO) TPO and without (–H2O2) or with (+ H2O2) hydrogen per-
oxide (lower boxes). Alternatively, TG was incubated with or with-
out glucose and glucose oxidase as hydrogen peroxide generat-
ing system and LPO (upper boxes). The reaction products were
separated by SDS gel electrophoresis. In each assay containing a
peroxidase and hydrogen peroxide there was an increase in ag-
gregated material, independent of the source of peroxide. (B) The
aggregated material remaining in the sample slots (A) was quan-
tified by densitometry. The total aggregated material (shaded
columns) and the fraction which could not be dissolved by reduc-
ing agents (hatched columns) are shown. Bars represent stan-
dard deviation. In the presence of peroxidase and hydrogen per-
oxide there was a 8- (TPO) to 10- (LPO) fold increase in the forma-
tion of aggregates. Nearly all of the aggregated material could be
dissolved by reducing agents.
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boxes of hTG are able to operate as catalysts of disulfide
bond isomerization. The observations point to an as yet
unknown function of hTG in thiol/disulfide exchange reac-
tions which may be of physiological significance in the
self-assisted formation of intermolecular disulfide bonds,
resulting in lumenal hTG aggregates as a reservoir for thy-
roid hormones. This self-assisted process is apparently
complemented by the activity of known constituents of
the follicle lumen, i. e. H2O2 and thyroperoxidase, which
are shown here to influence multimerization by the oxida-
tive formation of intermolecular disulfide cross-links.

The Role of Thioredoxin-Boxes of Human TG in the
Formation of Intermolecular Disulfide Cross-Links

The intracellular formation of disulfide bonds is usually as-
sociated with protein folding in the lumen of the endoplas-
mic reticulum where it is catalyzed by the ER-resident PDI
(Hillson et al., 1984). Despite its retention signal PDI secre-
tion was observed to occur in FRTL-5 cells (Mezghrani 
et al., 2000). In contrast to FRTL-5 cells, however, thyro-
cytes in situ do not constantly release PDI into the follicle
lumen (Berndorfer et al., 1996). Therefore, PDI secretion is
not a reliable basis to explain the regularly occurring hTG
multimerization by intermolecular disulfide cross-links.
We cannot exclude, however, that PDI facultatively re-
leased by thyrocytes under certain conditions acts com-
plementary to the self-assisted intermolecular cross-link-
ing of TG.

The structural basis for this isomerase activity of PDI are
two cysteine residues separated by two amino acids, thus
forming ‘vicinal cysteine residues’ (Edman et al., 1985;
Holmgren, 1985). We recently noted that TG of various
species including hTG contains three thioredoxin boxes
(see Table 1). The TG segment containing the thioredoxin
boxes is in part hydrophilic and may well be exposed on
the surface of the TG molecule. Hence, the three thiore-

doxin boxes might exert an intrinsic redox activity. Indeed,
we could demonstrate such an activity which resided in
the CXXC-motifs as shown by the ability of the corre-
sponding 54 amino acid fragment to catalyze disulfide
bond isomerization. This activity is comparably weak,
reaching about 10% of the activity of PDI (see Figure 3).
Nevertheless, a disulfide bond forming activity was also
detectable in intact hTG where it mainly depends on the
redox conditions and on the concentration of hTG (see
Figure 2).

Isomerase activity has also been documented in a num-
ber of other proteins such as leutropin and follitropin
(Boniface and Reichert, 1990), T4 thioredoxin (Sjoberg
and Holmgren, 1972; Joelson et al., 1990) and fibronectin
(Langenbach and Sottile, 1999); the latter was shown to be
able to form high molecular fibronectin-fibrils. Numerous
other proteins have been reported to contain thioredoxin
boxes. The mere presence of CXXC boxes, however, does
not necessarily indicate an intrinsic redox activity (Maya-
das and Wagner, 1992).

TPO and H2O2 Provide the Oxidative Basis for 
TG-Multimerization by Disulfide Bond Formation

TPO and H2O2 are known constituents of the follicle lumen
(Dupuy et al., 1989; Taurog, 1991). TPO, a heme-contain-
ing glycoprotein which is associated with the apical mem-
brane of thyroid follicle cells, is responsible for the cataly-
sis of both the iodination of tyrosine residues within TG
and the subsequent coupling of selected iodotyrosines to
form thyroid hormones (Taurog et al., 1990; Rawitch et al.,
1992). In this report we show that TG aggregation in vitro
by the formation of intermolecular disulfide bonds can be
induced by the cooperation of H2O2 and thyroperoxidase.
Such aggregates can be visualized by electron micro-
scopy, showing characteristic rods which closely resem-
ble rods in human thyroid globules as observed by high
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Fig.6 Electron Microscopic Analysis of Peroxidase-Induced TG Aggregates.
(A) After incubation with LPO and hydrogen peroxide TG was negatively stained and visualized by electron microscopy. LPO-catalyzed
reactions (right panel) showed meshworks of aggregated TG which were absent in control reactions (left panel). The TG aggregates
formed characteristic rods which closely resembled those found in human thyroid globules (compare Figure 1). Bars: 200 nm, bars in in-
set: 500 nm. (B) The number of TG molecules in the three largest aggregates of 11 (control: 9) randomly taken electron micrographs was
determined by computer-assisted image analysis as described in Materials and Methods. Incubation with LPO resulted in a 4-fold in-
crease in the size of the aggregates. Bars represent the standard error.

Bereitgestellt von | Universitäts- und Landesbibliothek Bonn (Universitäts- und Landesbibliothek Bonn)
Angemeldet | 172.16.1.226

Heruntergeladen am | 13.07.12 14:56



598 M. Klein et al.

resolution scanning electron microscopy (compare Fig-
ures 1 and 6). The rods formed in vitro appear to be char-
acteristic as they differ structurally from the multimeriza-
tion products generated by transglutaminase in bovine
thyroids (Saber-Lichtenberg et al., 2000) which form larg-
er homogeneous clusters.

Proposed Mechanism of TG Cross-Linking by
Disulfide Bonds

In this report we show that hTG exhibits an activity able to
facilitate disulfide bond formation between neighbouring
TG-molecules. We propose that in the space between
multimerized TG and the cell surface the concentration of
soluble TG is determined by its rate of exocytotic release,
covalent multimerization and endocytosis (Figure 7A). In
vitro cross-linking was optimal under mildly oxidizing con-
ditions and at comparably low concentrations of soluble
TG. Our results suggest that similar conditions may exist in
the lumenal space between multimerized TG and the cell
surface. It can therefore be speculated that by regulating
the redox potential and the concentration of soluble TG
the thyroid may modulate the extent of TG multimerization
in the follicle lumen.

The formation of disulfide bridges requires the pres-
ence of free sulfhydryl groups in extracellular TG, which
was described by Pitt-Rivers and Schwartz (1967) and
confirmed in our laboratory. These surface exposed SH-
groups may be oxidized to intermolecular disulfide bonds
or may isomerize an existing intramolecular to an inter-
molecular disulfide bond (Figure 7B). The structural basis

of the isomerization activity can be attributed to the CXXC-
boxes containing region which is conserved in the TG of
several species and presumably exposed on the surface
of the TG molecule.

Recently, TG has been described to counter-regulate
TSH-induced, thyroid-specific gene transcription by de-
creasing the expression of TG itself and TPO (Suzuki et al.,
1998). This indicates that besides TSH the lumenal TG
may act as a controller of thyroid function by a negative
feedback-mechanism which is based on the presence of
single soluble TG molecules. It will be therefore of particu-
lar interest to know whether multimerization of TG in the
follicle lumen, which decreases the pool of soluble TG,
affects this negative feedback.

It should be pointed out that multimerized TG does not
attach to the cell surface of thyrocytes (unpublished ob-
servation), whereas soluble TG is readily bound. Binding
of soluble TG is presumably mediated by megalin, a re-
cently discovered TG-receptor (Marino et al., 1999) which
is located on the apical plasma membrane and which
operates in the transcytosis of TG (Marino et al., 2000).
Apparenty, multimerization results in structural changes 
of TG that abolish the interactions with its receptor.

Materials and Methods

Materials and Tissues

Desalting columns were obtained from Bio-Rad (Munich, Ger-
many). Human thyroid glands were kindly provided by Dr. U.
Pfeifer, Institute of Pathology, University of Bonn, Germany.
Surgically removed thyroid tissue was kindly provided by Dr. H.
Wilms, Department of Surgery, Johanniter Hospital, University of
Bonn, Germany. The purification using a micromanipulator (ECET
5170, Eppendorf-Netheler-Hinz, Hamburg, Germany) and prepa-
ration of human TG and human globuli was performed according
to Berndorfer et al. (1996). Bovine thyroids and liver tissue were
obtained from the slaughterhouse in Cologne, Germany. Na125I
was purchased from Amersham Pharmacia Biotech Europe
GmbH (Freiburg, Germany). The pASK-IBA 1 vector was obtained
from Dr. Schmidt, Institut für Bioanalytik GmbH, Göttingen, Ger-
many. Streptavidin-agarose columns and iodobeads were ob-
tained from KMF Laborchemie Handels GmbH (Sankt Augustin,
Germany). Acrylamide and Bisacrylamide for SDS-PAGE analysis
were obtained from Carl Roth GmbH & Co (Karlsruhe, Germany).
All other biochemicals, including bovine pancreatic RNase A, in-
sulin from bovine pancreas, glutathione reductase (type III from
bakers yeast) and lactoperoxidase from bovine milk were from
Sigma Chemical Co. (Deisenhofen, Germany).

Cloning and Expression of a 54 Amino Acid Fragment 
from Bovine TG

The bovine cDNA of TG, cloned in pBR 322, was kindly provided
by Dr. G. Vassart, Brussels, Belgium. A 162 bp fragment of bovine
TG, containing three PDI-like CXXC-boxes, was cloned in pASK-
IBA 1-vector and expressed in E. coli BL-21 cells as a fusion pro-
tein (Stratagene GmbH, Heidelberg, Germany) containing an
elongation of 10 amino acids at its C-terminus which have the
ability to bind streptavidine (Schmidt and Skerra, 1994). 

For the purification of this fragment, E. coli bacterial cells were
induced for 4 h and incubated in a lysis buffer (0.1 M Tris-HCl, 

Fig.7 Schematic Representation of the Proposed Model of TG
Cross-Linking by Disulfide Bonds.
(A) Schematic representation of the space between multimerized
TG and the cell surface. Exocytosis of thyroglobulin into this
space may be followed by cross-linking (1) or, if the conditions do
not favor cross-linking, by endocytosis (2). (B) The model inte-
grates the self-assisted disulfide bond isomerization (oxidation)
and the peroxidase-mediated disulfide bond formation. The iso-
merization reaction might be CXXC-mediated because a recom-
binant fragment containing the three thioredoxin boxes of TG was
active in PDI activity assays (see Figure 4).
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pH 8, containing 0.5 M sucrose, 1mM EDTA and 0.02% N3) known
to release preferentially the periplasmal contents. Lysates were
centrifuged at 14 000 g for 30 min. The supernatant was applied
to a streptavidin column previously equilibrated with 0.1 M Tris-
HCl containing 1mM EDTA and 0.02 % N3. After washing the col-
umn with equilibration buffer, elution of the 54 amino acid frag-
ment was performed using 1mM DMHABA (di-methyl hydroxy-
phenylazobenzoic acid) in equilibration buffer. Samples were dia-
lyzed against 10 mM phosphate buffer, pH 7, aliquoted and stored
at –80 °C until further use. Columns were regenerated using 4mM

hydroxyazobenzoic acid in equilibration buffer. 
For control experiments, periplasma lysates from non-induced

bacteria were prepared and purified as described above. Purified
preparations of periplasma lysates derived from equal amounts
of induced and non-induced bacteria were used in experiments 
(i. e. refolding of reduced and denatured RNase A and NADPH-
insulin assay, see below) and in controls, respectively.

Isolation of Protein Disulfide Isomerase (PDI) from 
Bovine Liver 

PDI was isolated using a modification of the procedure described
by Lambert and Freedman (1983). In brief, bovine liver from fresh-
ly slaughtered animals was cut into small pieces, washed in cold
saline solution (0.9 % NaCl) and homogenized in 0.1 M phosphate
buffer, pH 7.5, containing 5 mM EDTA and 1% (v/v) Triton X-100.
The homogenate was filtered through 250�m gauze and cen-
trifuged at 4 °C for 30 min at 18 000 g in an Beckman J-21C-
centrifuge (Beckman Instruments, Munich, Germany).

The supernatant was filtered through 100�m gauze and then
heated with stirring to 54 °C for 15 min. The extract was cooled in
an ice bath and then centrifuged for 40 min at 18 000 g. This and
all following steps were performed at 4 °C.

Fractionated ammonium sulfate precipitation was performed
at 55 and 85% saturation. The final pellet was taken up in 25mM

citrate buffer, pH 5.3, dialyzed and applied to a CM-Sephadex
C50 column (Amersham Pharmacia Biotech). The collected frac-
tions were tested for PDI-activity using the insulin reduction assay
according to Holmgren, (1979, see below). Fractions containing
PDI-activity were pooled and precipitated by ammonium sulfate
precipitation at 100% saturation. After centrifugation, the pellet
was dissolved in 20mM phosphate buffer, pH 6.3 and dialyzed
twice against this buffer.

The dialyzed extract was applied to a DEAE-Sephacel column
(Amersham Pharmacia Biotech) previously equilibrated against
the dialysis buffer, and eluted using a linear gradient of 0–0.7 M

NaCl in dialysis buffer. Fractions were tested for PDI activity and
active fractions were pooled, ammonium sulphate precipitated
(100%) and dialyzed twice against 10mM phosphate buffer, pH 7.
Aliquots were frozen and stored at –80°C until further use. 

Insulin Reduction Assay 

Insulin was dissolved in a concentration of 1 mg/ml in 0.1 M phos-
phate buffer, pH 7, containing 2mM EDTA. In the PDI-activity as-
say, 100 �l phosphate buffer containing PDI was added to 500 �l
of insulin solution. The reaction was started by addition of 2�l of
0.1 M dithiothreitol. After incubation for 45 min, PDI activity was
determined as an increase of OD at 578 nm due to reduction of 
insulin disulfides and precipitation of the insulin �-chain (Holm-
gren, 1979).

NADPH-Insulin Assay

To determine the rate of reduction of insulin in the presence of
GSH and a catalyst, the formation of GSSG was coupled to the
oxidation of NADPH by glutathione reductase (Lu et al., 1992). 

To remove contaminating GSSG, GSH (10mM) was preincu-
bated for 1 minute with glutathione reductase (10 U) and NADPH
(0.2mM) in 0.2 M phosphate buffer (pH 7.5) containing 1mM EDTA.
Insulin was added to a final concentration of 25�M and the non-
enzymatic reduction of insulin was measured for 2 minutes. The
catalytic reduction of insulin was started by addition of the cata-
lysts (either PDI, hTG or the 54 amino acid TG-fragment) at con-
centrations of 0.1–2�M and measured photometrically through
the oxidation of NADPH at 340 nm (�(NADPH) 340 = 6.22mM–1 cm–1).
Catalytic rates of insulin reduction were corrected for the nonen-
zymatic background reaction.

Refolding of Reduced and Denatured RNase A

Reduced and denatured RNase A was generated by incubation in
6 M guanidine hydrochloride and 0.1 M DTT as described by Lyles
and Gilbert (1991). The protein was desalted using desalting
columns from Bio-Rad, equilibrated with 0.1 % acetic acid. The
oxidative renaturation of RNase A was measured by determining
the increase in the hydrolysis of cCMP at 296 nm (�(cCMP)296 = 
0.19mM–1 cm–1) for 45min. The final concentrations of the re-
actants RNase A and cCMP in a Tris-acetate buffer (50mM, 
pH 8.0, 1mM EDTA) were 8�M and 4.5mM, respectively, in an 
assay volume of 500�l. Varying amounts of GSSG and GSH 
were added to yield different redox potentials according to the
Nernst-equation, with an standard redox potential for glutathione
of –240 mV (Torchinskii, 1981). The concentrations of the catalyst
(either PDI, hTG or the 54 amino acid TG-fragment) were between
0.1 and 5�M. In some experiments using TG as a potential cata-
lyst, the assay was modified in that no redox buffer was used and
the renaturation time was increased to up to 7 days in the pres-
ence of oxygen (Langenbach and Sottile, 1999, modified).

To determine the concentration of renatured RNase A, the veloc-
ity of cCMP-hydrolysis (�A/t) was corrected for the varying cCMP
concentrations, for the competition of RNase A by CMP and for
the nonenzymatic background reaction (Lyles and Gilbert, 1991).

Self-Assisted Cross-Linking of hTG 

Cross-Linking of hTG with Reduced and Denatured TG Hu-
man thyroglobulin was radiolabeled with 125I using iodobeads
from KMF Laborchemie Handels GmbH. After desalting, TG was
aliquoted in 200�l-portions (1.8 mg/ml) and stored at –20 °C. 
0.3 mg/ml radiolabeled TG were incubated with 0.3 mg/ml re-
duced and denatured TG (rdTG) generated by incubation in 6 M

guanidine hydrochloride, 0.16 M DTT for 12 h and desalting. Sam-
ples were incubated for 7 days at room temperature in PBS 
(50mM, pH 6.8) and adjusted with 10mM glutathione to a redox
potential of –170 mV. Control experiments were performed in
PBS lacking rdTG. The incubations were gassed with nitrogen in
order to prevent oxidation. Experiments were analyzed by SDS-
PAGE according to Laemmli (1970). Quantification of this and all
other PAGE-experiments was performed using a storage phos-
phor system (Fuji BAS-1000) and the computer densitometric
analysis program TINA, version 2.09d.

Intermolecular Cross-Linking of Native hTG Radiolabeled
hTG (0.3 mg/ml) was incubated in PBS (50mM, pH 6.8) containing
10mM glutathione to reach a redox potential of –170 mV. After
three days of incubation, glutathione was adjusted to 20mM, thus
resulting in a redox potential of –160 mV (–150 mV, –140 mV,
respectively). Incubation was performed for eight days. Control
experiments were incubated in –170mV buffer. In some ex-
periments, the total protein concentration was increased up to 
8.3mg/ml by the addition of unlabeled hTG. Incubations were
gassed with nitrogen to prevent oxidation. Experiments were
analyzed by PAGE and quantified densitometrically.
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Purification of Thyroperoxidase (TPO) from Bovine Thyroids 

TPO was purified according to the procedure described by Tau-
rog et al. (1990). All procedures were performed at 4 °C, unless
otherwise specified. In brief, bovine thyroids from freshly slaugh-
tered animals were cut into pieces, washed with 0.15 M NaCl and
homogenized in 50mM Tris-HCl, pH 7, containing 0.1mM KI and 
1mM EDTA. The homogenate was filtered through 250 �m gauze
and centrifuged for 70 min at 25 000 g in a Beckman L7-65 ultra-
centrifuge. Pellets were suspended in 50mM Tris-HCl, pH 8, con-
taining 0.15 M KCl and 0.1mM KI. 

This extract was adjusted to 24 °C, and 1% sodium deoxy-
cholate, 1% Triton X-100 and 140 mg/ml crystalline trypsin were
added. This solution was stirred for 2.5 h, after which soybean
trypsin inhibitor was added in sufficient amounts to neutralize
trypsin reactivity. After centrifugation for 70 min at 115 000 g, an
equal volume of saturated ammonium sulfate solution was added
to the supernatant and stirred for 1 h. The extract was centrifuged
for 1 h at 25 000 g. The pellet was resuspended in 25mM Tris-HCl,
pH 7, containing 150mM KCl and 0.1mM KI, stirred for 30min 
at 24 °C and recentrifuged for 70 min at 115 000 g. The super-
natant was dialyzed twice against 25mM Tris-HCl, pH 7, contain-
ing 0.5mM KI. The dialyzed sample was centrifuged for 70 min at
115 000 g and the supernatant was transferred to a DEAE-Sepha-
cel column previously equilibrated with dialysis buffer. The col-
umn was washed with 25mM Tris-HCl, pH 7, containing 50mM

KCl and 0.5mM KI. Elution was performed using a linear gradient
from 0.05 to 0.25 M KCl in dialysis buffer. Fractions were assayed
for peroxidase activity using the guaiacol oxidation assay (Tau-
rog, 1991). Because of the loss of the main part of TPO activity
during this procedure, purification was stopped at this point.
Fractions containing peroxidase activity were pooled, ammo-
nium sulfate precipitated (100%) and dialyzed against 10mM

phosphate buffer, pH 7, containing 0.1mM KI. Samples were
stored at – 80 °C until further usage.

Cross-Linking of Human TG via Disulfide Bonds Using 
LPO and H2O2

The cross-linking experiments were performed at 20 °C in PBS of
varying pH (6.8; 7.2; 7.6). To remove oxygen, buffers were gassed
with nitrogen prior to use. In a typical experiment, radiolabeled
hTG was incubated in a final concentration of 0.5 mg/ml with 
2 units of LPO and 1mM H2O2. Alternatively, 5 U glucose oxidase
and 10 mM glucose were used as a peroxide generating system.
Cross-linked products were analyzed by SDS-PAGE and quanti-
fied densitrometrically.

Microscopy

Cryosections of human thyroid tissue were mounted on poly-L-
lysine coated coverslips and viewed by phase contrast. Freshly
isolated thyroid globules were spread on coverslips coated with
poly-L-lysine. The globules, which adhered immediately, were
fixed in 2% glutaraldehyde at room temperatur in 0.1 M cacody-
late buffer, pH 7.6 and viewed by the application of differential
interference contrast (DIC). Light micrographs were taken using
an axiophot microscope (Zeiss, Oberkochen, Germany). For
scanning electron microscopy, sections of isolated human thy-
roid globules were fixed in 2% glutaraldehyde and postfixed in
1% unbuffered osmium tetroxide (2 h at 4 °C). After dehydration in
a graded series of acetone, the sections were critical point dried
(Critical Point Drier CPD 010; Balzers Union Ltd., Liechtenstein)
using acetone and oil-free carbon dioxide as described by Porter
et al. (1972), rotary shadowed with carbon (Balzers EVM 052 A,
Geisenheim, Germany) and viewed with an S4500 scanning elec-
tron microscope (Hitachi Scientific Instruments, Nissei Sangyo
GmbH, Ratingen, Germany). 

For negative staining, TG was incubated at a concentration of
0.1 mg/ml for 1 h with LPO (2 U) and H2O2 (1mM, none in the con-
trol) in a final volume of 50 �l PBS. Hydrophilic 200 mesh Ni-grids
coated with 0.8 form-var and carbon were laid for 30 seconds on
droplets of a 10-fold dilution of each assay. Grids were washed
once in distilled water, incubated for 30 seconds on droplets of 
2% uranylacetate, washed five times again and finally air dried.
The negative staining preparations were examined using a Philips
CM 120 electron microscope (Philips, Eindhoven, Netherlands).
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