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I n t r o d u c t i o n  

Storage of proteins is a physiological means to provide a reservoir for regulated 
utilization by the organism. Examples are the intracellular storage of exportable 
proteins in secretion granules, e.g., in exocrine glands, and the extracellular depo- 
sition of secretory proteins, e.g., of thyroglobulin (TG) in the lumina of thyroid 
follicles. In all cases, tight packaging of protein molecules is observed, which 
is usually reached by intense intermolecular interactions. One mechanism that 
results in these interactions and is presumably common to many storage proteins 
is the formation of intermolecular disulfide bonds. 

Cross -L ink ing  of  Thyrog lobu l in  as  a Model  S y s t e m  

Thyroglobulin is known to serve as the macromolecular precursor of thyroid 
hormones. Its storage is an important prerequisite to retain iodide in an organified 
fashion and to provide a reservoir that guarantees constant levels of thyroid hor- 
mones in the circulation. Extracellular storage of TG is effectively brought about 
by a compaction process, which involves the tight packaging of TG molecules 
to reach high concentrations 1,2 of up to 800 mg/ml. 3 We have discovered that 
compaction is accomplished through specific interactions between neighboring 
TG molecules, leading to TG multimerization, thus forming protein globules of 
50-200/zm in diameter consisting of up to 10 TM TG molecules (Figs. IA and IB). 
Multimerization of TG is a physiological means to store large quantities of TG at 
high concentrations in an osmotically inert form. 3-5 The size of these TG globules 
is mainly regulated by the export and endocytosis of TG and by the multimer- 
ization process (Fig. IC). For the mobilization of cross-linked TG, extracellular 
proteolysis, e.g., by cysteine proteases, 6 is assumed. 
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FIG. 1. Aggregation of TG by self-assisted intermolecular disulfide bond formation in vivo. Phase- 
contrast light micrograph of human thyroid tissue (A) reveals the highly concentrated lumenal content 
(asterisk), which can be isolated as an intact thyroid globule and visualized by differential interference 
contrast microscopy (B). Proposed model (C) of the bidirectional transport pathway of TG (0) com- 
prising the stages of export (1), mulfimerization (2), and recapture (3) and related redox conditions. 
These redox conditions have been reported to be at -170 mV in the endoplasmic reticulum (ER) and 
at -240 mV in the cytosol. On the basis of optimal conditions for TG cross-linking, we assume -150 
to -160 mV within the extracellular space between the cross-linked TG and the cell surface. N, nu- 
cleus; Lys, lysosomes. A and B from M. Klein, I. Gestmann, U. Berndorfer, A. Schmitz, and V. Herzog, 
J. Biol. Chem. 381, 593 (2000). 

In human TG,  in te rmolecular  interactions main ly  consist  in the format ion o f  

disulfide bonds.  5 The  format ion  o f  new disulfide bonds may  be achieved by two 

mechanisms:  the i somer iza t ion  o f  exis t ing disulfide bonds and the oxidat ion o f  

free sulfhydryl  groups.  Within  the cell,  these react ions are usual ly media ted  by the 

e n z y m e  protein disulfide i somerase  (PDI), a resident  o f  the endoplasmic  re t iculum 

(for review, see Freedman7).  The  structural features under lying its catalyt ic activity 

are known to consist  o f  so-cal led th ioredoxin  boxes.  8 These  are composed  of  two 

cysteine residues separated by any two other  amino  acids (CxxC).  Indeed,  as known 

so far, mos t  redox  active proteins,  which  catalyze the oxidat ion or  reduct ion  o f  

disulfide bridges,  contain these short structural e lements .  In T G  there are three 

th ioredoxin  boxes  contained in a short and highly  conserved  sequence o f  no more  

7 R. B. Freedman, Cell 57, 1069 (1989). 
8 j. C. Edman, L. Ellis, R. W. Blacher, R. A. Roth, and W. J. Rutter, Nature 317, 267 (1985). 
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than 54 amino acids, which facilitate the formation of intermolecular disulfide 
bonds in a self-assisted manner. 9 This article describes experimental access for the 
analysis of the functional activity of the thioredoxin boxes in protein cross-linking 
using TG as a model protein. 

I den t i f i c a t i on  of  P r o t e i n s  w i t h  Act ive  T h i o r e d o x i n  B o x e s  

As a first means to identify proteins that are potentially active in self-assisted 
intermolecular disulfide bond formation, the amino acid sequences of the proteins 
of interest should be analyzed for the presence of CxxC boxes. To investigate 
whether the thioredoxin boxes in a given protein are enzymatically active, the 
redox activity of the protein may be determined by a variety of assays developed 
for measuring the activity of PDI. If the protein cannot be analyzed in such an assay, 
e.g., because of aggregation, the cDNA of a fragment of the protein containing the 
thioredoxin box can be cloned and bacterially expressed as a fusion product with a 
tag that allows its purification and is expected not to interfere with the subsequent 
analytical assays. For the expression of a 54 amino acid long fragment of TG, 
we used an 8 amino acid long StrepTag (IBA GmbH, G6ttingen, Germany). The 
purified fragment can then be analyzed in standard PDI assays. In our laboratory, 
RNase renaturation I° and NADPH insulin reduction 11 assays proved to be the most 
reliable assays. In the NADPH insulin reduction assay, the reduction of insulin by 
GSH is coupled with the glntathione reductase-catalyzed oxidation of NADPH: 

Insulinox + 2 GSH ---> insulinred + GSSG (1) 

GSSG + NADPH/H + ---> 2 GSH + NADP + (2) 

Hence, this assay measures only the first step of an isomerization reaction, i.e., 
the reduction of disulfide bonds. Nevertheless, it is recommended here because it is 
performed more rapidly and easily than the RNase renaturation assay. For a detailed 
description of the latter, which measures both steps of a disulfide isomerization 
reaction, see Freedman et al. 12 

Determination of  Redox Activity of  Thioredoxin Boxes Contained in 54 
Amino Acid Fragment of  TG by NADPH Insulin Reduction Assay 

GSH (10 mM) in 0.2 Mphosphate buffer, pH 7.5, is preincubated for 1 min with 
10 U glutathione reductase and 0.2 mM NADPH to remove a possible contami- 
nation by GSSG. Insulin (25/zM) is added and incubated for 2 min to determine 

9 M. Klein, I. Gestmann, U. Berndorfer, A. Schmitz, and V. Herzog, Biol. Chem. 381, 593 (2000). 
10 M. M. Lyles and H. E Gilbert, Biochemistry 30, 613 (1991). 
ll X. Lu, H.F. Gilbert, and J. W. Harper, Biochemistry 31, 4205 (1992). 
12 R. B. Freedman, H. C. Hawkins, and S. H. McLanghlin, Methods Enzymol. 2,51, 397 (1995). 
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FIG. 2. Identification of active thioredoxin boxes in TG. Thioredoxin boxes active in disulfide bond 
reduction are identified by the NADPH insulin reduction assay. The redox activity of a purified TG 
fragment containing three thioredoxin boxes is compared to PDI. For experimental details, see text. 
From M. Klein, I. Gestmann, U. Berndorfer, A. Schmitz, and V. Herzog, J. Biol. Chem. 381,593 (2000). 

the rate of nonenzymatic reduction. The purified fragment and the corresponding 
fraction of noninduced bacteria as a negative control or PDI as a positive control 
are added at 0.1-2/zM. The oxidation of NADPH is monitored photometrically 
(E360 = 6.22 mM -1 cm -1) and corrected for the nonenzymatic reaction (Fig. 2). 

B i o c h e m i c a l  D e t e c t i o n  of  C r o s s - L i n k i n g  b y  Se l f -Ass is ted  
I n t e r m o l e c u l a r  Disu l f ide  B o n d  F o r m a t i o n  

To analyze self-assisted protein cross-linking, the protein of interest has to 
be available in purified form free of contamination by proteins able to catalyze 
or to affect redox reactions. The protein is then incubated at redox conditions 
representative of its cellular environment for a period of time that corresponds 
to its time of residency in this environment. The time frame of the experiment 
is important because self-assisted protein cross-linking may occur only slowly 
and thus can remain undetected if the incubation period is too short. The cross- 
linking experiments with TG, for example, were incubated for 8 days. 

The major cellular redox buffer is composed of glutathione in its oxidized 
(GSSG) and reduced (GSH) form. The redox potential is determined by the relation 
of [GSH]:[GSSG] and can be calculated according to the Nernst equation based 
on a standard redox potential E0 of glutathione of - 240  mV: 

E[V] = -0 .24  V + 0.03 log([GSSG]/[GSH] 2) (3) 
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TABLE I 
GLUTATHIONE-BASED REDOX BUFFERS FOR PROTEIN CROSS-LINKING a 

Redox potential [mV] GSX [raM] GSH [mM] GSSG [mM] 

- 1 7 0  10 3.66 3.17 
- 1 6 0  10 2.66 3.67 
- 1 5 0  10 1.90 4.05 
- 1 4 0  10 1.33 4.33 
- 1 7 0  20 5.50 7.25 
- 1 6 0  20 4.00 8.00 
- 1 5 0  20 2.80 8.60 
- 1 4 0  20 2.00 9.00 

a Concentrations of GSH and GSSG at a given concentration of total gluta- 
thione required to adjust the redox potential to values found in the endo- 
plasmic reticulum ( -170  mV) or slightly more oxidizing. 

In Eq. (3), the concentrations of GSSG and GSH have to be inserted in moles 
per liter. Factor 0.03 accounts for the Faraday's constant F, the general gas constant 
R, the two transferred electrons z and is valid between 20 ° and 37 ° with a maximum 
deviation of 3.4%. 

The concentration of total glutathione (GSX) is calculated using Eq. (4): 

[GSX] = [GSH] + 2[GSSG] (4) 

For convenience, the concentrations of GSH and GSSG required to adjust the 
redox potential to values found in the ER ( -170  mV) 13 or slightly more oxidizing 
are given in Table I. 

To analyze the self-assisted cross-linking of TG, the following conditions are 
used: radioiodinated TG (0.3-3.5 mg/ml) is incubated at 22 ° for 3 days in 50 mM 
phosphate buffer, pH 6.8, 150 mM NaC1 containing 10 mM total glutathione at a 
redox potential of - 170  mV. After this preincubation, which is applied to simu- 
late the transit of TG through the secretory pathway, the redox potential is shifted 
to - 160  or - 150  mV, respectively, by the addition of glutathione to a total con- 
centration of 20 mM. The incubation is continued for an additional 8 days at 
22 °. This more oxidizing redox potential corresponds to the supposed redox po- 
tential of the follicle lumen, i.e., the place where the cross-linking of TG oc- 
curs. All incubations are performed under nitrogen to eliminate oxygen-induced 
oxidation of cysteine residues. As a control, a reaction mixture is not shifted 
to the more oxidizing redox potentials but is further incubated at - 170  mV. The 
reactions are analyzed by nonreducing and reducing SDS-PAGE using a 3% stack- 
ing and a 6% separating gel. Quantitation is achieved by densitometric evaluation 

13 C. Hwang, A.J.  Sinskey, and H. E Lodish, Science 257, 1496 (1992). 
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FIG. 3. TG cross-linking by self-assisted intermolecular disulfide bond formation in vitro. Purified 
TG at the given protein concentration is incubated in increasingly oxidizing redox buffers. Cross-linked 
TG is identified as a high molecular weight smear unable to enter the separating gel in nonreducing SDS- 
PAGE. On reduction with DTT the high molecular weight complexes are dissolved (inset). Quantitation 
is achieved by densitomewic evaluation of the DTT-sensitive high molecular weight smear. Adapted 
from M. Klein, I. Gestmann, U. Berndorfer, A. Schmitz, and V. Herzog, J. Biol. Chem. 381,593 (2000). 

of the autoradiographs (Fig. 3). In the nonreducing gel, cross-linked TG is found 
as a high molecular weight smear in the stacking gel unable to enter the separating 
gel. Cross-links due to disulfide bonds are dissolved in the reducing gel. 

Morpho log ica l  D e t e c t i o n  of  Se l f -Ass i s ted  C r o s s - L i n k i n g  
b y  I n t e r m o l e c u l a r  Disul f ide  B o n d  F o r m a t i o n  

When intermolecular cross-linking involves not only a few but some tens or 
hundreds of molecules, the resulting aggregates are of sufficient size to be visual- 
ized by electron microscopy using negative staining or high-resolution scanning 
electron microscope techniques. The morphological analysis allows investigating 
whether cross-linking results in randomly formed aggregates or whether more de- 
fined structures are formed. In addition, computer-assisted analysis of the images 
allows one to calculate the average number of single molecules incorporated into 
an aggregate. This is particularly useful for very large aggregates precluding their 
analysis by sieving chromatography or nonreducing SDS-PAGE. 

For the visualization of cross-linked TG, a reaction mixture composed as de- 
scribed earlier is diluted 10-fold with Tris-buffered saline. For negative staining, 
this solution is then processed as follows: Hydrophilic 200 mesh grids coated with 
Formvar and carbon are laid for 30 sec on a droplet of the diluted reaction. The 
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FIG. 4. Morphological analysis of TG aggregates formed in vitro. Incubation of single TG molecules 
under oxidizing conditions results in the formation of tubular structures, which can be visualized by 
negative staining (A) or high-resolution scanning (B) electron microscopy. These structures, consisting 
of multimerized TG molecules, closely resemble the structure of TG globules formed in vivo. Prolonged 
incubation leads to large aggregates of up to several micrometers in diameter. 
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grids are washed once in distilled water, stained on a droplet of 2% uranyl acetate, 
washed five times in distilled water, and dried in air. The samples are examined 
using a Philips CM-120 (Philips, Eindhoven, Netherlands) transmission electron 
microscope (Fig. 4A). For high-resolution scanning electron microscopy, the di- 
luted solution is spread on polished aluminium holders, fixed in 2% glutaraldehyde 
(5 rain, room temperature), and washed five times in distilled water. The samples 
are air-dried, sputter coated with platinum-palladium using a Cressington sputter 
coater L08 HR (EO Elektronen-Optik-Service GmbH, Dortmund, Germany), and 
viewed with a Philips XL30 SFEG scanning electron microscope (Fei and Philips, 
Eindhoven, Netherlands) at 10-15 kV (Fig. 4B). 

To estimate the number of TG molecules incorporated into an aggregate, elec- 
tron micrographs of negatively stained probes are analyzed by image anlaysis. To 
calculate the number of molecules in an aggregate, its surface area is measured 
and divided by the average surface area of the nonaggregated single molecule. 
Surface area determination is achieved using computer-assisted image analysis, 
e.g., by the use of the software image Pro Plus 4.0 (Media Cybernetics, LP, Silver 
Spring, MD). Because the determination of the surface area of single molecules is 
necessary for the calculation, the use of this method is restricted to large molecules, 
which can be visualized in the electron microscope in their nonaggregated state. 

Po t en t i a l  Se l f -Ass is ted  I n t e r m o l e c u l a r  Disul f ide  B o n d  F o r m a t i o n  
in  O t h e r  P r o t e i n s  

Due to the widespread occurrence of CxxC boxes, self-assisted intermolec- 
ular disulfide bond formation may be a common process. Indeed, isomerase 
activity has been documented in a number of other proteins, such as leutropin 
and follitropin 14 or fibronectinJ 5 However, the PDI-like activity in such proteins 
does not necessarily result in protein multimefization. The techniques summarized 
here may be useful to decide whether the thioredoxin boxes in a given protein 
are functional in mediating self-assisted intermolecular disulfide bond formation. 
The expected results will widen our knowledge on the distribution, kinetics, and 
regulation of this process. 

14 j. j. Boniface and L. E. Reichert, Jr., Science 247, 61 (1990). 
15 K. J. Langenbach and J. Sottile, J. Biol. Chem. 274, 7032 (1999). 


