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Thyroglobulin (TG), the major exportable protein of thyroid
follicle cells, is conveyed to lysosomes on a complex secre-
tion, storage and recapture pathway by as yet unknown trans-
port mechanisms. This report establishes that the dimeric
porcine TG-molecule carries an average of six phosphate
residues. Endoglycosidase digestion showed that two phos-
phate residues are bound to the high-mannose carbohydrate
side chains (CHO), while two others are linked to the com-
plex CHO. These four residues are also sensitive to alkaline
phosphatase treatment, indicating their terminal linkage. Im-
munoprecipitation analyses showed that TG obtained from
microsomal fractions is already phosphorylated. Most impor-
tant, an enzymatic assay applied to hydrolysates of TG
established that the two phosphate residues at the high man-
nose CHO are present as mannose-6phosphate (M-6-P).
Alkaline phosphatase treatment of biosynthetically radiophos-
phorylated CHO followed by hydrolysis and t.l.c. indicated
that M-6P is present at least in part in phosphomonoester
linkage. Furthermore, porcine TG binds specifically to the
M-6P receptor of Chinese hamster ovary cells. It is concluded
that the M-6P residues ofTG are exposed and able to operate
as a ligand for the M-6P receptor. It is unknown why the
lysosomal recognition-marker M--P does not convey TG
directly on an intracellular route to lysosomes. We propose
that for the secretion of newly synthesized TG into the fol-
licle lumen an additional export signal dominating over the
M-6-P recognition-marker is required.
Key words: mannose-6-phosphate/phosphorylation/protein traffic/
thryoglobulin/tyrosine sulfate

Introduction
In a variety of cell types mannose-6-phosphate (M-6-P) residues
were shown to operate as a signal for targeting newly synthesiz-
ed enzyme precursors to lysosomes. After binding to a specific
M-6-P receptor, acid hydrolases are conveyed to lysosomes either
on a direct intracellular route or on a secretion and recapture
pathway (Kaplan et al., 1977; Creek and Sly, 1984; von Figura
and Hasilik, 1986). Exportable proteins differ from lysosomal
enzymes by the absence of this M-6-P receptor-mediated transport
mechanism.

Thyroglobulin (TG) is the major exportable protein of thyroid
follicle cells. In contrast to most other exportable proteins, the
ultimate destination of TG is the lysosomal compartment, where

thyroid hormones are released by proteolytic degradation (Rall

IRL Press Limited, Oxford, England

et al., 1964; Wollman, 1969; Van Herle et al. 1979). Newly
synthesized TG is always first exported to the thyroid follicle
lumen (Wollman, 1969) where it is stored at high concentrations
(100-400 mg/ml) (Hayden et al., 1970; Smeds, 1972) and re-
internalized by endocytosis. Hence, TG appears to share char-
acteristics of both proteins destined for export and proteins destin-
ed for transport to lysosomes. To explain the unique secretion,
storage and recapture pathway of TG, it is necessary to deter-
mine which cellular transport signals are present on the TG
molecule.

This report shows that newly synthesized TG is released into
the follicle lumen as a phosphorylated protein. Part of the phos-
phate residues are present as phosphomannosyl esters in an ex-
posed position. Hence, TG expresses the signal for transport to
lysosomes. To our knowledge, this is the first report on an
obligatorily exportable protein which carries the lysosomal
recognition marker. Our observations raise the question by which
mechanism the signal for direct transfer of TG to lysosomes is
suppressed and whether another signal responsible for export is
present on the TG molecule.

Results
Morphological evidence for the release ofphosphorylated TG
Light microscopic autoradiographs showed, at all time points after
labelling, the highest concentrations of silver grains over the
cytoplasm of follicle cells and of cells in the interfollicular space.
Beginning at 5 h of incubation in the presence of [33P]PO-,
silver grains were also detected over the follicle lumen (Figure
1A). Observations with the [33P]PO- line source showed that
autoradiographic silver grains were restricted to the source line
(Figure iB). Hence, the silver grains over the follicle lumen are
the result of phosphate incorporation into the secretion product,
while radioactive spread from the extensively labelled follicle cells
can be ruled out.
Determination of cellular phosphorylation sites
After incubation with [32p]pO4- inside-out follicles were found
to release radioactive TG (Figure 2, supernatant). It was the only
detectable protein released into the culture medium from a great
variety of other phosphorylated proteins present in the cells
(Figure 2, cell lysate). In order to determine the site of phos-
phorylation of TG, mini-organ cultures of pig thyroid glands were
pulse-labelled for 10 min with [32p]pOl- and TG was isolated
by immunoprecipitation from lysates of total microsomal frac-
tions (Figure 3A) and of mini-organs. Equal amounts of immuno-
precipitated TG were subjected to gel electrophoretic analysis
(Figure 3B). Only TG precipitated from microsomes was radio-
labelled, whereas the TG from mini-organ lysates consisting
primarily of luminal TG was unlabelled (Figure 3C).
Localization ofphosphate on the TG molecule
Freshly isolated TG contained an average of six phosphate
residues per molecule of dimeric TG (Table I). Alkaline phos-
phatases removed up to four phosphate residues from TG
denatured with SDS and ,-mercaptoethanol. Without prior un-
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Fig. 1. Light microscope autoradiographic visualization of phosphate incorporation. (A) Pig thyroid tissue (mini-organ culture) after 24 h of incubation in
[3"P]PO'--MEM. Most silver grains are observed over follicle cells. Labelling is less concentrated over the connective tissue in the interfollicular space (IS)
and also visible over the follicle lumina (*) indicating that the secretory product is phosphorylated. (B) demonstrates silver grains restricted to a ["P]pd-
source line assuring that grain dispersion is negligible. Hence, radioactive spread from the follicle cells does not contribute to the labelling of follicle lumina.

folding of the protein, only two phosphate residues were removed
readily, which therefore appear to be exposed on the surface of
the TG molecule. Enzymatic removal of carbohydrates with endo-
glycosidase H or with endoglycosidase D was used to test for
the presence of phosphate residues on the different types ofCHO
on TG. As shown in Table I, each enzyme removed two of the
phosphate residues per dimeric TG. Two phosphate residues re-
mained resistant to enzymatic treatment. They may be present
as phosphoamino acids or be located on unexposed oligosac-
charides. It has been shown that phosphotyrosine is the most
alkaline-stable phosphoamino acid (Martensen, 1982) and that
treatment with 1 M KOH at 55°C for 2 h hydrolyses all other
phosphates. TG isolated from the culture medium and subjected
to gel electrophoresis lost all its [32P]PO3--radioactivity upon
alkaline treatment (not shown). It is concluded that
phosphotyrosine esters do not occur in normal porcine TG.
HCl hydrolysates of TG were tested for their content of M-6-P

according to the assay described by Gawehn (1984). Owing to
the high salt concentrations in the reaction mixture, the reaction
proceeded rather slowly and was completed only after 5 h of in-
cubation. One mole of dimeric TG was found to contain 0.63

4 0.36 mol of M-6-P (Table H). It is known that considerable
amounts of M-6-P are lost during acid hydrolysis and depro-
teinization (Natowicz et al., 1983). The recovery of M-6-P was
found to be - 30%. Based on the recovery, the actual amount
was calculated to be -2.2 mol M-6-P per mol of dimeric TG
(Table II).

Detection and localization of radiolabelled M-6-P
The presence of phosphomannosyl monoesters was investigated
after biosynthetic radiolabelling of TG with [32p]pO4- and isola-
tion of high-mannose CHO by means of endoglycosidase H
cleavage. Autoradiographs of CHO hydrolysates analysed by
t.l.c. or electrophoresis showed radioactive spots corresponding
to the unlabelled M-6-P standard with a considerable loss of radio-
activity when CHO was treated with alkaline phosphatase prior
to hydrolysis (Figure 4).

Fig. 2. Polyacrylamide gel electrophoretic analysis of cell lysates from
inside-out follicles (left) and of the secretory product in the supernatant
culture medium (right) after incubation in the presence of [32p]pO4-. The
phosphorylated secretory product consists entirely of TG. This rules out the
possibility of concomitant release of M-6-P-carrying lysosomal enzymes.

The radioactive M-6-P spots of phosphatase-treated and un-
treated samples were quantitated by liquid-scintillation counting.
The results showed that the loss of radioactivity amounted to
-47%. It is concluded that at least part of the M-6-P is terminally

bonded, i.e. present in monoester form.
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Table 1. Phosphate residues on porcine thyroglobulin

Native TG Phosphate content of TG after treatment with

Alkaline phosphatase Endo H Endo D

Native TG Denatured TG

Number of phosphate groups ± SD 5.92 0.19 4.08 0.19 2.50 + 0.60 4.18 i 0.33 3.98 ± 0.28

(n) (12) (6) (2) (6) (11)

Four of the six phosphate residues on porcine TG are accessible to cleavage by the enzymes tested. The remaining two phosphate groups may be attached to

amino acids. Alkaline phosphatase cleaves approximately four phosphate residues from TG denatured with SDS and mercaptoethanol; only two phosphate

residues are removed when denaturation is omitted.
Digestion experiments with endoglycosidase H or endoglycosidase D showed that either type of CHO carries two phosphate residues. The two phosphate

groups cleavable by alkaline phosphatase from native TG are presumably located on the high mannose CHO, since endoglycosidase H removes no additional

phosphate from native TG pretreated with alkaline phosphatase (not shown). n, number of independent determinations.

Binding ofporcine TG to Chinese hamster ovary cells

At 4°C ['25I]TG was adsorbed to the cell surface of Chinese
hamster ovary cells. Binding was inhibited by - 48% (average
of five independent experiments) using free M-6-P in the culture
medium or by -44% (average of two independent experiments)
using anti-M-6-P receptor antibodies with which the cells were
incubated prior to the exposure to [1251]TG. A detailed investiga-
tion on the M-6-P-mediated interaction between TG and Chinese
hamster ovary cells will be presented separately (W.Neumiuller
and V.Herzog, in preparation).
Detection of tyrosine sulphate (Tyr-O-SO) residues
Dimeric porcine TG was shown to contain an average of - 13
sulphate residues (Herzog, 1985). Inside-out follicles incubated
in the presence of [35S]SO2- released sulphated TG into the
culture medium (native TG, Figure 5A). After acid hydrolysis,
the TG band had lost - 67% of its radioactivity (acid hydrolysis,
Figure SA), indicating that porcine TG contains approximately
nine Tyr-O-SO -residues. Direct evidence for the presence of
Tyr-O-SO- was obtained by thin-layer electrophoretic analysis
of alkaline hydrolysates prepared from [35S]SO2--labelled TG
(Figure SB).

Discussion
Thyroglobulin (TG), the macromolecular precursor of thyroid
hormones, is an obligatorily exportable protein produced by
thyroid follicle cells. For the proteolytic release of thyroid hor-
mones, TG stored in the follicle lumen is internalized by thyroid
follicle cells and degraded in lysosomes. Hence, TG and acid
hydrolases have in common as their ultimate destination the
lysosomal compartment. This compartment is reached, however,
by distinctly different pathways: in thyroid follicle cells, newly
synthesized lysosomal enzymes do not appear as a secretory con-

stituent in the follicle lumen and are transported to lysosomes
presumably on a direct, intracellular route. By contrast, TG
reaches the lysosomes only after secretion, storage and recap-
ture from the follicle lumen (Wollman, 1969). The export ofTG
into the follicle lumen is a functional requirement, since TG
becomes hormonogenic only after iodination which occurs at the

apical cell surface (Ekholm and Wollman, 1975). M-6-P residues
have been identified as important signals for targeting acid
hydrolases to lysosomes. Thus, the question arose as to which
signals determine the unique cellular transport of TG.
TG is known to undergo a variety of modifications such as

glycosylation (Spiro and Spiro, 1966; Tsuji et al., 1981;
Yamamoto et al., 1981), sulphation (Herzog, 1985) and iodina-
tion (Ekholm and Wollman, 1975). The first observation of this

report is that TG undergoes phosphorylation as an additional

Fig. 3. Determination of cellular sites of TG-phosphorylation. Total
microsomal fractions (A) and intact mini organs (follicles) which primarily
contain luminal TG were lysed after 10 min of labelling with [32P]P4O.
(B) Equal amounts of microsomal and luminal TG isolated by
immunoprecipitation were subjected to SDS-PAGE and stained with
Coomassie Blue (CB). (C) Autoradiograms (AR) of the same gel show that
only microsomal TG is radiolabelled. This indicates that phosphorylation of
TG is an intracellular process occurring in the rough endoplasmic reticulum
or the Golgi complex while extracellular phosphorylation is excluded. IgGh,
heavy chain of IgG used for immunoprecipitation of TG.

Table H. M-6-P content of porcine thyroglobulin

Number of M-6-P Recovery of Number of M-6-P
residues detected M-6-P (%) residues corrected

by assay (± SD) for recovery
( i SD)

0.6 ± 0.3 28.6 + 6.8 2.2

n = 8 n = 4

M-6-P was determined in acid hydrolysates of TG. Polytyrosine
hydrolysates and albumin hydrolysates were used as M-6-P-free negative
controls. The recovery of M-6-P was determined by the addition of M-6-P

to polytyrosine or albumin before hydrolysis. Based on a recovery of

28.58%, the M-6-P content was calculated to be approximately two residues

per dimeric TG. n, number of independent determinations.

modification. Though light microscopic autoradiographs show

the accumulation of phosphorylated TG in the follicle lumen, they
do not allow conclusions as to the sites of intracellular phos-
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Fig. 4. Detection of 32P-labelled M-6-P on the high-mannose CHO of
porcine TG by t.l.c.: lane 1 shows that the intact high-mannose CHO
cleaved with endoglycosidase H from biosynthetically phosphorylated TG
(see Figure 2, supernatant) is phosphorylated. Acid hydrolysis resulted in
the (partial) release of radiolabelled M-6-P (lanes 2 and 3), which was
identified by comparison with unlabelled M-6-P standard (lane 4). The
lower spots in lanes 2 and 3 represent partially hydrolysed CHO. Treatment
of intact CHO with alkaline phosphatase prior to hydrolysis resulted in the
loss of -47% radioactivity from both M-6-P and the partially hydrolysed
CHO, which indicates that at least part of the M-6-P is terminally located
and present in phosphomonoester linkage.

Fig. 5. Detection of tyrosine sulphate on porcine TG after biosynthetic
labelling with [35S]S02-. Indirect evidence for the presence of Tyr-O-SO-3
was obtained by acid hydrolysis of native TG which resulted in the loss of
- 67% of its radioactivity (SDS-PAGE). Direct demonstration of Tyr-O-
SO is shown by thin-layer electrophoretic analysis of alkaline hydrolysates
prepared from [355]50j-TG. The autoradiographic spot near Ser-O-SO0
probably represents dimeric Tyr-O-SOy. NH, ninhydrin stain; AR,
autoradiography.

phorylation of TG, because cells are excessively labelled,
presumably due to incorporation of [32p]pO3- into RNA.
However, immunoprecipitation ofTG from microsomal fractions
prepared after pulse-labelling of follicle cells with [32p]po3-
showed that phosporylation ofTG is an intracellular event which
occurs at least in part in the rough endoplasmic reticulum or the
Golgi complex. Extracellular phosphorylation which has been
described for the processing of cell surface carbohydrates
(Brandley and Schnaar, 1985), can be excluded: TG in the fol-
licle lumen and in contact with the epithelial cell surface does
not acquire phosphate residues when cells are pulse-labelled with
[32p]po3-.
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Fig. 6. Secretion, storage and recapture pathway of TG: after synthesis at
the rough endoplasmic reticulum (RER) (1) TG is glycosylated (Spiro and
Spiro, 1966) and transported to the Golgi complex (2) where glycosylation
is completed and sulfation of TG takes place (Herzog, 1985).
Phosphorylation of TG may either occur in the RER or the Golgi complex
(this report). TG is iodinated upon exocytotic release into the follicle lumen
(3) (Ekholm and Wollman, 1975) where it is stored. We propose that an
export signal (ES) directs the secretion of TG into the follicle lumen (4) (for
the possible nature of the export signal see Discussion). For proteolytic
release of thyroid hormones TG is internalized (5) and conveyed to
lysosomes (6). This transport may be mediated, in part, by the M-6-P signal
(4). Direct intracellular transport of newly synthesized TG to lysosomes has
not been observed (interrupted arrow). Thyroid hormones (T3, T4) liberated
by proteolysis of TG reach the circulation (8) by an as yet unknown
transport mechanism. Part of the internalized TG may escap' lysosomal
degradation by transcytosis (7) (Herzog, 1983). In contrast to TG, lysosomal
enzymes carrying the M-6-P recognition-marker do not appear in the
secretion product (see Figure 2) and are, therefore, in thyroid follicle cells
transported intracellularly on a direct route from the Golgi complex to
lysosomes.

Dimeric TG molecules were found to carry an average of six
phosphate residues. As TG is a glycoprotein with a carbohydrate
content of - 10% (Gottschalk and Ada, 1956), phosphate could
be incorporated as carbohydrate phosphates. Indeed, enzymatic
removal of carbohydrates with endoglycosidase H [cleaving the
high-mannose carbohydrate side chain (CHO), Muramatsu et al.
(1976)] and with endoglycosidase D [removing the complex
CHO, Muramatsu et al. (1978)] showed that two phosphate
residues per dimeric TG are covalently linked to each of the two
types of CHO. The phosphates of both locations are susceptible
to enzymatic treatment with alkaline phosphatase, indicating that
the phosphate groups are present in monoester-linkage on both
CHO types of TG. The localization of the remaining two
phosphate molecules on porcine TG is unknown. Alkaline treat-
ment of TG (Martensen, 1982) removed all phosphate residues
from [32P]PO34-labelled TG, thus suggesting the absence of
phosphotyrosine. It was reported that rat TG contains serine-phos-
phate residues (Spiro and Gorski, 1986). Hence, the remaining
two phosphate groups on porcine TG may be present as amino
acid phosphates other than tyrosine phosphate.
The phosphate residues contribute to the anionic state of TG,

which is also determined by negatively charged amino acids, sialic
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acid residues and sulphate groups (Herzog, 1985). There are in-
dications for electrostatic interactions between the anionic sites
of TG and Ca2+ (Herzog, 1985). The high degree of compac-
tation of TG in the follicle lumen (100-400 mg/ml) is
presumably made possible by these interactions.
While this manuscript was submitted, Spiro and Gorski (1986)

reported on the absence of sugar phosphates in rat TG. The
presence of M-6-P in phosphomannosyldiester linkage has been
observed in the TG of malignant human thyroid glands (Yama-
moto et al., 1985). The most important observation of this report
is the demonstration of the lysosomal recognition-marker M-6-P
on porcine TG. Evidence for the presence of M-6-P was obtain-
ed from acid hydrolysates of porcine TG using a specific en-
zymatic assay (Gawehn, 1984). Thin-layer electrophoretic and
chromatographic analyses allowed direct visualization of M-6-P
in hydrolysates of the carbohydrate side chains after biosynthetic
phosphorylation of TG. The removal of phosphate by treatment
of 32P-labelled high-mannose CHO with alkaline phosphatase in-
dicates that at least part of the M-6-P residues are located in ter-
minal position. Chinese hamster ovary cells known to express
the M-6-P receptor (Sahagian and Neufeld, 1983) bind porcine
TG on their surfaces. The adsorption of porcine TG in the
presence of anti-M-6-P receptor antibody or of free M-6-P is
inhibited by an average of 44 or 48% respectively. We conclude
that the M-6-P present on porcine TG operates in the binding
of TG to the M-6-P-receptor.
Thus far, it is unknown why the lysosomal recognition marker

M-6-P fails to target TG directly to lysosomes and why TG
follows instead the complex bidirectional secretion, storage and
recapture pathway. Since dimeric TG is a very large molecule
(mol. wt 670 000; Edelhoch, 1965), the two M-6-P residues
might be insufficient in operating effectively as a signal. The
M-6-P marker may also be masked during the passage of TG
through the Golgi complex and, therefore, be unable to serve
as a ligand for the M-6-P receptor. Alternatively, a second signal
(ES in Figure 6) dominating over M-6-P may lead to the secre-
tion of TG into the follicle lumen. A candidate for such a signal
might be the phosphate on the complex CHO. It has also been
suggested that the sialic acid residues on the complex CHO of
TG operate as export signals because certain thyroid tumors lack-
ing sialyl-transferase are defective in secreting TG into the fol-
licle lumen (Monaco and Robbins, 1973). Furthermore, since
the majority of sulphate residues ( - 67%) of TG are present as
tyrosine sulphate esters, and tyrosine sulphate was proposed to
function as a signal for the export of proteins (Huttner, 1982),
it is tempting to speculate that tyrosine sulphate is responsible
for the secretion of TG into the follicle lumen. M-6-P in turn
could mediate the recapture of TG from the follicle lumen, since
in thyroid follicle cells the M-6-P-receptor has been detected on
the apical cell surface besides its location in the Golgi complex;
furthermore, the binding of TG to the apical cell surfaces of folli-
cle cells can be blocked by anti-M-6-P receptor antibodies or
by M-6-P added in excess (G.Scheel and V.Herzog, in
preparation).
The regulated secretion, storage and recapture pathway of TG

is a prerequisite for sufficient hormone production by thyroid
follicle cells. The mechanisms of this transport are, therefore,
of great biomedical interest. At present, we are faced with the
problem of understanding why TG is primarily exported despite
the presence of the lysosomal recognition-marker. Possibly, a
hierarchy of signals is established on the TG molecule, with the
signal for export dominating over that for transfer to lysosomes
(see Figure 6). We propose that the concerted action of various

signals rather than a single recognition-marker determines the
intracellular pathway of TG.

Materials and methods
In vitro systems of porcine thyroid tissue
Two different in vitro systems with distinct polar organization of thyroid follicle
cells were used: (i) inside-out follicles in which the epithelial polarity is reversed
with the apical plasma membrane facing the culture medium (Herzog and Miller,
1981); (ii) mini-organ culture in which follicles maintain their normal polar
organization with the apical cell surface directed toward the lumen (Herzog, 1985).
Phosphorylation experiments
Orthophosphoric acid of two different isotopes (New England Nuclear, Dreieich,
FRG) was employed: [33P]PO3- was used for labelling of mini-organ cultures
and for light microscopic detection of phosphorylated secretory product. Advan-
tage was taken of the relatively low ,3-energy of 33P (0.25 MeV) and of the
longer half-life (25.4 days), which resulted in a more convenient use of radioac-
tive phosphate and in a higher precision in autoradiographic resolution. For all
biochemical and immunological analyses TG was biosynthetically phosphorylated
using [32p]pO4- (applied to inside-out follicles or mini-organ cultures).

Light microscopic autoradiography. Mini-organs were suspended in phosphate-
free medium [Eagle's Minimum Essential Medium (MEM) with Earle's Salts]
supplied with [33P]PO4- (1 mCi/mi). After 1-24 h of incubation at 37°C mini-
organs were fixed, embedded in Epon and prepared for light microscopic auto-
radiography using K5-emulsion from Gilford Ltd (Ilford, Essex, UK). After 5-7
days of exposure, unstained light microscopic samples were analysed by phase
contrast. A radioactive line source was prepared to control grain dispersion in
light micrographs from tissue after labelling with [33P]PO4-. For this purpose,
a suspension of myeloma cells was incubated in phosphate-free MEM supplied
with [33P]PO4- (1 mCi/ml). The cells were washed, fixed, pelleted and embed-
ded in Epon. One-micrometer sections were re-embedded in Epon, and sections
perpendicular to the flat embedded 33P source were prepared for light microscope
autoradiography as described above. The spread of the silver grains from the
line source was examined by light microscopy.
Secretion of phosphorylated TG. Inside-out follicles were suspended in phos-
phate-free MEM supplied with [32p]pO4- (1 mCi/ml) and thyroid-stimulating
hormone (50 mU/ml). After 24 h of incubation the culture medium containing
the radiolabelled TG was separated from unbound [32p]pO4- using a micro-
ultrafiltration system (Model 8 MC, Amicon Corp., Danvers, MA) supplied with
a Diaflo PM-10 ultrafiltration membrane. The secretory product was analysed
by a one-dimensional (1 mm) slab-gel-system (Laemmli, 1970) with a 5-15%
acrylamide gradient. The gel was either stained with Coomassie Blue and dried
for autoradiographic visualization of radioactive constituents (Hyperfilm 13-max
from Amersham Buchler GmbH, Braunschweig, FRG), or the TG band was cut
out for determination of radioactivity by liquid scintillation counting. The possibility
of tyrosine phosphorylation was investigated by alkaline treatment of the phos-
phorylated protein band (Martensen, 1982).

Detection of cellular phosphorylation sites
Suspensions of mini-organ cultures from porcine thyroid glands were incubated
in phosphate-free MEM supplied with [32p]pO4- (1 mCi/ml). The follicles were
washed and microsomal fractions were prepared by differential centrifugation
as described by Herzog and Miller (1972). Lysates from mini-organs (in which
the luminal content predominates) and from microsomal fractions were prepared
by suspension in a 0.01 M Tris-HCI buffer, pH 7.6, containing 0.15 M NaCl,
1% Triton-X 100, 2 mM phenylmethylsulphonyl fluoride (PMSF) and aprotinin,
4 Ag/ml, for 30 min at 4°C. Lysates were sedimented (15 min; 10 000 g) and
supernatants were subjected to immunoprecipitation.

Immunoprecipitation
Immunoprecipitation analyses were performed as described previously (Holzmann
et al., 1985). Briefly, immunosorbents were prepared by binding a rabbit anti-
serum against porcine TG to protein A-Sepharose (Sigma Chemie, Munchen,
FRG) and incubated with labelled cell lysates at 4°C for 3 h. Bound material
was eluted by boiling in a reducing sample buffer and analysed by SDS-PAGE
(7.5% acrylamide). Fixed and stained gels were prepared for autoradiography
as described above.

Isolation of porcine TG and determination of phosphate residues
For isolation of TG, tissue fragments (0.1-0.3 mm) from porcine thyroid glands
were suspended in phosphate-free MEM supplied with protease-inhibitors (1 mM
N-cx-p-tosyl-L-arginine methyl ester; 0.5 mM PMSF; Antipain 1 rig/ml; Pepstatin
A 1 Atg/ml; aprotinin 4 jg/ml). After 4 h of gentle shaking at 4°C the supernatant
was removed and filtered through 200 ltm Nytex-gauze.
TG was isolated from the filtrate according to the technique of Rolland and
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Lissitzky (1976) employing phosphate-free conditions. Phosphate was determin-
ed using the molybdate assay in the modification developed by Widnell (1974).
Enzymatic treatment ofporcine TG
Porcine TG was incubated in the presence of various exo- or endoglycosidases
or of alkaline phosphatase. After digestion TG was extensively dialysed against
water, and the phosphate content determined (Widnell, 1974). All incubations
were performed with 10 mg TG/ml in the following media: (i) endoglycosidase
D: 0.1 M citrate buffer, pH 6.0 (Muramatsu et al., 1978) containing 20 mU
endo-D, 40 mU neuraminidase, 20 mU (3-galactosidase and 20 mU ,B-N-acetyl-
glucosaminidase, 20 h at 37°C; (ii) endoglycosidase H: 0.1 M citrate buffer, pH
5.5 (Muramatsu et al., 1976), 20 mU of enzyme, 20 h at 37°C; (iii) a-
mannosidase: 0.01 M citrate buffer, pH 5, 3 U of enzyme, 22 h at 25 or 37°C;
(iv) alkaline phosphatase: 0.2 M glycine buffer, pH 8.8, containing 0.05 M
MgCl2, 5 U of enzyme, 20 h at 37°C. In some experiments, cleavage with
alkaline phosphatase was performed after unfolding ofTG by treatment with 5%
SDS and 50 mM ,B-mercaptoethanol. All enzymes were from Miles Lab. Ltd,
Frankfurt, FRG, except alkaline phosphatase (Sigma Chemie, Miinchen, FRG)
and neuraminidase from Vibrio cholerae (Behringwerke AG, Marburg, FRG).
Enzymatic detection of M-6-P
TG (100 mg) was hydrolysed (2 N HCI, 2 h, boiling water bath) and deproteinated
by the addition of 1/10 volume 5.8 M perchloric acid. The supernatant was

neutralized, lyophilized and redissolved in 50 mM triethanolamine buffer (pH
7.6). After filtration (0.2 um FP 030/3-filter, Schleicher and Schiill, Dassel, FRG)
the M-6-P content was determined using the enzymatic assay of Gawehn (1984).

In some experiments, poly-L-tyrosine or albumin (fraction V) (Sigma Chemie,
Miunchen, FRG) were used as M-6-P-free control samples to test the validity
of the enzymatic assay; both samples showed no positive reaction. Known amounts
of M-6-P (200-300 nmol) were added to the control samples to determine the
loss of M-6-P during the hydrolysis and filtration procedures (see Results and
Table II).
Detection of M-6-P by t. 1. c. and thin-layer electrophoresis
The position of M-6-P on the high-mannose CHO of porcine TG was determin-
ed following, in principle, a procedure reported by Hasilik et al. (1980). Biosyn-
thetically phosphorylated porcine TG was treated with endoglycosidase H (0.1
U/ml, 37°C, 24 h) in the presence of 0.1 M P03-. The released high-mannose
CHO was separated from the protein by precipitation with 10% trichloroacetic
acid (TCA) (3 h, 4°C) and lyophilized. Aliquots were treated with alkaline
phosphatase (0.5 U in 5 IL of 0.1 M Tris-HCl buffer containing 50 mM MgCl2
at pH 8.2 and 37°C for 24 h). After hydrolysis of CHO (3 N HCl, 2 h, 95°C)
the presence of M-6-P in phosphatase-treated and untreated samples was analys-
ed by t.l.c. with t-butanol (80 ml), picric acid (2 g) and H20 (20 ml) as solvent
(Benson, 1957) or by thin-layer electrophoresis using the foils F 1440 (Schleicher
and Schuill, Dassel, FRG) at 500 V and 1.5 A with 0.1 M borate buffer, pH 10.5
(4°C). M-6-P was applied as a standard and visualized by staining with
molybdenum blue spray reagent (Sigma Chemie, Munchen, FRG). Radioactive
constituents were detected by exposure to Hyperfilm Beta-Max (Amersham Buchler
GmbH, Braunschweig, FRG). The M-6P released from the untreated CHO was
recovered from the electrophoresis foil, quantitated by liquid scintillation count-
ing and compared to the M-6-P separated from phosphatase-treated CHO. As
part of the M-6-P monoester content might have been generated by the cleavage
of diesters during TCA-precipitation of protein we investigated the presence of
the lysosomal recognition marker by the M-6-P-mediated adsorption of TG to
Chinese hamster ovary cells.

Binding of [12511TG to Chinese hamster ovary cells
Porcine TG was iodinated with 1251 by the chloramine-T-technique (Hunter and
Greenwood, 1962). Chinese hamster ovary cells grown in monolayer were in-
cubated with [125I]TG (2.7 ,ug/ml) for 1 h at 4°C in the presence of 2 mM man-
nose (to avoid interference with the possible binding of TG by its mannose
residues). Cells were harvested and radioactivity was related to the total protein
of cell lysates. The binding was compared to the adsorption of [1251]TG to
Chinese hamster ovary cells which had been preincubated either with anti-
M-6-P receptor antibodies or with free M-6-P (2 mM) in the presence of 2 mM
mannose.

Detection of tyrosine sulphate
After gel electrophoresis, the radioactive band of [35S]SO42--labelled TG was
treated for 5 min with 1 M HCl at 95°C as described by Huttner (1984). The
hydrolytic loss of radioactivity was quantitated by liquid scintillation counting.
For direct visualization of 35S-labelled Tyr-O-So-, alkaline hyrolysates were
analysed by thin-layer electrophoresis as described by Huttner (1984).
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