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Preface

Sri Krishnadevaraya University organized a National Symposium on Science in
'21 si century' and Annual convention of Andhra Pradesh Akademi of Sciences during
February, 2008. About 100 delegates participated in the symposium. The present
book is a collection of some of the papers presented during the symposium. Only
some authors have responded to our invitation. Apart from the symposium articles a
few invited articles have also been included in the book.
We thank Andhra Pradesh Akademi of Sciences for the support.
Prof. T. Pullaiah
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Chapter 1

Characterization of the
Multifunctional Nature of the
Chicken M6P /IGF-IIR
(Mr 300 kDa) Protein
Sivaramakrishna Yadavalli and Siva Kumar Nadimpalli*
Protein Biochemistry and Molecular Biology Laboratory
Department of Biochemistry, University of Hyderabad
Hyderabad-500 046, India

ABSTRACT
Thyroglobulin (Tg) is the major secretory protein of thyroid epithelial cells.
Part of thyroglobulin reaches the circulation of vertebrates by transcytosis across
the epithelial wall of thyroid follicles. After its synthesis, Tg follows a complex
secretion, storage and recapture pathway to lysosomes where it is completely
degraded to release thyroidal hormones. In mammals some receptors (M6P /
IGF-IIR) have been identified that help in metabolism of Tg, no information is
available on the endocytic receptors for thyroglobulin in the non-mammalian
vertebrates such as the chicken embryonic fibroblast (CEF) cell lines. In the present
study we analyzed the interaction of Tg with the CEF cells to identify the pOSSible
Tg binding receptors on these cells. Saturation ofTg binding on CEF cells reached
at 66 nM with a Kd of 33 nM. Mannose 6-phosphate inhibits binding while glucose
6-phosphate had no effect. By affinity chromatography on Tg-Sepharose gel the
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bound MPR 300 was eluted by mannose 6-phosphate. In vitro interaction between
Tg and the receptor was analyzed by far-Western blot analysis. Treatment of Tg
with glycosidases or alkaline phosphatase abolished the specific binding. In situ,
FITC-Tg- was co-localized with MPR 300 containing endocytic compartments of
CEF cells. The present study thus demonstrates the endocytosis ofTg in CEF cells
and its degradation in lysosomes is mediated by the M6P /IGFIIR 300.

Keywords: Chicken embryonic fibroblast cells, M6P/lGFIIR, Thyroglobulin, Multifunctional
receptor, Mannose 6-phosphate, MPR 300.

Introduction
Two distinct but homologous mannose 6-phosphate receptor proteins
designated as the MPR 300 (M6P /IGF-IIR, Mr 300 kDa) and MPR 46 (Mr 46 kDa)
have been well characterized in mammals that mediate transport of lysosomal
enzymes (Dahms and Hancock, 2002). M6P /IGF-IIR is a single polypeptide chain
with an apparent molecular mass of 300 kDa consisting of 15 repetitive domains in
the amino terminal region, a single transmembrane domain and a cytoplasmic tail.
Each of the 15 repetitive domains of the MPR 300 are homologous to each other and
to the single domain of the MPR 46 protein.
Among the two receptors only mammalian MPR 300 has been shown to be a
multifunctional protein and binds ligands independent of divalent metal ions. In
addition to the mannose 6-phosphate (m6p) containing ligands, it also binds IGF-II.
Additionalligands that the mammalian MPR 300 has been shown to bind are
thyroglobulin, retinoic acid, epidermal growth factor, proliferin, rennin precursor,
leukemia inhibitory factor, and precursor form of transforming growth factor (Dahms
and Hancock,. 2002) and Granzymes A and B, DNase I, CD26. Some viruses have
been shown to interact with the receptor for invasion (Brunett et al., 1994, Gabel CA
et al., 1989 and Uta Gasanov et al., 2006).
The existence of two homologous mannose 6-phosphate receptors (MPRs) with
overlapping, but distinct functions and structures with ligand binding activities has
raised the question of at what stage in the phylogenetic tree the two receptors have
occurred for the first time, what are their functions in different species and what is
their evolutionary significance? Some answers for these can only be obtained by
extensive biochemical, cell biological and molecular biological comparative studies
of the proteins among the non-mammalian vertebrates and the invertebrates.
We identified mammalian homologues of the receptors among a number of nonmammalian vertebrate species and studies on the fish MPR protein sequences revealed
that these proteins are conserved throughout the vertebrates (Suresh et al., 2006).
Homologous receptors have also been identified by us in the invertebrates,
[echinodermates (unpublished information) and molluscs (Siva Kumar and von
Figura, 2002). Though the two putative MPR proteins from the chicken embryonic
fibroblast (CEF) cells have been characterized, and shown to bind the lysosomal
enzymes that contain m6p, only recently we showed that it also binds IGF-II (Suresh
et al. 2006). It is not known whether it binds other ligands which also contain m6p
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such as the Tg and non-M6P ligands like retinoic acid etc. In view of the conserved
amino acid sequences of the MPR 300 proteins among the vertebrates (fish to
mammals), it would be interesting to analyze whether the multifunctional nature of
the receptor is also conserved. Therefore, to gain further insight into the multifunctional
nature of the non-mammalian vertebrate MPR 300 protein, CEF cells were chosen
and the present study was undertaken with the following objectives: (i) To analyze
the binding of purified and radio iodinated M6P /IGFIIR 300 from CEF cells and
chicken liver on Tg-Sepharose matrix, (ii) binding and internalization of Tg on CEF
cells in vitro and in vivo, (iii) co-localization of M6P /IGFIIR 300 and FITC-Tg in CEF
cells.

Materials
O-phosphonomannan was a generous gift from Dr.M.E.Slodki, USDA, Peoria,
IL, USA. Affinity purified antibody to the goat MPR 300 protein was as described
(Suresh et al., 2002). Mannose 6-phosphate (M6P), human IGF-II, bovine thyroglobulin
(Tg), Tgmonoclonalantibody, DMEM, trypsin-EDTA, penicillin-streptomycin and
FITC were purchased from Sigma. TRITC coupled anti-mouse IgG was purchased
from Bangalore Genei, India. FBS was purchased from JRH Bioscience and radioactive
iodine Na l25 I from MP Biomedical USA. Fresh chicken liver tissue was purchased
from the local slaughter house and carried in ice box to the laboratory and used to
purify the MPR 300 protein.

Methods
Cell Culture
Chicken embryonic fibroblast cells (CEF cells) were cultured as described (Suresh

et al., 2006).

Extraction of Membrane Proteins from CEF Cells
Confluent monolayers grown in 90 cm petri plates were scraped with the help of
a cell scraper, and the cell pellet was collected by centrifugation in a Biofuge stratos
centrifuge, at 2991 x g for 10 min. The cells were suspended in 0.1 M sodium acetate
buffer pH 6.0, containing 0.2 M NaCl, 1 mM PMSF, 5 mM iodoacetic acid, 1 mM
EDTA, sonicated thrice for 35 sec each time with an interval of 1 min, incubated for 20
min on ice, and centrifuged in a Beckman ultracentrifuge, using a fixed angle 80Ti
rotor at 161,280 x g for 35 min. The pellet obtained at this step was dissolved in 50
mM imidazole-HCl buffer pH 7.0 containing 0.5 per cent Triton X-lOO, sonicated
thrice for 35 sec each time with an interval of 1 min, incubated for 20 min on ice, and
recentrifuged as described above. The MPR300 protein from this membrane extract
as well as from the chicken liver membrane extract processed as above, was purified
to homogeneity by phosphomannan affinity chromatography (PM gel) as described
(Suresh et al., 2006).

Protein Assay
Protein concentrations were determined using BCA reagent following
manufacturer's instructions. BSA was used as the standard.

4
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In vitro Iodination
Thyroglobulin (50 llg), purified CEF cell MPR 300 protein (10-20 llg) were
radioiodinated using 150 llci of 11251] NaI as described (Suresh et al., 2006) to a specific
activity of 1200-2500 cpm per ng protein. 1125llTg was used for quantitation of Tgbinding and internalization studies on CEF cells and radiolabeled MPR 300 was
used for affinity chromatography on Tg-Sepharose gel.

Affinity Chromatography on Tg-Sepharose
Tg-Sepharose gel and BSA coupled to affigel-10 were equilibrated at 4°C with 50
mM Tris-HCl, 0.9 per cent NaCl, 0.1 per cent BSA, 5 mM CaC~ pH 7.4 containing 0.05
per cent Triton X-lOO (buffer A) as described (Lemansky and Herzog,1992). In brief,
iodinated CEF M6P jIGFIIR300 (10, 00,000 cpm) in buffer A (100111), was loaded on
to the Tg affinity gel (200 111) or onto the BSA gel (200 111) at a flow rate of 2.5 ml/min.
Unbound proteins were removed by washing with 10 volumes of wash buffer
(buffer A). Bound proteins were eluted with buffer A containing 5 mM glucose 6phosphate followed by 5 mM mannose 6-phosphate. Column fractions were TCA
precipitated, separated by SD5-PAGE and the bands visualized by autoradiography.

Quantitation of Tg Binding and Internalization [Binding Ofl125 I] Tg to
CEF Cells]
Radio iodinated Tg was diluted in buffer A to give final concentrations ranging
from 8 to 86 nM. Cells were grown in 12 well culture plates, to 80-85 per cent
confluency and incubated with 10 different concentrations (8 to 86 nM) of 1251_Tg for
90 min at 4°C in binding buffer (buffer A without TritonX100) in the presence of 2 mM
mannose [to avoid interference with the possible binding of Tg by its mannose
residues]. In a separate experiment, non-specific binding was determined in the
presence of 2 mg/ml nonradioactive Tg. Analysis was performed in duplicates and
the average values presented. After the incubation, the cells were washed in PBS
containing 1 per cent BSA five times, and lysed with lysis buffer (1 per cent Triton X100,50 mM Tris-HCl buffer (pH 8.0),150 mM NaCl, 0.02 per cent NaN3 supplemented
with 1 mM PMSF, and 1 mM EDTA as protease inhibitors on ice for 30 min. The cell
suspension was centrifuged at 100 x g for 2 min. The supernatant was discarded and
pellets were counted in a gamma counter, and the amount of bound Tg was calculated
and normalized to the concentration of the membrane protein. Saturation and
scatchard plot analysis were carried out by non-linear regression using graph pad
prism software with standard computer (www.graphpad.com) .

Binding and Internalization Ofl125 I] Tg by CEF cells
The binding and internalization of 125I_Tg in CEF cells was compared by
preincubating the cells with mannose 6-phosphate (5 mM), glucose 6-phosphate (5
mM), goat MPR 300 IgG (10 llg), unlabeled Tg (200 nM), rabbit IgG (51lg) and human
IGF-II (21lg). Binding analysis was carried out as described above. For internalization,
cells were grown to 80-85 per cent confluency in 6 well culture plates. The cells were
rinsed five times with DMEM containing 20 mM HEPES to remove the residual serum.
11251] Tg (5, 00,000 cpm) was then added to the cells in 1 ml of serum-free medium and
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incubated for 30 min at 37'C. At the end of incubation the cells were washed six times
with serum-free medium, three times with medium containing 1 mg/ ml bovine serum
albumin and five times with phosphate-buffered saline. The volume of each wash
was 1 ml. After washing the cells, they were incubated with 0.5 ml of lysis buffer as
above. Radioactivity in the lysate was measured in a gamma counter.

Treatment of Thyroglobulin with Endo H, PNGase F, Alkaline
Phosphatase and its Effect on Binding and Internalization
For glycosidase (Endo H, PNGase F) treatment, (1251] thyroglobulin (5,00,000 cpm)
was denatured by boiling with SDS and incubated for 12 hr at 37°C in incubation
buffer containing 10 microunits/pl Endo Hand 20 micro unitS/lll PNGase F (Sigma)
(pH 7.0). For phosphatase treatment (125IJ Tg was incubated in 0.15 M NaCl and 0.01
M Tris-HCl buffer pH 8.0, 50 milliunits/lll alkaline phosphatase (Sigma), for 1 hr at
37°C, and then diluted to 1 ml with ice-cold minimal essential medium with 3 mM
glutamine or in binding buffer. Effect of these treatments on the binding and
internalization of Tg to CEF cells was studied as described above.

Ligand Blotting
The membrane proteins extracted from the CEF cells were separated on a 7.5 per
cent SD5-PAGE under reducing conditions and transferred onto a polyvinylidene
difluoride membrane. After blocking with 5 per cent BSA in PBS the membrane was
probed with radio iodinated (l25IJ thyroglobulin (5, OO,OOOcpm) in PBS containing
1 per cent BSA for 1hr at room temperature. The membrane was extensively washed
with 0.05 per cent Tween 20 in PBS, dried and the bands visualized by
autoradiography.

Far Western Blotting Analysis of Enzyme Treated and Native
Thyroglobulin
Thyroglobulin (unlabeled) was treated with EndoH, PNGase F and alkaline
phosphatase as described above. The enzymes treated as well as the native Tg were
electrophoresed and transferred to a polyvinylidene difluoride membrane. After
blocking, the membrane was incubated with 50 llg of purified CEF cell M6P /IGFIIR,
followed by incubation with goat anti-MPR 300 antibodies (total IgG prepared from
the antiserum, 1:1000 dilution) followed by horseradish peroxidase-conjugated antirabbit IgG. Detection was done using ECL reagent.

Endocytosis
precipitation

of(125IJ

Thyroglobulin by CEF Cells and Immuno-

CEF cells were grown in two 6 cm culture plates one without and one with 5 mM
M6P. The plates were rinsed as described above. Iodinated (125IJ Tg (5,00,OOOcpm) was
then added to both the plates in 1 ml of semrn-free medium and the cells were incubated
for 6 hr at 37°C (Lemansky and Herzog, 1992). After removal of the medium, cells
were incubated for 3 hr with a chase medium containing 4 mg/ml unlabeled
thyroglobulin. At the end of incubation the cells were washed as described above.
The cells were lysed by treating with 0.5 ml of 0.05 per cent Triton X-lOO containing
0.02 per cent EDTA at 25°C for 5 min and the lysate was transferred into 1.5 ml tubes.
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The radioactivity in the lysate was measured as above. Thyroglobulin was
iI];ununoprecipitated from both the lysates by incubating with mouse monoclonal
antibody against Tg (1:200) as described (Siva Kumar and von Figura, 2002). The
immunoprecipitates were finally separated on a 7.5 per .:ent SDS-PAGE under nonreducing conditions and the bands visualized by autoradiography.
Table 1.1: Comparison of Ligand Binding Ability of
M6PIIGFIIR 300 of Mammalian and Non-mammalian Species
M6P-containing ligands

M6PIIGFII-R 300
Mammalian Species

Non-mammalian
Species fchicken)

Yes

Yes

Yes

NO

Lysosomal enzymes
Transforming growth

factor-~

precursor

(TGF-~)

Leukemia inhibitory factor

Yes

Proliferin

Yes

NO
NO

Thyroglobulin

Yes

Yes (present stCldy)

NO
NO
NO
NO

Renin precursor

Yes

Dnase I

Yes

C026

Yes

Epidermal growth factor receptor

Yes
M6PIIGFII-R 300

Non M6P-containing ligands

Mammalian Species

Non-mammalian
Species (chicken)

Insulin-like growth factor 11 (IGF-II)

Yes

Yes/R

Retinoic acid

Yes

NO

Urokinase-type plasminogen activator
receptor (uPAR)

Yes

Yes

Plasminogen

Yes

Yes

R: Recent study in our laboratory revealed that the reptilian MPR 300 protein binds human IGF-II and
has the critical isoleucine residue as in mammalian protein in the 11th domain.

In vitro Fluorochromation of Tg
Bovine Tg, 5 mg was incubated with 550 ].11 borate buffer (50 mM, pH 9.0) and
100 ].11 fluorochrome solution of fluoresceinisothiocyanate [5 mg FITC dissolved in
one ml of DMSO] overnight at 4°C. Free fluorochrome was removed by desalting
using a Sephadex G-25 gel as described above.
Immunofl uorescence Microscopy
Cells were grown on cover glass slides. For Tg binding, the CEF cells were fixed
in 4 per cent formaldehyde followed by blocking with 5 per cent BSA in PBS before
incubation with 200 nM Tg in binding buffer (buffer A without TritonX100) for 90
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min at 4°C. After incubation, cells were immunolabeled with monoclonal mouse antiTg (1:200) for 1hr. Washing was done as described above, and TRITC coupled antimouse IgG (1:1000) was used as the secondary antibody. For internalization of Tg,
cells were incubated for 30 min with serum free DMEM supplemented with 200 nM
FITC-Tg. After incubation, cells were washed with PBS containing 1 per cent BSA
(five times, for 2 min). Then cells were fixed with 4 per cent formaldehyde, and observed
under confocal microscopy. For detection of the Tg and arylsuHatase A in the
endosomal compartments, FITC-Tg (200 nM) was internalized on CEF cells at 37"C
for 30 min and then cells were fixed with 4 per cent paraformaldehyde, permiablized
with 0.2 per cent Triton X-lOO, after blocking, cells were incubated with the Human
arylsuHatase A antibody and detected using Alexa fluor-594 labeled secondary
antibody. For the colocalization of Tg with M6P /IGFIIR, cells were incubated with
FITC-Tg at 37"C for 30 min to allow internalization and permeabilized as described
above, washed and incubated with goat MPR 300 IgG (10 pg), followed by TRITC
labeled secondary antibody (1:1000).

Results
Tg-Sepharose Affinity Chromatography
The MPR 300 protein from CEF cells and chicken liver were purified to
homogeneity (data not shown) and radioiodinated as described under methods.
These proteins were separately applied on to Tg-Sepharose gel. (BSA-affigel-lO matrix
prepared in the laboratory was used as a control gel). The gels were processed as
described under methods and the column fractions and eluates were analyzed by
SOS-PAGE. The CEF cell M6P /IGFIIR and the chicken liver MPR 300 were both
bound on Tg-Sepharose gel and could be specifically eluted using 5 mM M6P (Figures
1.1A and B). [Under similar conditions the goat purified and radioiodinated MPR
300 was bound to the gel, data not shown]. When the iodinated receptors were applied
on BSA-affigel, all the radioactivity could be recovered in the unbound fraction
suggesting no binding of the receptors to BSA (data not shown).
Upon increasing the incubation time with fixed concentration of the radiolabeled
thyroglobulin with the CEF cells, there was an increase in the number of counts
bound to the cell surface or internalized until about 90 min beyond which there is no
change in the number of counts bound to the cell surface. Similar results were obtained
with respect to the internalized counts suggesting that the Tg was bound and
internalized into the cells (Figure 1.2).

Characterization of Tg Binding to Chicken Embryonic Cells
To characterize the Tg binding to the CEF cells, these were incubated with
radioiodinated Tg with or withOut 3 pM nonradioactive Tg at 4°C. In the absence of
non-radioactive Tg, the amount of cell-bound [l25I] Tg increased with increasing
amounts of free radiolabled Tg exhibiting saturation kinetics (Figure l.3A open circles).
In the presence of non-radioactive Tg, the cell-bound radioactivity was lower, and
increased in a linear fashion (Figure 1.3A, triangles). The specific binding of [12511 Tg to
the surface of CEF cells was calculated (Figure 1.3B) by subtracting nonspecific binding
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(B)
Figure 1.1: Affinity Chromatography on Tg-Sepharose Gel
A purified and radio-iodinated CEF MPR 300. 7.5 per cent SOS-PAGE analysis. Lane
1 unbound fraction, lane 2 Wash, lane 3, glucose 6-phosphate eluate and lane 4
mannose 6-phosphate eluted (specific elution). B Purified and radio iodinated chicken
liver MPR 300. 7.5 per cent SOS-PAGE analysis. Lane 1 unbound fraction [It is seen
from the figure that some the radioactivity of the applied was found which could be
due to overloading on the affinity matrix] lane 2 wash, lane 3 glucose 6-phosphate
eluted and lane 4 mannose 6-phosphate eluted.

(Figure 1.3A, triangles) from total binding (Figure 1.3A, open circles). Saturation of
specific Tg binding to CEF cells was reached at 66 nM of Tg. Scatchard analysis
revealed a dissociation constant of 33 nM (Figure 1.3C).
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Figure 1.2: Time Course for Binding and Internalization of (1 25 1-Tg] by CEF Cells
CEF cells were grown in 12 well culture plates and incubated with 1, 00,000 cpm
(1 25 1-Tg] in binding buffer at different time intervals at 4°C as well as 37°C, washings
and lysis was done as described in methods. Solid line and closed circles are
surface-associated, dotted line and open circles are Internalized (125 I-Tg]
respectively.

Binding and Internalization of Tg in Presence of Various Ligands, and
Effect of Glycosidases and Alkaline Phosphatase Treatment of Tg on
Binding and Internalization
When radiolabeled Tg was incubated with the CEF cells at 4°C, the binding of Tg
to the cell surface was observed. This binding was inhibited by mannose 6-phosphate,
and MPR 300 IgG, while glucose 6-phosphate, rabbit IgG and human IGF-II had no
effect. Similar observations were seen for the internalization of the radiolabeled Tg.
Additionally, deglycosylation and dephosphorylation of the bovine Tg was done as
described under methods and the effect of these treatments on binding and
internalization in CEF cells was also studied. The data from these experiments reveals
that treatment with glycosidase enzymes abolished almost 90 per cent of the binding
and internalization of radiolabeled Tg while treatment with alkaline phosphatase
suggested that the uptake was inhibited to 95 per cent. These results are presented in
Figure 1.4 A and B.

M6PIIGFII-R Interacts with Thyroglobulin In vitro
The binding of the radiolabeled Tg to the CEF cell MPR 300 was analyzed in a
ligand blot experiment. From Figure L5A, it is apparent that a band could be visualized

