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Abstract

Growth factors and their binding proteins are important
proteins regulating mammalian cell proliferation and
differentiation so there is considerable interest in
producing them as recombinant proteins, especially
in hosts that do not already produce a complex mixture
of growth factors. Many growth factors require post-
translational modifications making them unsuitable for
production in Escherichia coli or other prokaryotes.
Since several expression vector systems have been
recently developed for foreign protein production in
the cellular slime mould, Dictyostelium discoideum,
we attempted to use two of these systems to express
human insulin-like growth factor binding protein 6
(hIGFBP6) and bovine beta-cellulin (bBTC) as secreted
proteins. Although both proteins were successfully
produced in stably transformed amoebae, no secretion
was detected in spite of several attempts to facilitate
this occurring.

Introduction

In most situations the preferred expression system for the
production of a protein by recombinant techniques is a
bacterial one. However, that is not the case where the
protein undergoes post-translational modification such as
glycosylation because prokaryotes do not carry out such
modifications in ways that are the same as eukaryotes.
Therefore, a number of alternative systems are used in
these circumstances and one that has many promising
features is the cellular slime mould Dictyostelium
discoideum.

This organism is a free-living amoeba feeding on soil
bacteria. However, on depletion of the food source the
amoebae aggregate and differentiate into a multicellular
organism. This unusual life cycle has facilitated new

experimental approaches to study the cellular interactions
required for a multicellular organism and has also allowed
the identification of promoters that are developmentally
regulated and therefore of use for the controlled production
of hererologous proteins. D. discoideum is also a robust
eukaryotic microorganism with simple and economical
growth conditions. A further advantage of D. discoideum is
that it does not require serum to support its growth and
hence avoids potential contamination with mammalian
growth factors and infectious agents (Dittrich et al., 1994).
Furthermore, various shuttle vectors have been developed
that are either stably integrated into the genome or
maintained extrachromosomally following transformation.

Several mammalian glycoproteins have been
successfully expressed in D. discoideum, including
rotavirus VP7 (Emslie et al., 1995), human muscarinic
receptors m2 and m3 (Voith and Dingermann 1995, Voith
et al., 1998), antithrombin III (Dingermann et al., 1991), a
soluble form of mast cell IgE receptor (Wilson et al.,
unpublished) and choriogonadotropin (Heikoop et al.,
1998). The muscarinic receptors were expressed as a
membrane protein, but the others were secreted making
downstream purification of a commercial product much
simpler. The basic structure of N-linked glycosylation in D.
discoideum is predominantly Man9GlcNAc2 similar to the
mammalian high mannose structure, but completely lacking
galactose, N-acetyl galactosamine or sialic acids found in
complex N-linked structures (Sharkey and Kornfeld, 1991).
Single, O-linked N-acetyl glucosamine residues attached
to the mucin MUC1 and MUC2 repeats (Jung et al, 1998)
is the only detailed characterisation of O-linked
glycosylation on mammalian proteins expressed in D.
discoideum. Dispite the replacement of N-acetyl
galactosamine with N-acetyl glucosamine, the pattern of
glycosylation was similar to that reported in mammals. The
smaller, less variable glycosylation structures in D.
discoideum results in recombinant glycoproteins having
lower apparent molecular weights compared to proteins
expressed in mammalian cells (Slade et al., 1997).

Extensive research has established the importance
of insulin-like growth factors (IGFs), their binding proteins
and receptors in health and disease. Insulin-like growth
factors (IGF-I and IGF-II) stimulate cell division and
differentiation of mammalian cells. IGFs form a complex
with specific binding proteins. Six IGF binding proteins
(IGFBPs) are known to regulate IGF activity and transport.
Furthermore, an IGF-independent action of IGFBPs has
recently been established (Reviewed in Oh et al., 1998).
The binding proteins differ in their ability to bind IGF-I and/
or IGF-II. Depending on the location of IGFBPs or metabolic
conditions, they enhance or inhibit IGFs’ action (Ranke
and Elmlinger, 1997). Here we expressed human insulin-
like growth factor binding protein 6 (hIGFBP6) and bovine
beta-cellulin (bBTC) in D. discoideum under both actin 15
and discoidin promoters. bBTC has recently been isolated



• MALDI-TOF Mass Spectrometry in Microbiology 
  

   Edited by: M Kostrzewa, S Schubert (2016) 
   www.caister.com/malditof 

• Aspergillus and Penicillium in the Post-genomic Era 
  

   Edited by: RP Vries, IB Gelber, MR Andersen (2016) 
   www.caister.com/aspergillus2 

• The Bacteriocins: Current Knowledge and Future Prospects 
  

   Edited by: RL Dorit, SM Roy, MA Riley (2016) 
   www.caister.com/bacteriocins 

• Omics in Plant Disease Resistance 
  

   Edited by: V Bhadauria (2016) 
   www.caister.com/opdr 

• Acidophiles: Life in Extremely Acidic Environments 
  

   Edited by: R Quatrini, DB Johnson (2016) 
   www.caister.com/acidophiles 

• Climate Change and Microbial Ecology: Current Research 
and Future Trends 

  

   Edited by: J Marxsen (2016) 
   www.caister.com/climate 

• Biofilms in Bioremediation: Current Research and Emerging 
Technologies 

  

   Edited by: G Lear (2016) 
   www.caister.com/biorem 

• Microalgae: Current Research and Applications 
  

   Edited by: MN Tsaloglou (2016) 
   www.caister.com/microalgae 

• Gas Plasma Sterilization in Microbiology: Theory, 
Applications, Pitfalls and New Perspectives 

  

   Edited by: H Shintani, A Sakudo (2016) 
   www.caister.com/gasplasma 

• Virus Evolution: Current Research and Future Directions 
  

   Edited by: SC Weaver, M Denison, M Roossinck, et al. (2016) 
   www.caister.com/virusevol 

• Arboviruses: Molecular Biology, Evolution and Control 
  

   Edited by: N Vasilakis, DJ Gubler (2016) 
   www.caister.com/arbo 

• Shigella: Molecular and Cellular Biology 
  

   Edited by: WD Picking, WL Picking (2016) 
   www.caister.com/shigella 

• Aquatic Biofilms: Ecology, Water Quality and Wastewater 
Treatment 

  

   Edited by: AM Romaní, H Guasch, MD Balaguer (2016) 
   www.caister.com/aquaticbiofilms 

• Alphaviruses: Current Biology 
  

   Edited by: S Mahalingam, L Herrero, B Herring (2016) 
   www.caister.com/alpha 

• Thermophilic Microorganisms 
  

   Edited by: F Li (2015) 
   www.caister.com/thermophile 

• Flow Cytometry in Microbiology: Technology and Applications 
  

   Edited by: MG Wilkinson (2015) 
   www.caister.com/flow 

• Probiotics and Prebiotics: Current Research and Future Trends 
  

   Edited by: K Venema, AP Carmo (2015) 
   www.caister.com/probiotics 

• Epigenetics: Current Research and Emerging Trends 
  

   Edited by: BP Chadwick (2015) 
   www.caister.com/epigenetics2015 

• Corynebacterium glutamicum: From Systems Biology to 
Biotechnological Applications 

  

   Edited by: A Burkovski (2015) 
   www.caister.com/cory2 

• Advanced Vaccine Research Methods for the Decade of 
Vaccines 

  

   Edited by: F Bagnoli, R Rappuoli (2015) 
   www.caister.com/vaccines 

• Antifungals: From Genomics to Resistance and the Development of Novel 
Agents 

  

   Edited by: AT Coste, P Vandeputte (2015) 
   www.caister.com/antifungals 

• Bacteria-Plant Interactions: Advanced Research and Future Trends 
  

   Edited by: J Murillo, BA Vinatzer, RW Jackson, et al. (2015) 
   www.caister.com/bacteria-plant 

• Aeromonas 
  

   Edited by: J Graf (2015) 
   www.caister.com/aeromonas 

• Antibiotics: Current Innovations and Future Trends 
  

   Edited by: S Sánchez, AL Demain (2015) 
   www.caister.com/antibiotics 

• Leishmania: Current Biology and Control 
  

   Edited by: S Adak, R Datta (2015) 
   www.caister.com/leish2 

• Acanthamoeba: Biology and Pathogenesis (2nd edition) 
  

   Author: NA Khan (2015) 
   www.caister.com/acanthamoeba2 

• Microarrays: Current Technology, Innovations and Applications 
  

   Edited by: Z He (2014) 
   www.caister.com/microarrays2 

• Metagenomics of the Microbial Nitrogen Cycle: Theory, Methods 
and Applications 

  

   Edited by: D Marco (2014) 
   www.caister.com/n2 

Caister Academic Press is a leading academic publisher of 
advanced texts in microbiology, molecular biology and medical 
research.       Full details of all our publications at  caister.com

Further Reading

Order from caister.com/order

       



492   Asgari et al.

Figure 1. Partial coding region of (A) hIGFBP6 and (B) bBTC expressed in D. discoideum. First line, authentic nucleotide sequence; second line, modified
nucleotide sequence according to the D. discoideum codon usage, substituted nucleotides are shown in bold; third line, amino acid sequence. The amino
acid sequence of the original hIGFBP6 signal peptide was used to make construct no. 4 (see Figure 2) and the PsA signal peptide used for other constructs
are shown on top. The cleavage sites are shown with an asterisk.
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from whey and the expression of this protein would help
further investigations regarding the function of the protein.
Both proteins were successfully expressed, but no
secretion of the proteins was detected despite genetic
modifications to the secretion signals.

Results

Expression of hIGFBP6 and bBTC
Initially, the coding regions of hIGFBP6 and bBTC were
reconstructed (Figure 1) to favour D. discoideum codon
usage and cloned under the control of D. discoideum actin
15 promoter and PsA secretion signal (Figure 2, constructs
1 and 5). The clones were sequenced in both directions to
confirm the sequence. Both constructs were transformed
into D. discoideum NP2 cells by the calcium-phosphate
method.

Transformed cells were starved for up to 6 hours in
KK2 (see experimental procedure) and analysed for
expression of recombinant proteins and mRNA. Northern
blot analysis revealed that transformed cells with hIGFBP6
and bBTC genes both produced the expected size
transcripts (Figure 3A). Western blots of cells demonstrated
that both proteins were expressed. An increase in the level
of expression of hIGFBP6 was observed over time following
starvation (Figure 3B) and, as a control, antibodies against
hIGFBP6 did not cross-react with a similar size protein in
non-transformed cells. The size of the protein (ca. 33kDa)
was found to be slightly lower than hIGFBP6 expressed in
Chinese hamster ovary (CHO) cells (ca. 36kDa), but
substantially larger than the 25kDa predicted from the
peptide. The difference in size indicates the protein is
glycosylated, but also that there are differences in the
glycosylation structure compared to that found in
mammalian cells. We often detected two hIGFBP6 bands
of very similar molecular weight being produced by
Dictyostelium. These were both found to be glycosylated
as shown by Wheat Germ Agglutinin binding (Figure 5C)
which recognizes N-acetyl glucosamine residues

Figure 2. Four hIGFBP6 and two bBTC constructs expressed in D.
discoideum. All constructs, except no. 4 that was cloned into pVEII, were
cloned into pMUW1630 vector. PsA, prespore protein A secretion signal
(ending with amino acid sequences YANA and YALA); BP6, codon modified
hIGFBP6; auBP6, authentic hIGFBP6; BTC, codon modified bBTC.

Figure 3. Expression of hIGFBP6 and bBTC. A) Northern blot analysis of
transformed cells (right figure, cells expressing hIGFBP6, left figure, cells
expressing bBTC) starved for up to 6h. Similar amounts of total RNA (20
µg) extracted from cells were used in all samples. C, NP2 non-transformed
cells; BP6, hIGFBP6. Corresponding radioactively labelled cDNA fragments
were used as a probe. B) Western blot analysis of transformed cells (right
figure, cells expressing hIGFBP6; left figure, cells expressing bBTC) starved
for up to 6h. Blots were incubated with anti-hIGFBP6 (left blot) and anti-
hBTC (right blot) antibodies followed by detection using the secondary
antibody and chemofleurscent reagents. CHO, hIGFBP6 expressed in
Chinese hampster ovary cells; C, non-transformed cells; T0-6, cells at 0-6 h
following starvation; β-C, beta-cellulin expressed in bacteria. A higher
molecular weight of bBTC expressed in D. discoideum cells (arrowhead)
compared to bacteria is due to glycosylation.

Figure 4. Ligand blot analysis. Proteins from hIGFBP6 producing
transformants were probed with 125I-hIGFII and exposed to phosphorimager.
1) non-transformed cells 6 h following starvation, 2-4) transformed cells
starved for 4, 6 and 8 h, respectively. In addition to the expressed hIGFBP6,
IGFII bound to a Dictyostelium native protein (arrowhead). BP6, hIGFBP6.



494   Asgari et al.

(Neumann et al., 1998). In other experiments, only one of
the two bands was detected. It seems likely that two
glycoforms of hIGFBP6 can be formed in Dictyostelium as
is also seen in CHO cells expressing the protein (Neumann
et al., 1998).

The expressed hIGFBP6 was found to be active with
regard to ligand binding. Compared to IGFI, IGFII binds
IGFBP6 with 20-100 fold more affinity (Neumann et al.,
1998), therefore, we used labeled 125I-hIGFII as a ligand.
In ligand blot experiments, 125I-hIGFII bound to the
expressed IGFBP6 protein (Figure 4). Interestingly, the
probe also bound to a Dictyostelium-specific protein of a
lower molecular weight. Attempts to isolate and identify
the protein were unsuccessful.

Antibodies against human BTC were used to probe

the bBTC expressed in D. discoideum cells. The unmodified
protein is predicted to be about 9 kDa, but seems to run as
a dimer when analysed on SDS-PAGE (Shing et al., 1993).
Therefore, the protein expressed in bacteria, where an 18
kDa protein was identified as the primary product, was used
as a positive control (Figure 3B). However, the bBTC
expressed in D. discoideum was found to be around 26
kDa (Figure 3B). The higher molecular weight of the protein
expressed in D. discoideum compared to the one
expressed in bacteria is attributable to post translational
modifications by the amoebae. No secretion of either of
the two proteins was detected (data not shown) indicating
the absence of a functional secretion by constructs using
a PsA signal in these cells. Since the PsA signal has been
successfully used in production of secreted proteins in D.

Figure 5. hIGFBP6 transformed D. discoideum cells starved for 6 h in (A) KK2 and MES buffers containing various CaCl2 concentrations (0, 2 and 10 mM).
NP2, non-transformed control cells; The amount of hIGFBP6 increases by an increase in CaCl2 concentration, (B) various concentrations of ZnSO4 and
CaCl2 (0-10 mM). S1 and S2, supernatants from cells starved in 10 mM CaCl2 and ZnSO4, respectively. The protein was not detected in the supernatants
indicating the lack of secretion (C) Two forms of hIGFBP6 expressed in D. discoideum detected by anti-hIGFBP6 antibodies (Anti-BP6) is also detected by
Wheat Germ Agglutinin (WGA, arrows).
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Figure 6. Expression of authentic and codon modified hIGFBP6. 1) non-
transformed cells, 2) T6 of construct no.2, 3) T6 of construct no.1, and 4) T6
of construct no.4 (authentic), and 5) hIGFBP6 expressed in CHO cells (Refer
to Figure 2 for constructs).

discoideum, lack of secretion of expressed hIGFBP6 and
bBTC proteins is assumed to be due to differences in post-
translational modifications in this organism.

Effect of Varying Induction Conditions on Protein
Expression
Since the level of expression of both proteins was low,
attempts were made to increase the level of expression by
modifying the induction condition. Thus, hIGFBP6
transformed cells were starved under various conditions.
We found temperature (20-27°C), cAMP (1mM) and
proteinase inhibitors (E64 5 µM, benzamidine 5mM, TLCK
50 µg/ml, TPCK 100 µg/ml) had no effect on the level of
expression (data not shown). However, the addition of
calcium and zinc did increase the level of expression
although the results were not always consistent. In one
experiment, an increase in CaCl2 concentration from 0-10
mM in KK2 and MES buffers was found to increase the
expression up to about three times (Figure 5A). ZnSO4
increased the level of expression compared to CaCl2
(Figure 5B). However, although we increased the level of
expression several fold by changing the starvation
conditions we did not observe any protein secretion (Figure
5B).

Modifications of the Constructs
Since there was no secretion of the expressed hIGFBP6
and bBTC proteins with the initial constructs (Figure 2, no.1
and 5), modifications were made to the signal sequences.
In constructs 1 and 5, the C-terminus of secretion signal
has the sequence YALA. We modified this sequence to
the authentic PsA sequence YANA which has been
successfully used for protein secretion (Dittrich et al., 1994).
For this, new constructs (Figure 2, no.2 and 3) containing
the original hIGFBP6 DNA sequence (not adjusted for D.
discoideum codon usage) and modified sequence were
generated with the new leader sequence. The constructs
were transformed into D. discoideum cells to produce a
protein of the expected size range. However, no secretion
of the protein was detected (data not shown). A similar
construct was made for bBTC (codon usage as in construct
no. 5) with the new leader sequence (Figure 2, no. 6). In
this case, although the expression plasmid was detected
in transformed cells, no expression of the protein was
detected.

An additional construct (Figure 2, no. 4) was made
containing the original hIGFBP6 leader sequence with a
cleavage site before amino acid residue 4 (Arginine, R)
shown in figure 1A (Neumann et al., 1998). In this case,
pVEII plasmid, a single vector system, containing the gene
was transformed into AX2-2-44 cells. Putative transformed
clones were tested for expression and secretion of the
protein on Western blots. The protein was detected in the
starved cells, but not in the supernatant indicating that there
is no secretion.

When transformants containing the authentic and
codon modified hIGFBP6 genes were compared for the
level of expression, we found that those cells which were
transformed with the codon adjusted gene expressed
higher amounts of the protein compared to the human
coding DNA as judged by the intensity of the bands
detected in Western blots (Figure 6). In all cases, a similar
number of cells were starved and sampled for analysis.

Discussion

The data presented here show that the simple eukaryote
D. discoideum is able to produce biologically active
hIGFBP6 and bBTC proteins. Although hIGFBP6 and bBTC
were successfully expressed in transformed amoebae, no
secretion of the proteins was detected. The possibility of
enzymatic degradation after secretion was ruled out by
using a variety of proteinase inhibitors. This failure of
secretion is in contrast to other cases, where the PsA signal
has also been used as a secretion signal, and the
recombinant proteins have been detected in the starvation
buffer indicating that both secretion and cleavage of the
expressed proteins had occurred (Dittrich et al., 1994;
Heikoop et al., 1998). In an effort to express human
choriogonadotropin, Heikoop et al., 1998 observed a higher
level of protein production when they used the protein’s
own leader peptide compared to the PsA signal. In a similar
attempt, we replaced the PsA signal with hIGFBP6 leader
peptide, but no protein secretion was observed. Attempts
to modify the PsA secretion signal also failed to induce the
secretion of the proteins.

Earlier work showed that calcium ions increased the
stability, secretion and yields of rotavirus VP7 (Emslie et
al., 1996). In this case CaCl2 and ZnSO4 were found to
increase the amount of protein produced, but in spite of an
increase in protein production no secretion was detected.
However, both proteins appear to be glycosylated indicating
they had been processed through part of the secretion
pathway.

The retention of these proteins could be due to either
an inappropiate signal used in mammalian cells to control
secretion or perhaps to inappropriate glycosylation. The
hIGFBP6 expressed in D. discoideum cells is slightly lower
in molecular weight (about 3 kDa) compared to the protein
expressed in CHO cells suggesting glycosylation may be
absent or incorrect. hIGFBP6 has been shown to be O-
glycosylated (Neumann et al., 1998) and bBTC has both
N- and O- glycosylation (Dunbar et al., 1999). All D.
discoideum recombinant proteins analysed to date have
glycosylation in appropriate sites (Slade et al., 1997).
However, this may not be the case for all O-linked
glycosylation. D. discoideum can produce some unusual
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O-linked phosphodiester structures that are not found in
mammals (Gustafson and Milner 1980; Srikrishna et al,
1998). GlcNAc-1-P-Ser replaces phosphorylation of N-
linked structures on lysosomal proteinases (Mehta et al.,
1996) so might act as a signal for sorting proteins to the
lysosomal compartment. This form of glycosylation could
be disastrous for recombinant protein production. In
conclusion, the data presented here reveal that in spite of
successful protein synthesis, D. discoideum does not
appear to be suitable for the production of insulin-like
growth factor binding proteins, especially those that contain
O-linked carbohydrates.

Experimental Procedures

D. discoideum Strains and Culture Conditions
Laboratory strains NP2 and AX2-2-44 (B. Wetterauer, personal
communication) were maintained by weekly passage on Enterobacter
aeroginosa lawns on SM agar at 21°C. Cells were also grown axenically by
inoculating HL5 nutrient broth with spore heads and weekly passage (Firtel
and Lodish, 1972).

G418-resistant transformants were maintained on lawns of
Micrococcus luteus strain PRF3 (Wilczynska and Fisher, 1994) on SM agar
with 1/5 of the organic nutrients (SM/5) and 10 µg/ml G418. Transformants
were also maintained axenically in HL5 containing 10µg/ml G418.

Construction and Cloning of hIGBP6 and bBTC
cDNA coding for hIGFBP6 and bBTC were reconstructed by PCR using
long synthetic oligonucleotides as templates and primers to favour D.
discoideum codon usage (Figure 1, A and B). Four versions of hIGFBP6
and two of bBTC were constructed with alterations in their secretion signals
and stop codon (Figure 2). PCR amplifications were carried out in 50µl
reactions containing 1-10ng plasmid or PCR product , 20 pMoles oligos,
150 µM dNTPs, 5µl 10×PCR buffer (Boehringer) plus 2.5 mM MgCl2. The
reactions were heated to 94°C for 3 min and 1U Taq DNA polymerase
(Promega) was added. The reaction used 15 cycles of 30 sec at 94°C, 1
min at 55°C, 1 min at 72°C with a final 7 min extension at 70°C. The PCR
primers contained restriction sites to allow the constructed genes to be
cloned in frame into pMUW1630 (Dittrich et al., 1994) and pVEII (Blusch et
al., 1992) plasmid vectors containing the D. discoideum actin 15 and
discoidin promoters, respectively. All the constructs were verified by
sequence analysis.

Transformation and Selection
A two vector expression system (Dittrich et al., 1994) which consisted of an
extrachromosomal expression vector, pMUW1630, and an integrating
vector, pMUW110, was used for most of transformations. 2µg of pMUW1630
incorporating the relevant insert and 10µg pMUW110 were co-transformed
into 107 D. discoideum cells (NP2 strain) using calcium-phosphate
precipitation procedure (Nellen et al., 1984; Early and Williams, 1987). After
transformation and glycerol shock, cells were incubated overnight at 21°C
in HL5, before 10µg/ml G418 was added for a further 24 hour incubation.
Transformed cells were resuspended, centrifuged at 500g for 5 min and
spread on overnight grown lawns of M. luteus on SM/5 agar plates containing
10µg/ml G418. Plates were incubated at 21°C for 10-14 days till spore
forming plaques appeared. Spore heads were streaked on lawns of M.
luteus on SM/5 plates containing 10µg/ml G418. Those clones that grew
on subculture and formed spores were screened for protein expression.

In a case where the pVEII plasmid, a single vector system, was used,
three times more cells (AX2-2-44) were initially plated for transformation
(ca 3×107) since AX2-2-44 cells do not attach to plastic petri dishes as
strongly as NP2 cells do and therefore a large number of cells are lost
during transformation steps.

PCR of Transformed Cells
To confirm the presence of the expression vector pMUW1630 with insert in
transformed clones, PCR was carried out using specific primers to the vector
flanking the multi-cloning site (2442-For: 5'-CCAACATACATTTATTGC-3',
2442-Rev: 5'-CGGATAAAGATCAACAAC-3'). In a transformation where
pVEII vector was used, specific primers to hIGFBP6 were used for detection.
1-2×106 axenically grown cells were centrifuged at 300g for 5 min and
washed twice in 0.5 ml water. Pellets were resuspended in 200µl 1×PCR
buffer, 1.5 mM MgCl2, 50 mg/ml proteinase K and 0.5% NP-40 and heated
at 55°C for 45 min followed by 95°C for 10 min. 1-5 µl of the cell lysate was
directly used in 50 µl PCR reactions as described above.

Starvation and Protein Expression
Transformed cells (1×105) grown in axenic medium were mixed with a loop-
full of E. aeroginosa in KK2 (2.26g KH2PO4, 0.66g K2HPO4, 0.49g
MgSO4.7H2O, Neumann et al., 1998), spread onto SM agar and incubated
at 21°C for 2 days. Vegetative cells were harvested and washed six times
in cold KK2 buffer by centrifugation at 200g for 10 min. After the final wash,
cells were resuspended in starvation buffers (KK2 or 20 mM 2-[N-
Morpholino]ethanesulfonic acid (MES), containing 0-10 mM CaCl2 or 0-10
mM ZnSO4) at a density of 1-2×107 cells/ml. Cells and supernatants were
collected at several time points after starvation.

RNA Isolation and Northern Blotting
Total RNA was extracted from about 1-2×107 cells as described
(Chomczynski and Sacchi, 1987). 20µg RNA samples were
electrophoretically separated under denaturing conditions on low-
formaldehyde 1.2% agarose gel (Ausubel et al., 1993) and transferred onto
a nylon membrane (Sambrook et al., 1989). The membrane was
prehybridized for 1 hour in 5×SSC, 5×Denhardt’s solution, 0.5% SDS and
0.2 mg/ml herring sperm DNA. hIGFBP6 and bBTC cDNAs were labeled
with 32P-dCTP by primer extension (Ready to GO, Pharmacia). Hybridization
was carried out overnight at 65°C by adding the labeled probe to the
prehybridization solution. The membrane was washed twice in 2×SSC-0.1%
SDS for 20 min and twice in 0.2×SSC-0.1% SDS at 65°C under continuous
rotation and then autoradiographed.

Ligand and Immunoblotting
Cells (ca. 1-2×107) were collected from starvation medium by low speed
centrifugation, mixed with 4×sample buffer (3.02g Tris-base, 8g SDS, 20ml
glycerol, 4mg bromophenol blue, pH 6.9 in 100ml final volume) and run on
12% SDS-PAGE after heating at 65°C for 15 min. Separated proteins were
transferred onto a nitrocellulose membrane by semi-dry blotting (Bio-Rad).
The membranes were incubated overnight at room temperature with 125I-
hIGFII (1×106 cpm) in 50 ml TBST (10mM Tris-HCL, pH 8.0, 150 NaCl,
0.05% Tween 20) containing 5% BSA. Membranes were washed several
times in TBST and scanned 24 h later using a phosphorimager scanner
(Agfa).

Samples for immunoblotting were separated on a 12% SDS-PAGE
gel under denaturing conditions and transferred onto a nitrocellulose
membrane (Sambrook et al., 1989). Membranes were probed with rabbit
anti-hIGFBP6 or anti-bBTC antibodies (1:2000). Peroxidase-conjugated
anti-rabbit IgG (Sigma) was used as a secondary antibody (1:5000) which
was detected by chemiluminescence using Renaissance Western Blotting
Reagents (AMRAD).

Peroxidase-conjugated Wheat Germ Agglutinin (WGA) was used as
a probe (1:5000 TBST-5% BSA) for a blot to detect glycosylated hIGFBP6.
Chemiluminescence was used for detection as above.
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