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Tyrosine phosphorylation events are key components of several cellular signal transduction pathways. This study
describes a novel method for identification of substrates for tyrosine kinases. Co-expression of the tyrosine kinase
EphB1 with the intracellular domain of guanylyl cyclase C (GCC) in Escherichia coli cells resulted in tyrosine
phosphorylation of GCC, indicating that GCC is a potential substrate for tyrosine kinases. Indeed, GCC
expressed in mammalian cells is tyrosine phosphorylated, suggesting that tyrosine phosphorylation may play a
role in regulation of GCC signalling. This is the first demonstration of tyrosine phosphorylation of any member of
the family of membrane-associated guanylyl cyclases.

1.

Introduction

A change in tyrosine phosphorylation of proteins is an
important mechanism of cellular signal transduction, and
can regulate both protein function, as well as interaction
with other proteins (Fantl et al 1993). Consequently,
novel pathways in signalling cascades can be suggested by
the identification and characterization of tyrosine phosphorylation sites in proteins. Classically, tyrosine phosphorylation sites have been identified by peptide mapping
of phosphoproteins usually radiolabelled in vivo. Screening of peptide libraries has led to the identification of consensus substrate sequences for specific protein kinases,
making it possible to predict phosphorylation sites based
on sequence analysis (Songyang et al 1995). In this study
we describe another approach for the identification of
novel tyrosine phosphorylation sites in a protein. This
involves co-expression in Escherichia coli of a tyrosine
kinase along with domains of a receptor guanylyl cyclase,
earlier not known to undergo tyrosine phosphorylation.

Keywords.

Guanylyl cyclase C (GCC), the receptor for the family
of heat-stable enterotoxin peptides and the guanylin family of endogenous peptides, is known to play a role in the
regulation of fluid and ion balance in the intestinal epithelium (Drewett and Garbers 1994). Ligand mediated activation of GCC leads to an increase in intracellular cGMP
levels, which in turn leads to the activation of cyclic
nucleotide-dependent protein kinases (Chao et al 1994;
Vaandrager et al 1997). The activated kinases phosphorylate and activate the cystic fibrosis transmembrane conductance regulator (CFTR), thereby leading to an efflux
of Cl– ions and fluid from the cells (Chao et al 1994).
Analysis of GCC expression in the rat and opossum intestine, by in situ hybridization (Li and Goy 1993; Krause
et al 1994), and immunohistochemical studies (Nandi
et al 1997), has shown that GCC is expressed in certain
cell types in the intestine that do not express CFTR
(Trezise and Buchwald 1991). This suggests that GCC
may have other functions in the cell besides regulation of
chloride secretion via the CFTR. One such possibility is
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Abbreviations used: GCC: Guanylyl cyclase C; CFTR: cystic fibrosis transmembrane regulator; GST: glutathione S transferase;
PKLD: protein kinase-like domain; CTD: C-terminal domain; GCD: guanylyl cyclase domain; PVDF: polyvinylidene difluoride;
GCA: guanylyl cyclase A.
J. Biosci. | vol. 25 | No. 4 | December 2000 | 339–346 | © Indian Academy of Sciences

339

Rashna Bhandari et al

340

that GCC may undergo changes in phosphorylation, and
this in turn mediates novel functions of GCC.
The regulation of GCC activity by protein kinase C
mediated phosphorylation of a specific serine residue has
been described earlier (Roy and Visweswariah 1998). In
order to examine whether GCC is a substrate for tyrosine
phosphorylation, we have utilized a novel method to examine whether the intracellular domain of GCC is tyrosine
phosphorylated, by co-expression of various domains of
GCC with the tyrosine kinase, EphB1/Elk (Lhotak et al
1991; Eph Nomenclature Committee 1997). GCC was
found to be tyrosine phosphorylated under these conditions, indicating that it is a potential substrate for tyrosine
kinases. We also demonstrate that GCC expressed in
mammalian cells is indeed tyrosine phosphorylated, suggesting that tyrosine phosphorylation of GCC may play a
role in GCC mediated cellular signalling.

2.
2.1

Materials and methods

Generation of anti-phosphotyrosine antibodies

A polyclonal antiserum to phosphotyrosine was generated
as described earlier (Kamps 1991b) and phosphotyrosine
specific antibodies purified from the IgG fraction of the
antiserum by affinity chromatography using phosphotyrosine linked to Affi-Gel 15 (Bio-Rad). This antibody was
extensively characterized to show its specificity for phosphotyrosine (data not shown).
2.2

Construction of plasmids expressing various regions
of the intracellular domain of GCC

Subclones of the intracellular domain of GCC, represented diagrammatically in figure 3a, were constructed
from pBSK-GCC (Singh et al 1991) as follows:
(i) GCC-ID1: The 1626 bp fragment released on digestion of pBSK-GCC by BamHI and SmaI was cloned into
pGEX2T (Amersham Pharmacia Biotech, UK) to generate
a plasmid expressing the recombinant protein designated
GCC-ID1. This protein includes the C-terminal 507 amino
acids of GCC as a fusion with glutathione S transferase
(GST).
(ii) GCC-protein kinase-like domain: A DNA fragment
generated by digestion of pRSET-ID6 (Nandi et al 1997)
with PvuII was cloned into the SmaI site of pGEX-5X2.
This construct expresses the N-terminal 330 amino acids
of the intracellular domain of GCC, encompassing the
protein kinase-like domain (PKLD) of GCC, as a GST
fusion.
(iii) GCC-C-terminal domain: A 429 bp EcoRI fragment from pBSK-GCC, was ligated into the EcoRI site of
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pGEX-5X2 to generate pGEX-CTD, which expresses the
C-terminal 112 amino acids of GCC as fusion with GST.
(iv) GCC-guanylyl cyclase domain: The cDNA coding
for the guanylyl cyclase domain (GCD) of GCC (from Pro
732 to the C-terminus) was obtained by PCR amplification from pBSK-GCC, and cloned into pTrc99A at KpnI–
PstI sites. The primers used for amplification were (1)
sense strand: 5′ CCA GAA AAG GTA CCA GAT TTC
AAA 3′, and (2) antisense strand: 5′ CAT CTG CAG
TTA AAA ATA GGT GCT 3′. A KpnI–HindIII fragment
from this clone was ligated into pRSET C (Invitrogen,
USA). The resulting plasmid was digested with BamHI
and HindIII, and ligated into BamHI-HindIII digested
pGEX-CTD to generate a plasmid expressing the catalytic
domain (342 amino acids) of GCC as a fusion with GST.
2.3

Expression of fusion proteins in TKB1

The BL21(DE3) pTK strain of E. coli (abbreviated TKB1),
that harbours a plasmid encoding the tyrosine kinase Elk
(EphB1), was obtained from Stratagene (USA). Transformation and induction of TKB1 cells was carried out as
per the manufacturers’ protocol, with slight modifications.
TKB1 cells transformed with the plasmid of interest were
grown to an A600 of 0⋅5, in Luria Bertani broth containing
antibiotics at 37°C. Cells were collected by centrifugation
and resuspended in induction medium, containing 1 mM
IPTG, to induce the gene of interest, and 10 µg/ml β
Indole acrylic acid, to induce expression of the ephB1
gene. Cells were grown for an additional 3 h at 37°C, collected by centrifugation and sonicated (Virtis 475 sonicator) in 50 mM Tris-Cl pH 8⋅0, 5 mM 2-mercaptoethanol,
0⋅1 M NaCl, 2 mM benzamidine, 5 mM EDTA, 100 µM
sodium orthovanadate, 50 mM sodium fluoride and 1%
Triton X-100. Fractionation of the cell lysates by centrifugation at 10,000 g for 20 min, and analysis by SDSPAGE revealed that the proteins were predominantly
localized to the inclusion body fraction.
2.4

[32P]-labelling of TKB1 cells

TKB1 cells expressing GCC-ID1 were grown in Luria
Bertani broth to an A600 of 0⋅5, collected by centrifugation
and resuspended in 50 mM HEPES, pH 7⋅5, 19 mM
NH4Cl, 8 mM NaCl, 20 µM CaCl2, 1 mM MgSO4, 0⋅2%
glucose, 0⋅1% casamino acids, 0⋅00005% thiamine,
100 µg/ml of ampicillin, and 12⋅5 µg/ml tetracycline.
[32P]-orthophosphate (500 µCi per 10 ml culture, specific
activity 8500 Ci/mmol, NEN Life Science Products) was
added to the medium, cells grown at 37°C for 1 h and
induced for an additional 3 h by the addition of IPTG and
β Indole-acrylic acid. Cells were harvested and lysed as
described above, and [32P]-labelled protein purified from
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the inclusion body fraction by electroelution from polyacrylamide gels (Nandi et al 1997).
2.5 Immunoprecipitation, phosphoamino acid analysis and
phosphopeptide mapping of radiolabelled GCC-ID1
Approximately 20 µg of [32P]-labelled purified GCC-ID1,
was diluted in RIPA buffer (50 mM Tris-Cl, pH 8⋅0, 1%
NP40, 0⋅5% sodium deoxycholate, 0⋅1% SDS and
150 mM NaCl), containing 1 mg/ml BSA, 5 mM EDTA,
50 mM sodium fluoride, 1 mM benzamidine, 100 µM
sodium orthovanadate and 1 µg/ml leupeptin. The protein
was incubated with normal mouse IgG (7 µg, Sigma), or
GCC monoclonal antibody, GCC:C8 (7 µg; Bakre et al
2000), normal rabbit IgG (12 µg) or affinity purified antiphosphotyrosine polyclonal IgG (12 µg) at 4°C for 12 h,
and the immune complexes precipitated with Protein A
Sepharose beads (Life Technologies, USA). The Protein
A beads were washed sequentially with RIPA buffer and
phosphate buffered saline, boiled in SDS sample buffer,
and subjected to SDS-PAGE in a 10% polyacrylamide
gel. The gel was fixed and stained prior to exposing to
Kodak XK-5 film at – 70°C.
For phosphoaminoacid analysis, GCC-ID1 inclusion
body fraction containing the radiolabelled protein, was
resolved by SDS-PAGE and electroblotted onto a polyvinylidene difluoride (PVDF) membrane (Immobilon-P,
Millipore). The radiolabelled protein on the membrane
was hydrolysed (Kamps 1991b), the resulting phosphoamino acids separated by one-dimensional thin-layer electrophoresis at pH 3⋅5 (Boyle et al 1991) and visualized by
autoradiography.
The inclusion body fraction containing radiolabelled
GCC-ID1 was subjected to reduction and carboxyamidation in the presence of 1% SDS, 5 mM DTT and 25 mM
iodoacetamide, according to standard procedures (Carne
1994). The reduced and carboxyamidated proteins were
resolved by SDS-PAGE and transferred onto a nitrocellulose membrane. The band of interest was subjected to
tryptic digestion and phosphopeptide mapping (Boyle
et al 1991).
2.6 Detection of tyrosine phosphorylation of GCC in
HEK293-GCC cells
We have earlier reported the generation of the cell line
HEK293-GCC that expresses high levels of human GCC
(Bakre et al 2000). HEK293-GCC cells were lysed by
sonication in 50 mM HEPES, pH 7⋅4, 100 mM NaCl,
10% glycerol, 1 mM DDT, 5 mM EDTA, 1 mM sodium
orthovanadate, 50 nM okadaic acid, 100 mM sodium fluoride, 10 mM sodium pyrophosphate, 80 µM β-glycerol
phosphate, 5 µg/ml soyabean trypsin inhibitor, 5 µg/ml
aprotinin and 5 µg/ml leupeptin. The membrane fraction
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was obtained from the cell lysate by centrifugation at
10,000 g for 1 h, and solubilized in immunoprecipitation
buffer (20 mM Tris-HCl, pH 7⋅5, 1% Triton-X100, 0⋅5%
Nonidet P 40, 150 mM sodium chloride, 1 mM EDTA,
200 µM sodium orthovanadate, 50 nM okadaic acid,
100 mM sodium fluoride, 10 mM sodium pyrophosphate,
80 µM β-glycerol phosphate, 5 µg/ml soyabean trypsin
inhibitor, 5 µg/ml aprotinin and 5 µg/ml leupeptin). The
solubilized sample was pre-cleared by incubation with
5 µg/ml normal mouse IgG for 10 h at 4°C followed by
10 µl Protein A Sepharose beads for 2 h at 4°C. Immunoprecipitation was carried out by incubation with 5 µg/ml
GCC:4D7 monoclonal antibody raised to the PKLD of
GCC (unpublished results), for 10 h at 4°C, followed by
Protein A Sepharose beads for 2 h at 4°C. The beads were
washed extensively with immunoprecipitation buffer and
boiled in SDS sample buffer. The immunoprecipitated
proteins were resolved by SDS-PAGE in a 7⋅5% polyacrylamide gel and transferred to a PVDF membrane.
Western blot analysis was carried out as described earlier
(Bakre et al 2000) using the pY20 monoclonal antibody
(Transduction Labs, USA), followed by detection using
ECL Plus reagent (Amersham Pharmacia Biotech, UK).
Blots were subsequently stripped and re-probed with the
GCC:C8 monoclonal antibody.
3.
3.1

Results

Demonstration of tyrosine phosphorylation on GCC

To examine whether GCC is a potential substrate for tyrosine kinases, we over-expressed the intracellular domain
of GCC in TKB1. We were unable to obtain transformants
of the plasmid expressing the entire intracellular domain
of GCC in TKB1 cells, and therefore expressed GCCID1, a GST fusion of a part of the intracellular domain of
GCC (aa 567-1073), in TKB1 cells. Expression of GCCID1 in TKB1 cells in the presence of [32Pi] yielded [32P]labelled GCC-ID1, which was purified from the inclusion
body fraction (figure 1a, lane 1). The identity of the
labelled protein was confirmed by immunoprecipitation
with a monoclonal antibody specific to the PKLD of GCC
(figure 1a, lane 3). Moreover, immunoprecipitation of the
radiolabelled protein was observed with phosphotyrosine
antibodies (figure 1a, lane 5). Phosphoaminoacid analysis
of [32P]-labelled GCC-ID1 revealed the presence of only
radiolabelled phosphotyrosine, with no detectable amounts
of phosphoserine and phosphothreonine (figure 1b).
3.2

Analysis of tyrosine phosphorylation sites
in GCC-ID1

Tryptic digestion and two-dimensional phosphopeptide
mapping of [32P]-labelled GCC-ID1 indicated at least 12
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major spots (figure 2). This could correspond to partially
digested phosphopeptides, but could also indicate the
presence of multiple sites of tyrosine phosphorylation in
the intracellular domain of GCC. To investigate this possibility, we constructed various sub-clones of the intracellular domain, (figure 3a), expressed these proteins in
TKB1 and monitored tyrosine phosphorylation by Western blotting with anti-phosphotyrosine antibodies (figure
3b). As demonstrated earlier by phosphoaminoacid analysis, GCC-ID1 was tyrosine phosphorylated when
expressed in TKB1 cells, but not when expressed in the
BL21(DE3) strain. GST alone, expressed in TKB1 cells
was not tyrosine phosphorylated, indicating that the phosphorylation detected in GCC-ID1 was present only in the
GCC fragment of the protein. The lack of phosphorylation
of GST by EphB1 has also been reported earlier by
the use of a similar expression system (Larose et al
1993).
The PKLD of GCC, (GCC-PKLD), expressed in TKB1,
was phosphorylated on tyrosine (figure 3b), as was the
sub-clone GCC-GCD, which spans the guanylyl cyclase
domain. Since there are only two tyrosine residues in the
53 amino acid overlap between GCC-PKLD and GCCGCD (Pro732 to Gln 784), it is possible that sites phosphorylated in PKLD and GCD may be distinct. The GCC
sub-clone spanning the C-terminal domain, GCC-CTD,
was also phosphorylated in TKB1. It can be concluded,
J. Biosci. | vol. 25 | No. 4 | December 2000

TLC →

Figure 1. Immunoprecipitation of [32P]-labelled GCC-ID1 and phosphoaminoacid analysis. (A) [32P]-labelled GCC-ID1 expressed
in TKB1 cells was purified from the inclusion body fraction by electroelution (lane 1). This purified protein was incubated with
either normal mouse IgG (lane 2), GCC:C8 monoclonal antibody (lane 3), normal rabbit IgG (lane 4) or polyclonal antiphosphotyrosine antibody (lane 5) and the immunoprecipitates analysed by SDS-PAGE followed by autoradiography. (B) [32P]labelled GCC-ID1 was subjected to hydrolysis as detailed in the text and products separated by electrophoresis on cellulose TLC
plates, followed by autoradiography. Migration of phosphoserine (pS), phosphothreonine (pT) and phosphotyrosine (pY) standards
are indicated by dotted circles.

← TLE
Figure 2. Phosphopeptide map analysis of GCC-ID1 expressed in TKB1. [32P]-labelled GCC-ID1 was digested with
trypsin as detailed in the text and the resulting phosphopeptides
spotted onto cellulose TLC plates and separated in two dimensions. Spots were visualized following autoradiography.

therefore, that at least two sites for tyrosine phosphorylation could be present in the intracellular domain of GCC.
As can be seen, utilization of the TKB1 strain allowed
us to suggest that a protein not hither to known to be
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Figure 3. (A) Schematic representation of various subclones of the intracellular domain of GCC. GCC: guanylyl cyclase C; ED:
extracellular domain; TM: transmembrane domain; ID: intracellular domain; N: N-terminus; C: C-terminus; PKLD: protein kinaselike domain; GCD: guanylyl cyclase domain; CTD: C-terminal domain; GST: glutathione S-transferase. Open boxes in the intracellular domain represent possible linker regions between the defined domains. (B) Expression of different regions of the intracellular
domain of GCC in TKB1. Top panel: Coomassie Blue stained gel picture of inclusion body fractions (10 µg each) of GCC-ID1
expressed in TKB1 (lane 1), GCC-ID1 expressed in BL21(DE3) (lane 2), GST expressed from the pGEX-5X plasmid in TKB1 (lane
3), GCC-PKLD in TKB1 (lane 4), GCC-GCD in TKB1 (lane 5) and GCC-CTD in TKB1 (lane 6), subjected to SDS-PAGE. Molecular weight standards are indicated on the left. Lower panel: The inclusion body fractions (0⋅5 µg each) as in the top panel were blotted onto nitrocellulose membranes and probed with anti-phosphotyrosine antibody (0⋅6 µg/ml). Molecular weights of the expressed
proteins are indicated by arrows.
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phosphorylated on tyrosine may undergo tyrosine phosphorylation in mammalian cells.
3.3

GCC expressed in HEK-293 cells is tyrosine
phosphorylated

The results presented so far suggest that GCC is a substrate for phosphorylation by the EphB1 tyrosine kinase,
and may perhaps be a substrate for other tyrosine kinases
when expressed in mammalian cells. We immunoprecipitated GCC from membranes prepared from HEK293-GCC
cells, using a monoclonal antibody to GCC (GCC:4D7).
Western blot analysis using an anti-phosphotyrosine antibody, confirmed that GCC was indeed tyrosine phosphorylated in mammalian cells (figure 4). Bands reacting
with phosphotyrosine antibody co-migrated with the
doublet of immunoreactive proteins (130 kDa and 145 kDa)
detected by a GCC monoclonal antibody. The monoclonal antibody GCC:4D7 did not immunoprecipitate any
proteins from COS7 cells (known not to express GCC)
indicating that the bands detected with the phosphotyrosine antibody were specific to GCC, and not to any
non-specific co-immunoprecipitating protein (data not
shown).
4.

Discussion

To our knowledge, the present study is the first report of
the use of the TKB1 E. coli strain to demonstrate tyrosine
phosphorylation of a mammalian protein that was to date
not known to be phosphorylated on tyrosine residues, and
suggests the utility of the TKB1 system to identify novel
substrates for tyrosine kinases. In principle, expression of
a protein of interest along with any tyrosine kinase in
E. coli cells could be employed to identify substrates for
other tyrosine kinases. Such an expression system allows
the generation of large amounts of tyrosine phosphorylated protein, which can in turn be used to identify interacting proteins, perhaps containing SH2 domains. A
similar expression strategy using EphB1 expression in
bacteria has been used by Larose et al (1993) to identify
residues in the platelet derived growth factor receptor that
bind to the SH2 domain of phospholipase C-γ1.
Our study is the first to demonstrate tyrosine phosphorylation of a member of the family of receptor
guanylyl cyclases. Earlier studies on the ANF receptor
(guanylyl cyclase A, GCA), another member of this
family of receptors, have demonstrated that GCA expressed in mammalian cells is phosphorylated on serine
and threonine residues but not on tyrosine (Koller et al
1993; Potter and Garbers 1992, 1994). Although there is
significant sequence similarity between the intracellular
domains of the natriuretic peptide receptors and GCC
J. Biosci. | vol. 25 | No. 4 | December 2000

(deSauvage et al 1991; Singh et al 1991), this difference
in tyrosine phosphorylation could indicate that tyrosine
phosphorylation is a unique feature of GCC and does not
occur in other members of this family.
Tyrosine phosphorylation of the intracellular domain of
GCC by EphB1 within bacterial cells suggests that GCC
may be a substrate for the Eph family of tyrosine kinases
in mammalian cells as well. Although EphB1 is not
expressed in the intestine (Tang et al 1995), which is the
major site of GCC expression, other members of this
family, including EphA2 (Eck; Lindberg and Hunter
1990), and the mouse homologues EphB4 (MDK2) and
EphB3 (MDK5; Ciossek et al 1995), are present in the
intestine. Also, EphB1 is detected in the testis and kidney
(Tang et al 1995), where the expression of GCC has been
demonstrated (Forte et al 1989; Laney et al 1992), and
perhaps also in HEK293 cells, where we have demonstrated GCC tyrosine phosphorylation. A family of gutassociated tyrosine kinases (Sunitha and Avigan 1996)
are highly expressed in cell types in the intestine, which
also express GCC (Nandi et al 1997). Furthermore, high
levels of pp60c-src have been reported in colonic carcinoma cells, including T84 cells that express GCC (Cartwright et al 1989). It would be interesting to explore the
possibility that GCC may be a substrate for these tyrosine
kinases in the intestine and perhaps in other tissues.
We have been able to demonstrate that GCC is tyrosine
phosphorylated in mammalian cells. The role of tyrosine
phosphorylation in GCC function now remains to be examined. It is possible that changes in tyrosine phosphorylation may modulate GCC activity. Tyrosine phosphorylation

Figure 4. Tyrosine phosphorylation of GCC in HEK293GCC cells. The solubilized membrane fraction from HEK293GCC cells was incubated with normal mouse IgG (lane 1) or
GCC:4D7 monoclonal antibody (lane 2) and immune complexes
collected on protein A beads. Immunoprecipitated proteins were
subjected to Western blot analysis with phosphotyrosine antibodies (left panel; pY20), followed by reprobing of the blot
with a GCC-specific monoclonal antibody (right panel;
GCC:C8). Molecular weights represent the sizes of the two
differentially glycosylated forms of GCC in HEK293-GCC
cells.

Tyrosine phosphorylation of the human guanylyl cyclase C receptor
of GCC may also mediate interaction of GCC with other
pathways in the cell. On phosphorylation, certain tyrosine
residues may serve as sites for interaction of GCC with
other intracellular proteins containing SH2 or PTB domains
(Shoelson 1997), thereby leading to additional signal
transduction events involving GCC. Answers to these
questions will be available only when individual sites for
tyrosine phosphorylation in GCC are characterized, and
mutagenesis studies carried out to understand the role of
GCC phosphorylation at such sites.

Acknowledgements
Financial assistance from the Department of Science and
Technology, New Delhi is acknowledged. KV is a postdoctoral fellow sponsored by the Department of Biotechnology, New Delhi.

References
Bakre M M, Ghanekar Y and Visweswariah S S 2000 Homologous desensitization of the human guanylyl cyclase C
receptor. Cell-specific regulation of catalytic activity; Eur. J.
Biochem. 267 179–187
Boyle W J, van der Geer P and Hunter T 1991 Phosphopeptide
mapping and phosphoamino acid analysis by two-dimensional
separation on thin-layer cellulose plates; Methods Enzymol. 201
110–149
Carne A F 1994 Chemical modification of proteins; in Basic protein
and peptide protocols (ed.) J M Walker (Methods Mol. Biol. vol
32) (New Jersey: Humana Press) pp 311–320
Cartwright C A, Kamps M P, Meisler A I, Pipas J M and Eckhart W 1989 pp60c-src activation in human colon carcinoma;
J. Clin. Invest. 83 2025–2033
Chao C A, de Sauvage F J, Dong Y J, Wagner J A, Goeddel D V
and Gardner P 1994 Activation of intestinal CFTR Cl– channel by
heat stable enterotoxin and guanylin via cAMP-dependent protein
kinase; EMBO J. 13 1065–1072
Ciossek T, Lerch M M and Ullrich A 1995 Cloning, characterization, and differential expression of MDK2 and MDK5, two
novel receptor tyrosine kinases of the eck/eph family; Oncogene 11 2085–2095
deSauvage F J, Camerato T R and Goeddel D V 1991 Primary structure and functional expression of the human receptor for
Escherichia coli heat-stable enterotoxin; J. Biol. Chem. 266
17912–17918
Drewett J G and Garbers D L 1994 The family of guanylyl cyclase
receptors and their ligands; Endocrine Rev. 15 135–161
Eph Nomenclature Committee 1997 Unified nomenclature for
Eph family receptors and their ligands, the ephrins; Cell 90
403–404
Fantl W J, Johnson D E and Williams L T 1993 Signalling by
receptor tyrosine kinases; Annu. Rev. Biochem. 62 453–
481
Forte L R, Krause W J and Freeman R H 1989 Escherichia coli
enterotoxin receptors: localisation in opossum kidney, intestine
and testis; Am. J. Physiol. 257 F874–F881
Kamps M P 1991a Determination of phosphoaminoacid compo-

345

sition by acid hydrolysis of protein blotted to Immobilon;
Methods Enzymol. 201 21–27
Kamps M P 1991b Generation and use of anti-phosphotyrosine
antibodies for immunoblotting; Methods Enzymol. 201 101–
110
Koller K J, Lipari M T and Goeddel D V 1993 Proper glycosylation and phosphorylation of the type-A natriuretic peptide
receptor are required for hormone-stimulated guanylyl cyclase activity; J. Biol. Chem. 268 5997–6003
Krause W J, Cullingford G L, Freeman R H, Eber S L, Richardson K C, Fok K F, Currie M G and Forte L R 1994 Distribution of heat-stable enterotoxin/guanylin receptors in the
intestinal tract of man and other mammals; J. Anat. 184 407–
417
Laney D W, Mann E A, Dellon S C, Perkins D R, Giannella R A
and Cohen M B 1992 Novel sites for expression of an Escherichia coli heat stable enterotoxin receptor in the developing rat;
Am. J. Physiol. 263 G816–G821
Larose L, Gish G, Shoelson S and Pawson T 1993 Identification
of residues in the B platelet derived growth factor receptor
that confer specificity for binding to phospholipase C–γ1;
Oncogene 8 2493–2499
Lhotak V, Greer P, Letwin K and Pawson T 1991 Characterization of elk, a brain-specific receptor tyrosine kinase; Mol. Cell.
Biol. 11 2496–2502
Li Z and Goy M F 1993 Peptide regulated guanylate cyclase
pathways in rat colon: In situ localisation of GCA, GCC and
guanylin mRNA; Am. J. Physiol. 265 G394–G402
Lindberg R A and Hunter T 1990 cDNA cloning and characterization of eck, an epithelial cell receptor protein–tyrosine
kinase in the eph/elk family of protein kinases; Mol. Cell.
Biol. 10 6316–6324
Nandi A, Bhandari R and Visweswariah S S 1997 Epitope conservation and immunohistochemical localisation of the guanylin/
stable toxin peptide receptor, guanylyl cyclase C; J. Cell. Biochem. 66 1–12
Potter L R and Garbers D L 1992 Dephosphorylation of the
guanylyl cyclase-A receptor causes desensitisation; J. Biol.
Chem. 267 14531–14534
Potter L R and Garbers D L 1994 Protein kinase-C dependent
desensitisation of the atrial natriuretic peptide receptor is
mediated by dephosphorylation; J. Biol. Chem. 269 14636–
14642
Roy N and Visweswariah S S 1998 Regulation of guanylyl cyclase
C receptor activity by guanylin and protein kinase C; J. Biochem.
Mol. Biol. Biophys. 2 29–36
Shoelson S E 1997 SH2 and PTB domain interactions in tyrosine kinase signal transduction; Curr. Opin. Chem. Biol. 1
227–234
Singh S, Singh G, Heim J M and Gerzer R 1991 Isolation and
expression of a guanylate cyclase-coupled heat-stable enterotoxin
receptor cDNA from a human colonic cell line; Biochem. Biophys. Res. Commun. 179 1455–1463
Songyang Z, Carraway K L, Eck M J, Harrison S C, Feldman
R A, Mohammadi M, Schlessinger J, Hubbard S R, Smith
D P, Eng C, Lorenzo M J, Ponder B A J, Mayer B J and
Cantley L C 1995 Catalytic specificity of protein tyrosine
kinases is critical for selective signalling; Nature (London)
373 536–539
Sunitha I and Avigan M I 1996 The apical membranes of maturing gut columnar epithelial cells contain the enzymatically
active form of a newly identified fyn–related tyrosine kinase;
Oncogene 13 547–559
Tang X X, Beigel J A, Nycum L M, Yoshioka A, Brodeur G M,
Pleasure D E and Ikegaki N 1995 cDNA cloning, molecular chaJ. Biosci. | vol. 25 | No. 4 | December 2000

Rashna Bhandari et al

346

racterization, and chromosomal localization of NET(EPHT2),
a human EPH-related receptor protein-tyrosine kinase gene
preferentially expressed in brain; Genomics 29 426–437
Trezise A E O and Buchwald M 1991 In vivo cell specific expression of cystic fibrosis transmembrane regulator; Nature
(London) 353 434–437

Vaandrager A B, Tilly B C, Smolenski A, Rasp S S, Bot A G M,
Edixhoven M, Scholte B J, Jarchau T, Walter U, Lohmann
S M, Poller W C and De Jonge H R 1997 cGMP stimulation
of cystic fibrosis transmembrane conductance regulator Cl–
channels co–expressed with cGMP dependent protein kinase
type II but not type I β; J. Biol. Chem. 272 4195–4200

MS received 8 September2000; accepted 4 October 2000
Corresponding editor: P AUL T VAN DER SAAG

J. Biosci. | vol. 25 | No. 4 | December 2000

