
Biochem. J. (2000) 347, 613–621 (Printed in Great Britain) 613

Cytosolic adaptor protein Dab2 is an intracellular ligand of endocytic
receptor gp600/megalin
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gp600}megalin, an endocytic receptor, belongs to the low-density

lipoprotein receptor family. It is most abundant in the renal

proximal tubular cells, where it is implicated in the reabsorption

of a number of molecules filtered through the glomerulus. The

cytoplasmic tail (CT) of gp600}megalin contains a number of

sequence similarities, which indicate that gp600}megalin might

be involved in signal transduction. To find intracellular proteins

that would interact with the gp600}megalin CT, a human kidney

cDNA library was screened by using the yeast two-hybrid system.

The phosphotyrosine interaction domain (PID) of the Disabled

protein 2 (Dab2), a mammalian structural analogue of Drosophila

Disabled, was found to bind to the gp600}megalin CT in this

system.The interaction between these two proteinswas confirmed

by a binding assay in �itro and by the co-immunoprecipitation of

both proteins from renal cell lysates. The gp600}megalin CT

contains three ΨXNPXY motifs (in which Ψ represents a

INTRODUCTION

The giant endocytic receptor glycoprotein gp600}megalin was

first discovered independently by two groups of investigators

[1,2] as a target autoantigen involved in the active Heymann

nephritis of rats. Active Heymann nephritis of rats, an auto-

immune glomerular disease, is an accepted immunohistological

and clinical model of human membranous glomerulonephritis

[3,4]. The target autoantigen of active Heymann nephritis is a

renal glycoprotein with a molecular mass of approx. 600 kDa,

variously named gp600, gp330, LRP-2 and ‘megalin’ [1,2,5,6].

This single-chain protein contains a C-terminal cytoplasmic

domain (213 amino acid residues), a single transmembrane

domain (22 residues), and an extremely large ectodomain (4400

residues). The protein belongs to the low-density lipoprotein

(LDL) receptor family and is most closely related in structure to

LDL receptor-related protein}α2-macroglobulin receptor (LRP)

[6,7]. However, gp600}megalin and LRP differ in their numbers

and arrangements of the repeated sequences and in their distri-

butions in various cell types. In addition, their C-terminal

cytoplasmic domains have no similarity except for three short

ΨXNPXY sequences (in which Ψ represents a hydrophobic

residue) and a few residues surrounding these sequences.

Although gp600}megalin is undoubtedly involved in receptor-

mediated endocytosis, its overall function in various tissues

remains largely unknown at present. This protein is highly

conserved in evolution [8] and the interruption of its gene in mice

(knock-out) is mostly lethal. The few surviving pups die soon

Abbreviations used: CT, cytoplasmic tail ; GST, glutathione S-transferase ; IRPT cells, immortalized rat proximal tubular cells ; LDL, low-density
lipoprotein ; LRP, LDL receptor-related protein/α2-macroglobulin receptor ; PID, phosphotyrosine interaction domain; Ψ, hydrophobic amino acid
residue; QDO medium, quadruple dropout medium; SV40, simian virus 40.

1 To whom correspondence should be addressed (e-mail avoleinikov!ucdavis.edu).

hydrophobic residue) that are potentially able to interact with

PID. Analysis of the CT deletion and point-mutation variants of

gp600}megalin by the two-hybrid system revealed that the third

ΨXNPXY motif is most probably involved in this interaction.

Dab2 is a mitogen-responsive phosphoprotein thought to be an

adaptor molecule involved in signal transduction, and a suggested

negative regulator of cell growth. Dab2 is the first intracellular

ligand identified for gp600}megalin; gp600}megalin is the first

known transmembrane receptor that interacts with the cytosolic

protein Dab2. We speculate that their interaction might involve

gp600}megalin in signal transduction pathways or might mediate

the intracellular trafficking of this receptor.

Key words: Disabled 2, NPXY motif, phosphotyrosine in-

teraction domain.

after birth from respiratory failure and have a malformed

forebrain [9].

A number of protein ligands have been identified previously

for the ectodomain of gp600}megalin, including plasminogen

[10], complexes of tissue-type or urokinase-type plasmino-

gen activator (tPA or uPA) and plasminogen activator inhibitor

type 1 (PAI-1) [11,12], lactoferrin, lipoprotein lipase [12],

fibronectin, laminin, type I collagen [13] and the so-called

receptor-associated protein (RAP) [14,15]. It has been shown

that this last is a chaperone involved in the correct folding of

LDL-receptor family members during their maturation in the

reticulum [16,17]. The biological role of the other interactions is

not clear at present. However, an important physiological role

had been suggested recently for the absorption of several

molecules : albumin [18], the transcobalamin–vitamin B
"#

com-

plex [19], apolipoprotein J [20], apolipoprotein H [21], retinol

[22], and the vitamin D–vitamin-D-binding protein complex [23].

It has been noted that the C-terminal cytoplasmic domain of

gp600}megalin or cytoplasmic tail (CT), which is the longest

of the members of the LDL-receptor family, contains intriguing

and potentially functional motifs. They include several SH3 (Src

homology 3) recognition motifs, one SH2 (Src homology 2)

recognition motif for the p85 regulatory subunit of phospho-

inositide 3-kinase, and additional sites for protein kinase C,

casein kinase II and cAMP-}cGMP-dependent protein kinase

[24]. It has therefore been suggested that this protein might have

a role not only in endocytic processes but also in signal

transduction. Identification of the relevant intracellular partners
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of gp600}megalin should shed light on the possible role of this

endocytic receptor in signal transduction.

In the present study we have used the yeast two-hybrid system

to screen a kidney cDNA library to identify proteins that can

interact with the gp600}megalin CT. We have found that Dab2

adaptor protein, a candidate for the negative regulation of cell

growth and tumour suppression, can bind through its phospho-

tyrosine interaction domain (PID) to the gp600}megalin CT.

This interaction might involve gp600}megalin in the Ras- and}or

Jun-signalling pathways mediated by the interaction of Dab2

with another adaptor protein Grb2 [25], involved in the Ras-

signalling pathway [26] and in the regulation of the Jun-signalling

pathway [27].

EXPERIMENTAL

Materials

All oligonucleotides were synthesized by Gibco-BRL Life Tech-

nology (Grand Island, NY, U.S.A.). gp600}megalin C-terminal

peptide (the last 17 residues of gp600}megalin plus the N-

terminal cysteine residue for conjugation to keyhole limpet

haemocyanin) was synthesized by Chiron Mimotopes (San

Diego, CA, U.S.A.).

Antibodies

Antibodies against Dab2 (goat polyclonal anti-peptide N19 and

D19; human-, rat- and mouse-specific) and horseradish-

peroxidase-conjugated anti-goat IgG antibody were purchased

from Santa Cruz Biotechnology (Santa Cruz, CA, U.S.A.).

Horseradish-peroxidase-conjugated anti-rabbit antibody was

purchased from Dynatech Diagnostics (South Windham, ME,

U.S.A.). Antibody against gp600}megalin was prepared pre-

viously [28]. Antibody against a synthetic gp600}megalin C-

terminal peptide conjugated to keyhole-limpet haemocyanin was

prepared in rabbit at the Animal Facilities of the University of

California at Davis. It was affinity-purified on C-terminal peptide

immobilized on Sulfolink resin (Pierce, Rockford, IL, U.S.A.)

and tested for specificity against gp600}megalin by Western

blotting. Antibody against the glutathione S-transferase (GST)

fusion protein GST–Dab2 PID was prepared in rabbit at the

Animal Facilities of the University of California at Davis. It

reacted on the Western blots with the same protein band as

commercial anti-Dab2 antibody N19 or D19.

Two-hybrid library screening

cDNA coding for the human gp600}megalin CT was synthesized

by PCR with Marathon PCR-ready human kidney cDNA

(Clontech, Palo Alto, CA, U.S.A.) and a pair of oligonucleotide

primers that were designed on the basis of the human megalin

cDNA sequence [24] : N-primer, 5«-CCGAATTCCACTATAG-

AAGGACCGGCTC-3« (nt 13440–13462) ; C-primer, 5«-TTTC-

TGCAGCTGGTATAGCTATACTTCAGAGTC-3« (comple-

mentary nt 14083–14058). This PCR fragment was treated with

EcoRI and PstI restriction endonucleases and cloned into the

pAS2-1 vector (Clontech) to serve as a bait. This construct

(pAS2-1:human CT) was transformed into the yeast PJ69-2A

strain. Expression of the recombinant protein (with predicted

molecular mass approx. 50 kDa) containing the Gal4 DNA-

binding domain and the gp600}megalin CT was confirmed by

Western blotting with antibody directed against the synthetic

gp600}megalin C-terminal peptide (the last 17 residues) (results

not shown). After transformation, this strain was mated with the

Y187 strain pre-transformed with a human kidney cDNA library

cloned into the pACT2 vector (Clontech). Screening was per-

formed on plates without two nutritional markers for plasmids

(Leu and Trp) and two nutritional markers for protein interaction

(Ade and His) [so-called quadruple dropout (QDO) medium] in

accordance with the manufacturer’s protocol. Of the 2¬10'

mated yeast clones, 10 were selected on the QDO medium. All of

these clones were tested for β-galactosidase expression, an

additional marker of the protein interaction. All 10 clones were

active in this assay. To test that the interaction occurred between

the cloned library protein and CT but not between the library

protein and Gal4 DNA-binding domain of the fusion protein,

the library plasmids (pACT2: library cDNA) were rescued from

the yeast clones selected on the QDO medium, purified and co-

transformed into the PJ69-2A strain along with the (1) pAS2-

1:human CT or (2) pAS2-1 constructs. Clones that grew only if

co-transformed with construct (1) but not construct (2) were

considered to be demonstrating true interaction. The cDNA

inserts of the library plasmids from true positive clones were

sequenced at the sequencing facility of the University of

California at Davis and compared with the other sequences in

the databases with a BLAST search at the NCBI World Wide

Web site.

Cell cultures

L2 rat yolk sac carcinoma cell line [29], expressing gp600}megalin

[30], was kindly provided by Dr Wewer (University Institute of

Pathological Anatomy, Copenhagen, Denmark). The cells were

cultured in high-glucose Dulbecco’s modified Eagle’s medium

(Sigma) supplemented with 10% (v}v) fetal bovine serum and

antibiotics. The immortalized rat proximal tubular (IRPT) cell

line, which produces both membrane-bound and soluble forms

of gp600}megalin but not LRP [31,32], was a gift from Dr

Ingelfinger (Department of Pediatrics, Harvard Medical School,

Boston, MA, U.S.A.). The IRPT cells were maintained in high-

glucose Dulbecco’s modified Eagle’s medium supplemented with

25 mM Hepes, pH 7.0, 0.1 mM non-essential amino acids and

5% (v}v) fetal bovine serum. The IRPT cells were passaged

every 3 days and passages 35–45 were used in the experiments.

Both cell lines were grown to 90% confluence in 100 mm Petri

dishes for the experiments.

Construction, expression and purification of the GST–Dab2 PID
fusion protein

The cDNA insert from the pACT2:oz116 plasmid (rescued from

one of the true positive clones) was excised by EcoRI plus

XhoI and subcloned into pGEX4T-2. This construct was

expressed in the JM109 Escherichia coli strain; the fusion protein

GST–oz116 was purified on a glutathione–Sepharose column

(Pharmacia Biotech, Piscataway, NJ, U.S.A.). The oz116 insert

contains Dab2 PID; this fusion protein is therefore also desig-

nated GST–Dab2 PID. The fusion protein contained residues

1–176 of human Dab2 [33].

Protein binding in vitro

L2 and IRPT cell lysates were prepared by solubilization of the

cells, grown in 100 mm Petri dishes, in 1 ml of PBSC buffer [PBS

containing 1% (v}v) Nonidet P40, 1 mM CaCl
#

and 0.5 mM

MgCl
#
] supplemented with 1 mM PMSF, 5 µg}ml aprotinin and

0.1 mM NaVO
%
. GST–Dab2 PID (6 µg) or GST (6 µg) bound to

10 µl of glutathione–Sepharose were incubated for 2 h at 4 °C
with 1 ml of cell lysates. The resin was collected by centrifugation
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and washed three times with PBSC buffer. Proteins were eluted

with SDS gel-loading buffer, separated by SDS}PAGE [6%

(w}v) gel], transferred to Immobilon P membrane (Millipore

Corp., Bedford, MA, U.S.A.) and subjected to Western blot

analysis with rabbit anti-(gp600}megalin C-terminal peptide)

antiserum diluted 1:200.

Co-immunoprecipitation of gp600/megalin and Dab2

L2 and IRPT cell lysates, prepared as described above, and

kidney lysate, prepared as described below (Western Blotting),

were incubated for 90 min at 4 °C with (1) 10 µl of rabbit anti-

(gp600}megalin) antiserum [28], (2) 2 µg of rabbit anti-(gp600}
megalin C-terminal peptide) antibody, (3) 2 µg of irrelevant

rabbit anti-(transcription factor D) antibody (Santa Cruz Bio-

technology), (4) 10 µl of rabbit anti-(Dab2 PID–GST fusion

protein) antiserum or (5) 10 µl of normal rabbit serum; 15 µl of

Protein A–Sepharose was then added and incubation was con-

tinued for a further 1 h at 4 °C. Beads were washed three times

with PBS buffer plus 0.05% (v}v) Tween 20 and three times with

PBS. Proteins were eluted with SDS gel loading buffer, separated

by SDS}PAGE [4–15% (w}v) gradient gel], transferred to

Immobilon P membrane (Millipore) and subjected to Western

blot analysis with rabbit polyclonal anti-(GST–Dab2 PID)

antiserum (diluted 1:200), anti-(gp600}megalin C-terminal pep-

tide) antiserum (diluted 1:200) or anti-(gp600}megalin) antibody

(diluted 1:100) [28].

Western blotting

Total rat kidney lysate was prepared by the following procedure.

A rat kidney was homogenized in 5 ml of buffer A [25 mM

Tris}HCl (pH 7.5)}10 mM MgCl
#
}50 mM KCl}1 mM dithio-

threitol] supplemented with 1 mM PMSF, 5 µg}ml aprotinin,

5 µg}ml leupeptin and 0.1 mM NaVO
%
, then centrifuged at

10000 g. Supernatant was collected, mixed with Triton X-100

[1% (v}v) final concentration], frozen in liquid nitrogen and

stored at ®80 °C. L2 and IRPT cell lysates were prepared as

described above.

Proteins from kidney and cell culture lysates were separated by

SDS}PAGE and transferred to Immobilon P membrane. Mem-

brane was blocked in 5% (v}v) milk}0.1% (v}v) Tween 20

in PBS, incubated with appropriate primary antibodies diluted in

the same solution for 2 h at room temperature and then washed

three times with PBS}0.05% (v}v) Tween 20. After incubation

with appropriate secondary antibody conjugated with horse-

radish peroxidase (dilution 1:20000 for anti-rabbit IgG and

1:2000 for anti-goat IgG), the membrane was washed three times

with PBS}0.05% (v}v) Tween 20, twice with PBS, developed

with a LumiGLO Chemiluminescent substrate kit (KPL,

Gaithersburg, MD, U.S.A.) and exposed to film.

Human gp600/megalin C-tail deletion variants

Plasmid DNA pAS2-1:human CT was used to prepare C-tail

deletion variants by PCR. N-terminal oligonucleotide primer 5«-
CCGAATTCCACTATAGAAGGACCGGCTC-3« and six de-

letion C-terminal primers (CTD1, 5«-TTGTCGACTAGGTTG-

GAGTTGGGTCTCTTCTC-3« ; CTD2, 5«-TTGTCGACTAA-

CTTTCCTTTTGCTCGTTCTCCATC-3« ; CTD3, 5«-TTGTC-

GACTCATTTTGTCACCTGAGTTCCATCAG-3« ; CTD4, 5«-
TTGTCGACTATACAGTCACCTGGATTGGCTGAAC-3« ;
CTD5, 5«-TTGTCGACTACACTCCAATATCCATGTTAAG-

ATC-3« ; CTD6, 5«-TTGTCGACTAGGGCTTGACGAGACT-

GCTTAAGC-3«) were used to amplify the corresponding de-

letion variants of the gp600}megalin C-tail. Each of the C-

terminal primers contained a stop codon (underlined). Amplified

DNA was digested with EcoRI}SalI and cloned into the pAS2-

1 vector digested with the same enzymes. Corresponding con-

structs were designated CTDel-1 to CTDel-6. Each of them was

co-transformed with oz116 plasmid (pACT2:oz116) into PJ69-

2A yeast strain and plated on medium without Leu and Trp to

select co-transformants. The co-transformants obtained were

plated on QDO medium to verify interacting pairs. For testing

the interactions semiquantitatively through β-galactosidase ac-

tivity, the mutated constructs and oz116 plasmid were co-

transformed into the Y187 strain and selected on medium without

Leu and Trp.

Human gp600/megalin C-tail point-mutation variants

Plasmid DNA pAS2-1:human CT was used to prepare C-tail

point-mutation variants by using a QuikChange4 Site-Directed

Mutagenesis kit (Stratagene, La Jolla, CA, U.S.A.). Appropriate

pairs of oligonucleotides (sequences available from the authors)

for each site-directed mutation were designed and used in this

work. We prepared the following point-mutation constructs :

1NA, 2NA, 3NA and 2KP. The number in each construct

indicates the number (first, second or third) of the ΨXNPXY

motif in Figure 4; the letters indicate the native and substituting

residues. All mutations were confirmed by sequencing of the

constructs. Each of these point-mutation variants was co-

transformed with pACT2:oz116 (i.e. Dab2 PID) prey plasmid

into Y187 yeast strain. Co-transformants were selected on the

plates without Leu and Trp, then tested for β-galactosidase

activity to measure the interaction between bait and prey.

Protein interaction determined by β-galactosidase activity

The appropriate Y187 transformants were grown overnight in

the liquid medium without Leu and Trp, diluted 1:5 into rich

YPD medium and grown for a further 4–6 h until D
'!!

reached

0.4–0.8. Yeast cells (1.5 ml) were pelleted, washed in Z-buffer

[60 mM Na
#
HPO

%
}40 mM NaH

#
PO

%
}10 mM KCl}1 mM

MgSO
%

(pH 7)] and finally resuspended in 300 µl of Z-buffer.

Cell suspension (100 µl) was used to measure the cell con-

centration by D
'!!

. The rest of the cells were subjected to three

cycles of freezing in liquid nitrogen and thawing at 37 °C; they

were then centrifuged, and duplicate samples of 20 µl of super-

natant for each clone were mixed with Galacton-Star reaction

mixture (Clontech). The β-galactosidase activity was measured

by counting chemiluminescent light in the β-counter containing

two photomultipliers (Wallac Model 1409). The resulting counts

were normalized for each sample by using the corresponding

D
'!!

value to express activity in arbitrary units. The scale was

chosen so that the average value for the positive control was 100

arbitrary units. Yeast co-transformed with pTD1-1 and pVA3-1

plasmids (Clontech) served as a positive control [two proteins

encoded by these plasmids p53 and simian virus 40 (SV40) large

T-antigen are known for their strong interaction]. Yeast co-

transformed with pVA3-1 and pAS2-1:human CT served as a

negative control. Results from three independent experiments

were averaged. Yeast lysate prepared from equal quantities of

cells containing C-tail variants were tested for the expression

of the Gal4 DNA-binding domain:C-tail variant fusion proteins

by Western blotting with anti-(C-terminal peptide) antiserum

(diluted 1:200).
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Figure 1 True interaction between the gp600/megalin CT and oz116
protein (i.e. Dab2 PID)

PJ69-2A yeast strain was co-transformed with the pACT2 : oz116 and pAS2-1 : human CT or

pAS2-1 plasmids. Co-transformants were selected on the plates without Trp and Leu. Three

colonies from each co-transformed strain were plated on QDO medium to verify the true

interactions. Co-transformants containing pACT2 : oz116 and pAS2-1 : human CT (upper half) but

not pACT2 : oz116 and pAS2-1 (lower half) grew on this selective medium. The photograph was

taken after incubation at 30 °C for 5 days. Similar results have been obtained for oz117 and

oz103 plasmids (results not shown).

RESULTS

PID of Dab2 interacts with the human gp600/megalin CT in the
two-hybrid system

Ten clones survived on selective QDO medium during the

screening of a human kidney cDNA library in the two-hybrid

system. Three of these ten clones (oz116, oz117 and oz103) were

found to be true positives ; seven were false positives. Figure 1

demonstrates the true-positive interaction between hybrid

proteins encoded by pACT2:oz116 and pAS2-1:human C-tail

plasmids. Library cDNA species from these three true-positive

clones were sequenced. Two cDNA species (oz116 and oz117)

Figure 2 Binding of gp600/megalin and Dab2 PID in vitro

GST–Dab2 PID fusion protein or GST alone was bound to glutathione–Sepharose beads and

used for the binding of gp600/megalin from the L2 cell lysate. Immunoblotting with anti-

(gp600/megalin C-terminal peptide) antiserum revealed that GST–Dab2 PID is able to

precipitate megalin (arrowed) while GST alone is not. The positions of molecular mass markers

are indicated at the right.

revealed identical sequences. By comparison with sequence

databases this sequence was identified as a partial sequence of the

human Dab2 cDNA [33] (GenBank accession no. U39050). The

cloned oz116 cDNA fragment had a length of approx. 580 bp

and coded for the first 176 residues of Dab2. The cDNA

fragment also included 6 bp of the 5« untranslated region of

Dab2. This added two residues to the N-terminus of Dab2,

which was fused to the Gal4-activation domain. The cloned

oz116 cDNA included the entire PID of Dab2 [33]. The only

difference from the published structure was at nt 343–344

(numbering according to the human Dab2 sequence; GenBank

accession no. U39050). In our sequence these nucleotides were

GC, as opposed to CG in the published sequence. This difference

was present in both oz116 and oz117 clones and led to the amino

acid replacement of Arg-84 in the published sequence by Ala-84

in our sequence. Alanine is present at this position in both rat

[34] (GenBank accession no. U95177) and mouse [35] (GenBank

accession no. U18869) Dab2 sequences. Although the pre-

transformed human kidney cDNA library was prepared with

oligo(dT) primer, these clones (oz116 and 117) did not contain

the 3«-end of cDNA. Instead, cDNA synthesis was apparently

initiated in themRNA region coding for theK"($KKEEEKKK")"

sequence of Dab2, which is rich in oligo(A) sequences [33].

Binding of gp600/megalin and Dab2 PID in vitro

GST–Dab2 PID fusion protein was prepared as described in

the Experimental section and used to confirm the ability of the

gp600}megalin CT and Dab2 to interact with each other. Figure

2 shows that GST–Dab2 PID, but not GST, bound to the

glutathione–Sepharose resin, can bind gp600}megalin from

the L2 cell lysate. The L2 yolk-sac carcinoma cells are known to

express gp600}megalin abundantly [30]. Similar results (results

not shown) were obtained with IRPT cells, which are also known

to express gp600}megalin [31,32]. These experiments indicate

clearly that gp600}megalin and Dab2 PID can interact in �itro.

Expression of Dab2 in renal cells and co-immunoprecipitation of
gp600/megalin and Dab2 from cell lysate

The fact that we isolated Dab2 cDNA from a human kidney

cDNA library indicates that mRNA for this protein is expressed

in kidney tissue. We used Western blotting to demonstrate the

expression of Dab2 protein in the rat L2 and IRPT cells (Figure

3) and in rat kidney. All these cells express gp600}megalin

abundantly. Dab2 can be detected in all of them as a dominant

p96 isoform.

To confirm the interaction between gp600}megalin and Dab2

in �i�o we tested the kidney, L2 and IRPT cell lysates for the co-

immunoprecipitation of these two proteins. Figure 3 shows the

results of the experiment with IRPT cells. It is clear that Dab2

was co-precipitated by anti-(C-terminal peptide) antibodies but

not by irrelevant antibody against transcription factor D. More-

over, gp600}megalin can be co-precipitated with anti-(Dab2

PID) antibody but not with normal rabbit serum. The co-

precipitation of gp600}megalin by anti-(Dab2 PID) antibody

was always more efficient than the co-precipitation of Dab2 by

any anti-(gp600}megalin) antibodies. This is related to the

inefficient precipitation of gp600}megalin by anti-(gp600}
megalin) antibodies during the short incubation necessitated by

the high level of degradation of the gp600}megalin C-tail noted

in the cell lysate even in the presence of protease inhibitors (A.

V. Oleinikov and S. P. Makker, unpublished work). Similar co-
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Figure 3 Co-immunoprecipitation of gp600/megalin and Dab2 from cell lysate

IRPT cell lysate was immunoprecipitated (IP) with 2 µg of rabbit anti-(gp600/megalin C-terminal peptide) (αCT) or with 2 µg of irrelevant rabbit antibody against transcription factor D (αTF),

and with 10 µl of rabbit anti-(Dab2 PID) antiserum (α-Dab2 PID), 10 µl of anti-(gp600/megalin) antibody (α-meg) or 10 µl of normal rabbit serum (NRb). Precipitated proteins along with total

IRPT cell lysate protein were separated by SDS/PAGE [4–15% (w/v) gradient gel] and subjected to Western blotting (WB) with anti-(C-terminal peptide) (αCT), anti-(gp600/megalin) antibody (α-

meg) or rabbit polyclonal anti-(Dab2 PID) antibody (α-Dab2 PID). The positions of molecular mass markers are indicated (in kDa) in the centre.

precipitation of the two proteins was obtained with kidney and

L2 cell lysates (results not shown).

Gp600/megalin CT interacts with Dab2 PID, most probably
through its third ΨXNPXY motif

Six C-terminally truncated deletion variants of the gp600}
megalin CT were prepared and cloned into the pAS2-1 vector to

test their interaction in �i�o with Dab2 PID by using the yeast

two-hybrid system. These variants, along with the gp600}megalin

CT sequence and some of the consensus motifs, are shown in

Figure 4. Each of these variants was co-transformed with

pACT2:oz116 (i.e. Dab2 PID) prey plasmid into the yeast strain

PJ69-2A. Co-transformants were selected on the plates without

Leu and Trp and then plated on QDO medium to verify the bait

and prey interaction. Figure 5 (top panel) shows the results of

this experiment after 10 days of incubation. It is clear that,

whereas deletion variants CTDel-1 to CTDel-3 can interact with

Dab2 PID, variants CTDel-4 to CTDel-6 cannot. However, the

growth rate of the CTDel-3 variant was markedly lower than

that of the other two deletion mutants. This might indicate that

the third ΨXNPXY motif is responsible for the Dab2 binding

but, on its removal (CTDel-3), the second ΨXNPXY-like motif

(it contains a Lys residue instead of Pro) of the megalin CT might

interact with lower affinity and help a colony to survive. This

hypothesis was tested in the two-hybrid system by measuring β-

galactosidase expression, a marker whose expression depends on

the strength of interaction between gp600}megalin CT and Dab2

PID (Figure 5, middle panel) and can be quantified. We also

prepared and tested for β-galactosidase activity several point-

mutation variants of the gp600}megalin CT in the ΨXNPXY

motifs to demonstrate directly the motif’s involvement in the

interaction (Figure 5, middle panel). This experiment revealed

that (1) the interaction between the gp600}megalin C-tail and

Dab2 PID is as strong as between p53 and SV40 large T-antigen,

two proteins known for their strong interaction; (2) the removal

of the third ΨXNPXY motif has a major and marked effect on

the binding of Dab2 PID. The point mutation N!A in this

motif completely prevented the interaction with Dab2 PID and

consequently the expression of β-galactosidase. This is also an

internal control on the specificity of interaction, because the

same bait protein with a single point mutation does not interact

with prey protein. The mutation in the first motif did not affect

the interaction significantly. Mutation N!A in the second

motif decreased the interaction but did not eliminate it. The

control experiment (Figure 5, bottom panel) indicated that the

level of expression of the C-tail point-mutation variants was

similar to that of the intact CT and could not be accounted for

by the absence of or decrease in the β-galactosidase activity.

DISCUSSION

Using three different approaches, a two-hybrid system for the

screening of a human kidney cDNA library, a binding assay in

�itro and co-immunoprecipitation of proteins expressed in �i�o,

we have identified Dab2 as an intracellular ligand of endocytic

receptor gp600}megalin. This receptor, which is present in the

proximal renal tubules, is implicated in the reabsorption of

various molecules filtered through the glomerulus. In addition,

this protein is important in the development of the mammalian

organism because disruption of its gene is mostly lethal to

embryos [9]. On the basis of the presence of several structural

motifs in gp600}megalin CT that are common to the proteins

involved in signal transduction pathways it has been suggested

# 2000 Biochemical Society



618 A. V. Oleinikov, J. Zhao and S. P. Makker

Figure 4 Diagram of the human gp600/megalin CT deletion variants

Residue number 1 corresponds to the first residue of the gp600/megalin CT. Arrows indicate C-terminal ends of the corresponding deletion variants. Abbreviations : PKC, protein kinase C

phosphorylation motif ; cAMP, cAMP-dependent protein kinase phosphorylation motif. SH2 and SH3 recognition motifs have been indicated previously in [24]. Other motifs were identified with

the program OMIGA (Oxford Molecular Ltd). Three ΨXNPXY motifs are numbered starting from the most N-terminal.

that gp600}megalin might have a role in signal transduction [24].

It would therefore be of great interest to identify the intracellular

proteins that can interact with gp600}megalin.

Our results show clearly that the cytosolic adaptor protein

Dab2 is expressed in kidney and L2 and IRPT cell lines, and that

the gp600}megalin CT interacts with Dab2 PID both in �itro and

in �i�o. We also found by immunofluorescence microscopy

(results not shown) that Dab2 is localized to the renal proximal

tubule brush border, a place of gp600}megalin expression [36]. It

has recently been demonstrated that another protein from the

Dab family, Dab1, can bind through its PID to the CT of LRP

[37,38], a protein homologous with gp600}megalin. Both gp600}
megalin and LRP belong to the LDL-receptor family. Dab1,

however, is expressed predominantly in the brain [39,40], whereas

the expression of Dab2 seems to be tissue-independent [33]. It

has been shown that Dab1–LRP interaction most probably

occurs through the second ΨXNPXY motif in the CT of LRP

[37,38]. The ΨXNPXY motif, together with a few surrounding

residues, organizes a tight-turn structure in which Asn is the

most critical residue for the interaction [41–43]. LRP contains

two ΨXNPXY motifs ; gp600}megalin contains three (the second

is a ΨXNPXY-like motif because it contains K instead of P). The

necessity of interacting with several different PID-containing

proteins might determine the presence of several ΨXNPXY

motifs in the LRP and gp600}megalin CTs.

The second ΨXNPXY motif of LRP together with a few

surrounding residues is most closely similar to the third gp600}
megalin ΨXNPXY motif area [37]. Our results from the experi-

ments with nested deletions of the C-tail and mutations of the

most critical residue Asn in all ΨXNPXY motifs demonstrated

that this third motif was the one most likely to be involved in the

interaction with Dab2 PID (Figure 5). This is interesting in that

the two homologous receptors interact with the two homologous

adaptor proteins at the homologous motifs. However, we could
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Figure 5 Interaction of gp600/megalin CT variants with Dab2 PID in the
two-hybrid system

Top panel : six gp600/megalin CT deletion variant plasmids (CTDel-1 to CTDel-6) were co-

transformed with the pACT2 : oz116 (i.e. Dab2 PID) plasmids into the yeast strain PJ69-2A and

selected on the medium without Trp and Leu. Three clones of each co-transformant were plated

on the QDO medium to test the interaction between Dab2 PID and the truncated CT variants.

The CTDel-1 and CTDel-2 variants grew well after 5 days of incubation. The CTDel-3 variant,

missing the third ΨXNPXY motif, was able to interact with Dab2 but grew more slowly than

CTDel-1 and CTDel-2. The photograph was taken after incubation at 30 °C for 10 days. Middle

panel : interaction of the CT and three deletion and four point-mutation CT variants with Dab2

PID, measured by β-galactosidase activity. The positive control shows interaction between p53

and SV40 large T-antigen ; the negative control shows interaction between gp600/megalin C-

tail and SV40 large T-antigen. Three independent experiments with different clones for each

construct in each experiment were performed. The bars show means³S.D. Bottom panel :

Western blot (WB) with anti-(gp600/megalin C-terminal peptide) (αCT) of the yeast lysates

prepared from the indicated variants demonstrates a similar expression of the CT and point-

mutation CT variant fusion proteins. Note that the positive control did not contain CT fusion

protein but the negative control did.

not completely exclude a role for the second ΨXNPXY-like

motif in this interaction. It is possible that the deletion in CTDel-

3 construct provides better three-dimensional access to the second

ΨXNPXY motif than it does in the full-length variant 3NA, in

which the intact second motif did not contribute to the in-

teraction. It is unlikely that significant overall structural changes

in the other part of the C-tail might explain the absence of

activity in the 3NA mutant because, as far as the peptide

containing the ΨXNPXY motif is accessible for the interaction,

the rest of the protein molecule is not generally important

[38,42,43].

Although the structural domain interacting with the ΨXNPXY

motif was named PID, the phosphorylation of the Tyr residue

might have different effects on the interaction. In LRP the Tyr

phosphorylation actually inhibits its binding to Dab1 [38]. It is

not clear at present how the phosphorylation of Tyr might affect

the interaction between gp600}megalin and Dab2. This issue will

be resolved in future experiments.

Dab2 phosphoprotein has been described with different names

in different species. It has been shown to have several isoforms

resulting from alternative splicing. These isoforms and their

names include p96, p93 and p67 in mouse [35], the p105 isoform

of DOC2 (‘differentially expressed in ovarian carcinoma’) in

human [33] and the p82 and p59 isoforms of C9 in rat [34]. In our

experiments we have found that the molecular mass of the Dab2

present in rat L2 and IRPT cells and in rat kidney is approx.

96 kDa. We believe that this 96 kDa form is the same as that

described as p82 by Tseng et al. [34], and that the difference in the

molecular mass in the two studies resulted from the difference in

polyacrylamide gel composition and from the use of different

molecular mass markers.

The function of Dab2 is not clear at present, though several

experiments argue for its role in signal transduction. In addition,

no membrane receptors that can interact with Dab2 in the

cytoplasm have yet been described. It has been shown that this

protein is mitogen-responsive: it was phosphorylated at a Ser

residue on treatment with colony-stimulating factor and was

therefore suggested to be involved in the early steps of colony-

stimulating factor signalling [35]. Dab2 is also up-regulated in rat

ventral prostate after castration, suggesting that it can be

regulated directly or indirectly by the androgen receptor [34], and

it is down-regulated in, or absent from, ovarian carcinoma cell

lines [44] and in gestational trophoblastic disease tissues [45].

When Dab2 was expressed in carcinoma [46] or choriocarcinoma

[45] cell lines it significantly decreased the growth rate of the cells

in culture. It also can suppress the tumour growth in �i�o [46]. It

has recently been shown that Ser phosphorylation in Dab2

inhibited the PMA-induced activity of the transcription factor

activator protein 1. This phosphorylation might therefore be a

molecular key for Dab2 tumour-suppressive function [47]. It has

also been shown that Dab2 binds via its C-terminal proline-rich

sequences to the SH3 domains of Grb2 [25]. Grb2, SH3-SH2-

SH3 adaptor protein, is involved in most growth-factor-receptor

signalling pathways, including the Ras and Jun signalling path-

ways [26,27,48,49]. It is interesting that both Grb2 [48] and

gp600}megalin [9] are important in embryonic development. We

speculate that the interaction of the gp600}megalin C-tail with

signalling adaptor molecule Dab2 might involve gp600}megalin

in signalling pathways.

In contrast, the ΨXNPXY motifs are also important for

internalization of the receptors through the clathrin-coated pits

[50]. The interactions of some adaptor protein(s) with this motif

might mediate this process. Dab2 is expressed in a tissue-

independent manner and is able to interact with the ΨXNPXY

motif of endocytic receptor. If this interaction provides further

steps of the endocytotic events then Dab2 might be a candidate

as an adaptor molecule involved in the endocytosis of megalin at

least.

In conclusion, we have identified the cytosolic adaptor protein

Dab2 as an intracellular partner of endocytic receptor gp600}
megalin. This finding suggests that the interaction between Dab2

and gp600}megalin might involve this endocytic receptor in

signal transduction pathways or it might be important for the
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intracellular trafficking of gp600}megalin. In addition, both

possibilities might co-exist. Future experiments will clarify these

hypotheses.

We thank Dr David M. Jameson and Dr Jean A. Wiedeman for the critical review of
the manuscript, Dr Luojin Chen for technical advice on the yeast two-hybrid system,
and Irina Oleinikova for technical help. This work was supported by an NIH grant RO1
DK 33941 (to S.P.M.), by a Children’s Miracle Network Research Grant (to A. V. O.)
and by a University of California at Davis Health System Research Award (to A.V.O.).

REFERENCES

1 Kerjaschki, D. and Farquhar, M. G. (1982) The pathogenic antigen of Heymann

nephritis is a membrane glycoprotein of the renal proximal tubule brush border.

Proc. Natl. Acad. Sci. U.S.A. 79, 5557–5581

2 Makker, S. P. and Singh, A. K. (1984) Characterization of the antigen (gp600) of

Heymann nephritis. Lab. Invest. 50, 287–293

3 Heymann, W., Hackel, D. B., Harwood, J., Wilson, S. G. F. and Hunter, J. L. P. (1959)

Production of nephrotic syndrome in rats by Freund’s adjuvants and rat kidney

suspendions. Proc. Soc. Exp. Biol. Med. 100, 660–664

4 Alousi, M. A., Post, R. S. and Heymann, W. (1969) Experimental autoimmune

nephrosis in rats. Morphogenesis of the glomerular lesion : immunohistochemical and

electron microscopic studies. Am. J. Pathol. 54, 47–71

5 Korenberg, J. R., Argraves, K. M., Chen, X. N., Tran, H., Strickland, D. K. and

Argraves, W. S. (1994) Chromosomal localization of human genes for the LDL

receptor family member glycoprotein 330 (LRP2) and its associated protein RAP.

Genomics 22, 88–93

6 Saito, A., Pietromonaco, S., Loo, A. K. and Farquhar, M. G. (1994) Complete cloning

and sequencing of rat gp330/‘megalin ’, a distinctive member of the low density

lipoprotein receptor gene family. Proc. Natl. Acad. Sci. U.S.A. 91, 9725–9729

7 Raychowdhury, R., Niles, J. L., McCluskey, R. T. and Smith, J. A. (1989)

Autoimmune target in Heymann nephritis is a glycoprotein with homology to the LDL

receptor. Science 244, 1163–1165

8 Yochem, J. and Greenwald, I. (1993) A gene for a low density lipoprotein receptor-

related protein in the nematode Caenorhabditis elegans. Proc. Natl. Acad. Sci. U.S.A.

90, 4572–4576

9 Willnow, T. E., Hilpert, J., Armstrong, S. A., Rohlmann, A., Hammer, R. E., Burns,

D. K. and Herz, J. (1996) Defective forebrain development in mice lacking

gp330/megalin. Proc. Natl. Acad. Sci. U.S.A. 93, 8460–8464

10 Kanalas, J. J. and Makker, S. P. (1991) Identification of the rat Heymann nephritis

autoantigen (GP330) as a receptor site for plasminogen. J. Biol. Chem. 266,
10825–10829

11 Moestrup, S. K., Nielsen, S., Andreasen, P., Jorgensen, K. E., Nykjaer, A., Roigaard,

H., Gliemann, J. and Christensen, E. I. (1993) Epithelial glycoprotein-330 mediates

endocytosis of plasminogen activator-plasminogen activator inhibitor type-1

complexes. J. Biol. Chem. 268, 16564–16570

12 Willnow, T. E., Goldstein, J. L., Orth, K., Brown, M. S. and Herz, J. (1992) Low

density lipoprotein receptor-related protein and gp330 bind similar ligands, including

plasminogen activator–inhibitor complexes and lactoferrin, an inhibitor of chylomicron

remnant clearance. J. Biol. Chem. 267, 26172–26180

13 Mendrick, D. L., Chung, D. C. and Rennke, H. G. (1990) Heymann antigen GP330

demonstrates affinity for fibronectin, laminin, and type I collagen and mediates rat

proximal tubule epithelial cell adherence to such matrices in vitro. Exp. Cell Res.

188, 23–35

14 Kanalas, J. and Makker, S. (1991) Identification of a 45 kDa protein homologous to

the α2-macroglobulin receptor associated protein that binds to the Heymann nephritis

autoantigen gp330. J. Am. Soc. Nephrol. 2, 547

15 Kounnas, M. Z., Argraves, W. S. and Strickland, D. K. (1992) The 39-kDa receptor-

associated protein interacts with two members of the low density lipoprotein receptor

family, alpha 2-macroglobulin receptor and glycoprotein 330. J. Biol. Chem. 267,
21162–21166

16 Bu, G., Geuze, H. J., Strous, G. J. and Schwartz, A. L. (1995) 39 kDa receptor-

associated protein is an ER resident protein and molecular chaperone for LDL

receptor-related protein. EMBO J. 14, 2269–2280

17 Willnow, T. E., Armstrong, S. A., Hammer, R. E. and Herz, J. (1995) Functional

expression of low density lipoprotein receptor-related protein is controlled by receptor-

associated protein in vivo. Proc. Natl. Acad. Sci. U.S.A. 92, 4537–4541

18 Cui, S., Verroust, P. J., Moestrup, S. K. and Christensen, E. I. (1996) Megalin/gp330

mediates uptake of albumin in renal proximal tubule. Am. J. Physiol. 271,
F900–F907

19 Moestrup, S. K., Birn, H., Fischer, P. B., Petersen, C. M., Verroust, P. J., Sim, R. B.,

Christensen, E. I. and Nexo, E. (1996) Megalin-mediated endocytosis of

transcobalamin-vitamin-B12 complexes suggests a role of the receptor in vitamin-B12

homeostasis. Proc. Natl. Acad. Sci. U.S.A. 93, 8612–8617

20 Zlokovic, B. V., Martel, C. L., Matsubara, E., McComb, J. G., Zheng, G., McCluskey,

R. T., Frangione, B. and Ghiso, J. (1996) Glycoprotein 330/megalin : probable role in

receptor-mediated transport of apolipoprotein J alone and in a complex with

Alzheimer disease amyloid beta at the blood–brain and blood–cerebrospinal fluid

barriers. Proc. Natl. Acad. Sci. U.S.A. 93, 4229–4234

21 Moestrup, S. K., Schousboe, I., Jacobsen, C., Leheste, J.-R., Christinsen, E. I. and

Willnow, T. E. (1998) β2-Glycoprotein-I (apolipoprotein H) and β2-glycoprotein-

I–phospholipid complex harbor a recognition site of the endocytic receptor megalin.

J. Clin. Invest. 102, 902–909

22 Christensen, E., Moskaug, J., Vorum, H., Jacobsen, C., Gundersen, T., Nykjaer, A.,

Blomhoff, R., Willnow, T. and Moestrup, S. (1999) Evidence for an essential role of

megalin in transepithelial transport of retinol. J. Am. Soc. Nephrol. 10, 685–695

23 Nykjaer, A., Dragun, D., Walther, D., Vorum, H., Jacobsen, C., Herz, J., Melsen, F.,

Christensen, E. and Willnow, T. (1999) An endocytic pathway essential for renal

uptake and activation of the steroid 25-(OH) vitamin D3. Cell 96, 507–515

24 Hjalm, G., Murray, E., Crumley, G., Harazim, W., Lundgren, S., Onyango, I., Ek, B.,

Larsson, M., Juhlin, C., Hellman, P. et al. (1996) Cloning and sequencing of human

gp330, a Ca2+-binding receptor with potential intracellular signaling properties. Eur. J.

Biochem. 239, 132–137

25 Xu, X. X., Yi, T., Tang, B. and Lambeth, J. D. (1998) Disabled-2 (Dab2) is an SH3

domain-binding partner of Grb2. Oncogene 16, 1561–1569

26 Weng, G., Bhalla, U. S. and Lyengar, R. (1999) Complexity in biological signaling

systems. Science 284, 92–96

27 Pomerance, M., Multon, M. C., Parker, F., Venot, C., Blondeau, J. P., Tocque, B. and

Schweighoffer, F. (1998) Grb2 interaction with MEK-kinase 1 is involved in regulation

of Jun-kinase activities in response to epidermal growth factor. J. Biol. Chem. 273,
24301–24304

28 Makker, S. P., Widstrom, R. and Huang, J. (1995) Transcription and translation of

gp600 and receptor-associated protein (RAP) in active Heymann nephritis. Am. J.

Pathol. 146, 1481–1487

29 Wewer, U. (1982) Characterization of a rat yolk sac carcinoma cell line. Dev. Biol.

93, 416–421

30 Orlando, R. A. and Farquhar, M. G. (1993) Identification of a cell line that expresses

a cell surface and a soluble form of the gp330/receptor-associated protein (RAP)

Heymann nephritis antigenic complex. Proc. Natl. Acad. Sci. U.S.A. 90, 4082–4086

31 Jung, F. F., Bachinsky, D. R., Tang, S. S., Zheng, G., Diamant, D., Haveran, L.,

McCluskey, R. T. and Ingelfinger, J. R. (1998) Immortalized rat proximal tubule cells

produce membrane bound and soluble megalin. Kidney Int. 53, 358–366

32 Tang, S. S., Jung, F., Diamant, D. and Ingelfinger, J. (1994) Immortalized rat

proximal tubule cell lines expressing components of the renin–angiotensin system.

Exp. Nephrol. 2, 127

33 Albertsen, H. M., Smith, S. A., Melis, R., Williams, B., Holik, P., Stevens, J. and

White, R. (1996) Sequence, genomic structure, and chromosomal assignment of

human DOC-2. Genomics 33, 207–213

34 Tseng, C. P., Ely, B. D., Li, Y., Pong, R. C. and Hsieh, J. T. (1998) Regulation of rat

DOC-2 gene during castration-induced rat ventral prostate degeneration and its growth

inhibitory function in human prostatic carcinoma cells. Endocrinology (Baltimore) 139,
3542–3553

35 Xu, X. X., Yang, W., Jackowski, S. and Rock, C. O. (1995) Cloning of a novel

phosphoprotein regulated by colony-stimulating factor 1 shares a domain with the

Drosophila disabled gene product. J. Biol. Chem. 270, 14184–14191

36 Bachinsky, D. R., Zheng, G., Niles, J. L., McLaughlin, M., Abbate, M., Andres, G.,

Brown, D. and McCluskey, R. T. (1993) Detection of two forms of GP330. Their role

in Heymann nephritis. Am. J. Pathol. 143, 598–611

37 Trommsdorff, M., Borg, J.-P., Margolis, B. and Herz, J. (1998) Interaction of

cytoplasmic adaptor proteins with neuronal apolipoprotein E receptors and the

amyloid precursor protein. J. Biol. Chem. 273, 33556–33560

38 Howell, B. W., Lanier, L. M., Frank, R., Gertler, F. B. and Cooper, J. A. (1999) The

disabled 1 phosphotyrosine-binding domain binds to the internalization signals of

transmembrane glycoproteins and to phospholipids. Mol. Cell. Biol. 19, 5179–5188

39 Howell, B. W., Gertler, F. B. and Cooper, J. A. (1997) Mouse disabled (mDab1) : a

Src binding protein implicated in neuronal development. EMBO J. 16, 121–132

40 Howell, B. W., Hawkes, R., Soriano, P. and Cooper, J. A. (1997) Neuronal position in

the developing brain is regulated by mouse disabled-1. Nature (London) 389,
733–737

41 Collawn, J., Lai, A., Domingo, D., Fitch, M., Hatton, S. and Trowbridge, I. (1991)

YTRF is the conserved internalization signal of the transferrin receptor, and a second

YTRF signal at position 31–34 enhances endocytosis. J. Biol. Chem. 268,
21686–21692

# 2000 Biochemical Society



621Dab2 is an intracellular ligand of endocytic receptor gp600/megalin

42 Wolf, G., Trub, T., Ottinger, E., Groninga, L., Lynch, A., White, M. F., Miyazaki, M.,

Lee, J. and Shoelson, S. E. (1995) PTB domains of IRS-1 and Shc have distinct but

overlapping binding specificities. J. Biol. Chem. 270, 27407–27410

43 Trub, T., Choi, W., Wolf, G., Ottinger, E., Chen, Y., Weiss, M. and Shoelson, S.

(1995) Specificity of the PTB domain of Shc for beta turn-forming pentapeptide motifs

amino-terminal to phosphotyrosine. J. Biol. Chem. 270, 18205–18208

44 Mok, S. C., Wong, K. K., Chan, R. K., Lau, C. C., Tsao, S. W., Knapp, R. C. and

Berkowitz, R. S. (1994) Molecular cloning of differentially expressed genes in human

epithelial ovarian cancer. Gynecol. Oncol. 52, 247–252

45 Fulop, V., Colitti, C. V., Genest, D., Berkowitz, R. S., Yiu, G. K., Ng, S. W., Szepesi, J.

and Mok, S. C. (1998) DOC-2/hDab2, a candidate tumor suppressor gene involved in

the development of gestational trophoblastic diseases. Oncogene 17, 419–424

46 Mok, S. C., Chan, W. Y., Wong, K. K., Cheung, K. K., Lau, C. C., Ng, S. W., Baldini,

A., Colitti, C. V., Rock, C. O. and Berkowitz, R. S. (1998) DOC-2, a candidate tumor

suppressor gene in human epithelial ovarian cancer. Oncogene 16, 2381–2387

Received 13 September 1999/31 January 2000 ; accepted 28 February 2000

47 Tseng, C. P., Ely, B. D., Pong, R. C., Wang, Z., Zhou, J. and Hsieh, J. T. (1999) The

role of DOC-2/DAB2 protein phosphorylation in the inhibition of AP-1 activity. An

underlying mechanism of its tumor-suppressive function in prostate cancer. J. Biol.

Chem. 274, 31981–31986

48 Cheng, A. M., Saxton, T. M., Sakai, R., Kulkarni, S., Mbamalu, G., Vogel, W.,

Tortorice, C. G., Cardiff, R. D., Cross, J. C., Muller, W. J. and Pawson, T. (1998)

Mammalian Grb2 regulates multiple steps in embryonic development and malignant

transformation. Cell 95, 793–803

49 Pelicci, G., Lanfrancone, L., Grignani, F., McGlade, J., Cavallo, F., Forni, G., Nicoletti,

I., Grignani, F., Pawson, T. and Pelicci, P. G. (1992) A novel transforming protein

(SHC) with an SH2 domain is implicated in mitogenic signal transduction. Cell 70,
93–104

50 Chen, W. J., Goldstein, J. L. and Brown, M. S. (1990) NPXY, a sequence often found

in cytoplasmic tails, is required for coated pit-mediated internalization of the low

density lipoprotein receptor. J. Biol. Chem. 265, 3116–3123

# 2000 Biochemical Society


