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The type I insulin-like  growth factor (IGF) receptor, 
like the insulin receptor, contains a ligand-stimulated 
protein-tyrosine kinase  activity in its &subunit. How- 
ever, in  vivo, no substrates have been identified. We 
used anti-phosphotyrosine antibodies to identify phos- 
photyrosine-containing proteins which occur during 
IGF-I stimulation of  normal rat kidney and Madin- 
Darby canine kidney cells labeled with ~rtho[~*P]phos- 
phate. Both cells provide a good system to study the 
function of the type I IGF receptors because they con- 
tain high concentrations of these receptors but no  in- 
sulin receptors. In addition, physiological levels of 
IGF-I,  but  not insulin, stimulated DNA synthesis in 
growth-arrested cells. IGF-I stimulated within 1 min 
of tyrosine phosphorylation of two proteins. One  of 
them, with a molecular mass between 97 and 102 kDa, 
was supposed to be the &subunit of the type I IGF 
receptor previously identified. The other protein had 
an approximate molecular mass of 185 kDa, which 
resembled, by several  criteria,  pp185,  originally iden- 
tified during the initial response of Fao cells to insulin 
binding (White, M. F., Maron, R., and  Kahn, C. R. 
(1985) Nature 318,183-186). These data suggest that 
tyrosine phosphorylation of pp185 may  occur during 
activation of both the type I IGF receptor and the 
insulin receptor, and it could  be a common substrate 
that transmits important metabolic signals during li- 
gand binding. 

A growing number of growth factor  receptors have  been 
identified which contain  an  intrinsic  protein-tyrosine  kinase 
activity  that  is  activated  during ligand binding (1-6). Auto- 
phosphorylation of intracellular  domains of these  receptors 
and  tyrosine  phosphorylation of other  rare  proteins by the 
receptors may initiate  signals  regulating cellular  growth and 
metabolism (1). The  type I IGF’ receptor is a  tyrosine-specific 
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protein  kinase  that  is closely related  to  the  insulin  receptor, 
both  structurally  and immunologically (5-10). Significant bi- 
ological responses occur in a wide variety of cell types follow- 
ing  IGF-I  binding  to  this receptor (11). To solve the  mecha- 
nism of signal  transmission, we have attempted  to  identify 
proteins  in ~rtho[~~P]phosphate-labeled NRK and MDCK 
cells which express high concentration of type I IGF  receptors 
but  no  insulin receptors. Since phosphotyrosine-containing 
proteins  are  rare  components of normal cells (12), specific 
anti-phosphotyrosine  antibodies were used to  immunoprecip- 
itate  these  components  (13,14).  Our  study  confirms  the work 
of others  that  IGF-I  stimulates  autophosphorylation of the p- 
subunit of the  type I IGF receptor. In  addition,  anti-phospho- 
tyrosine  antibodies  immunoprecipitated a distinct  phospho- 
tyrosine-containing  protein with an  approximate molecular 
mass by SDS-PAGE of 185 kDa. This  protein  is  similar  to 
pp185 that was identified by White et al. (14)  immediately 
following insulin  binding  to  Fao  hepatoma cells. Thus, pp185 
may represent an  endogenous substrate of the  type I IGF 
receptor  and  the  insulin  receptor  and could be a  common  link 
in  the  signal  transmission of these  protein-tyrosine kinases. 

EXPERIMENTAL  PROCEDURES 

Materials-The following materials were obtained from the sources 
indicated sodium [‘251]iodide, ‘251-insulin, and or th~[~~P]phosphate  
were from New England Nuclear; [meth~l-~Hlthymidine was from 
Amersham Corp.;  Staphylococcus aureus V8 protease, papain,  and N -  
tosylphenylalanyl chloromethyl ketone-treated  trypsin were from 
Worthington; WGA-agarose was  from E. Y. Laboratories; reagents 
for SDS-PAGE were from Bio-Rad; and  the tissue culture media  were 
from GIBCO. Porcine insulin (lot SI-144-2A) was kindly provided 
from Lilly. Anti-insulin receptor antibody (B-2) was a generous gift 
from Dr. C.  R. Kahn  (Joslin Diabetes Center, Boston, MA). The 
structural integrity of the IGF-I analog ThP-IGF-I (Amgen  Biolog- 
icals lot 403) was verified as previously described (15). This was 
labeled with [’251]iodine to a specific activity of  100-120 pCi/pg using 
the chloramine-T method (15). 

Cell Culture-NRK cells were provided by Dr. M. Noda (Institute 
of Physical and Chemical Research, Wako, Japan)  and MDCK cells 
were provided by Dr. N. Hizuka (Tokyo Women’s Medical College). 
These cell lines were  grown in Dulbecco’s  modified  Eagle’s  medium 
supplemented with 10% bovine serum (NRK) or 10% fetal bovine 
serum (MDCK). H-35 rat hepatoma cells, provided by Dr. Y. Kita- 
gawa (University of Nagoya), were  grown in minimum essential 
medium supplemented with 6% fetal bovine serum. All the cultures 
were maintained at 37 “C in a humidified atmosphere composed of 
95% air  and 5% C02. 

IGF-I Binding and Stimulation of Thymidine Incorporation-For 
binding assays, confluent monolayers of NRK cells in 35-mm culture 
dishes (8 X lo5 cells/dish) were  washed  twice at 23°C with Dulbecco’s 
modified  Eagle’s  medium containing 1% BSA and 10 mM HEPES, 
pH 7.4. Then,  the cells were incubated at 23 “C for 3  h with 1 ml of 
the wash solution containing ’”1-IGF-I (0.3 ng/ml) with the indicated 
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concentration of unlabeled peptides. The monolayers were washed 
four times with prechilled phosphate-buffered saline  containing cal- 
cium (0.9 mM) and magnesium (0.5 mM) chloride. The cell monolayer 
was solubilized with 1 ml of 0.4 N NaOH, and  the radioactivity was 
measured in a  y-counter. 

IGF-I  stimulation of growth was estimated by measuring the in- 
corporation of [3H]thymidine  into subconfluent populations of NRK 
cells (16). NRK cells were seeded at 2.5 X lo4 cells/35-mm well in 
serum-containing medium. After 3 days, the medium was changed; 
and on the fourth day, the monolayers were washed once and incu- 
bated for 24 h with serum-free medium containing 0.1% BSA. A t  the 
end of this incubation, the medium  was removed and  the monolayers 
were incubated with 1 ml of serum-free medium containing 0.1% BSA 
and  the indicated concentration of peptides. After 18 h, the cells were 
incubated at 37 "C for 45 min with 0.4 pCi  of [methyl-3H]thymidine. 
The monolayers were washed, and  then incubated with 1 ml of ice- 
cold 10% trichloroacetic acid. After 15 min at 4 "C, the acid-precipi- 
tated monolayers were rinsed with the same acid solution and solu- 
bilized with 1 ml  of 0.4 N NaOH. This solution was neutralized with 
1 N HCl, and  the radioactivity incorporated into  the precipitated 
DNA  was measured by scintillation counting. 

Metabolic  Labeling with ~zP]Phosphnte--Cells were  grown in plas- 
tic tissue culture dishes (9-cm diameter) with 10 ml  of serum-con- 
taining medium. Twelve hours before each experiment, the subcon- 
fluent cells were washed and incubated with serum-free medium 
containing 0.1%  BSA. Before labeling, the cells were washed with 
phosphate-free solution and incubated at  37 "C for 2 h in 4 ml of 
phosphate- and serum-free RPMI 1640 medium containing  carrier- 
free or th~[~~P]phosphate  (0.3 mCi/ml). Then,  the cells were incubated 
with IGF-I or insulin at 37 "C for the indicated intervals. The exper- 
iments were stopped quickly by removing this medium and freezing 
the cell monolayers with liquid nitrogen. The monolayers were thawed 
and solubilized at 4 "C with 1 ml  of a solution containing 50 mM 
HEPES,  pH 7.4, 1% Triton X-100, 10 mM sodium pyrophosphate, 
100 mM sodium fluoride, 4 mM EDTA, 2 mM sodium orthovanadate, 
2 mM phenylmethylsulfonyl fluoride, and 200 units/ml  aprotinin.  A 
supernatant of the whole-cell extract was prepared by scraping the 
cells from the dishes and sedimenting the insoluble material by 
centrifugation at 50,000 rpm in  a Beckman 70.1 Ti rotor for 60 min. 

Immunoprecipitation and Separation by SDS-PAGE of Phospho- 
tyrosint-containing Proteins-Anti-phosphotyrosine antibodies were 
prepared according to  the method described by Pang et al. (17). The 
cell extracts were incubated with 1-2  pg  of anti-phosphotyrosine 
antibodies at 4 "C for 2 h. The anti-phosphotyrosine antibodies were 
immobilized on Pansorbin, and  the precipitates were washed four 
times with a solution containing 50 mM HEPES,  pH 7.4, 150 mM 
sodium chloride, 100 mM sodium fluoride, 2 mM sodium orthovana- 
date, 1% Triton X-100, and 0.1% SDS (14). Phosphotyrosine-con- 
taining  proteins were eluted from the immobilized anti-phosphoty- 
rosine antibodies by incubation at 4 "C for 1 h with 100 pl  of  10 mM 
p-nitrophenyl  phosphate  in 50 mM HEPES, pH 7.4, containing 0.1% 
Triton X-100 (14). The eluted phosphoproteins were reduced with 
100 mM dithiothreitol and separated by SDS-PAGE (18). The phos- 
phoproteins were identified by autoradiography of the stained and 
dried gels using Kodak X-Omat film and an intensifying screen. 

Phosphoamino Acid  Analysis-Analysis of the phosphoamino acid 
composition of the proteins  separated by SDS-PAGE was carried out 
as previously described (19, 20). The phosphoproteins contained in 
the dried gel fragments were incubated at 37  "C for 24 h in 2 ml of  50 
mM NH,HCO, containing 50 pg/ml N-tosylphenylalanyl chloro- 
methyl ketone-treated  trypsin. The tryptic peptides were  hydrolyzed 
in 6 M HCl at 110 "C for 70 min. The amino acid mixture was 
separated by thin layer electrophoresis. Electrophoresis was per- 
formed at  pH 1.9 (formic acid/acetic acid/H20, 25:78:897) at 1000 V 
for 110 min at 13 "C in the  first dimension and  at pH 3.5 (pyridine/ 
acetic acid/H20, 1:10189) at 1000 V for 70 min in the second 
dimension. The phosphoamino acid standards were detected by re- 
action with ninhydrin, and  the radioactive amino acids were detected 
by autoradiography. 

Peptide Mapping by Proteolysis in SDS-Polyacrylamide Gel-This 
was performed according to  the methods previously described (21, 
22). The phosphoproteins were reduced and separated by SDS-PAGE 
in 6% polyacrylamide, and an entire  lane was  excised and rinsed in 
0.1 M Tris-PO,, pH 6.7, 0.2% SDS, 4 mM EDTA for 40 min at  room 
temperature. The lane was placed on top of a second SDS gel, fixed 
in place with 1% agarose, and overlaid with 1.5 ml  of sample buffer 
(18) containing S. aureus V8 protease (10 pg/ml) or  papain (0.6 pg/ 
ml). Papain was activated by preincubation at 37 "C for 30 min in 5.5 

mM cysteine-HC1, 1 mM EDTA, and 70 pM P-mercaptoethanol. 
Digestion proceeded directly in the stacking gel during electrophoresis 
(4 mA). The resolving gel had an acrylamide concentration of 12%. 

RESULTS 

NRK Cells Are Sensitive to IGF-I  and Possess a High 
Concentration of Type Z IGF Receptors-Receptors for IGF-I 
and  insulin  have very similar  characteristics in many cell 
types, including a tyrosine-specific protein  kinase  in  their (3- 
subunits  that  is  activated by ligand binding (5-10). Thus, cell 
lines which  lack insulin  receptors  and  contain  type I IGF 
receptors provide  a good model to  study  the  mechanism of 
transmission of the  IGF-I signal. Our results  indicate  that 
NRK cells  provide such a system  since  they  contain a high 
concentration of type I IGF  receptors  and few, if any,  insulin 
receptors. The specific binding of lZ51-IGF-I was nearly 1000- 
fold higher than  the  binding of '251-insulin t o  monolayers 
containing IO6 NRK cells (9.6 and 0.01%, respectively).  lZ5I- 
IGF-I  binding was inhibited 50% by 1 nM IGF-I,  but more 
than 800 nM insulin was required to achieve that level of 
inhibition (Fig. 1, left). Thus,  IGF-I  binding was specific with 
minimal  interference from insulin.  Furthermore, lZ51-IGF-I 
was covalently cross-linked  to a protein of M ,  135,000 (data 
not  shown), which has  been shown to  be  the  a-subunit of the 
type I IGF  receptor (7-10). 

Consistent  with  these findings, IGF-I  stimulated  thymidine 
incorporation  into  the  DNA of growth-arrested  NRK cells. 
The half-maximum effect  was detected at 1 nM IGF-I, whereas 
insulin was 500-fold less potent (Fig. 1, right).  This dose 
dependence was nearly  identical  to  the ligand binding curves, 
suggesting that  IGF-I  stimulates growth  effects through  the 
type I IGF receptor. Thus,  the  NRK cells  have  a biological 
response to  IGF-I  binding  and show a negligible interference 
from insulin  in  the physiological concentration range. 

Immunoprecipitation of Phosphotyrosine-containing Pro- 
teins  from Orth~[~~P]phosphate-labeled NRK Cells-We have 
used anti-phosphotyrosine  antibodies to  identify proteins 
which undergo tyrosine  phosphorylation  during  IGF-I  binding 
to  NRK cells. In  the  absence of IGF-I, two major phospho- 
proteins of  77 kDa  (pp77)  and 125 kDa  (pp125) were immu- 
noprecipitated from the whole-cell extracts of o r t h ~ [ ~ ~ P ] p h o s -  
phate-labeled cells (Fig. 2, left, lane a). These were similar  to 
the phosphotyrosine-containing proteins  that were previously 
observed in  extracts from unstimulated  Fao  hepatoma cells 
(14).  Although  a phosphoprotein of 56 kDa was detected in 
Fig. 2 (left), the  intensity of this  phosphoprotein depended on 
lots of anti-phosphotyrosine  antibodies.  Other minor phos- 
phoproteins of  47 and 90 kDa were consistently found in 
unstimulated  NRK cells. 

After incubation of NRK cells  with  100 nM IGF-I for 1 
min,  the  phosphorylation of pp77 and pp125  increased 
slightly, but most striking was the  appearance of two new 
phosphoproteins with  molecular mass by SDS-PAGE of 102 
kDa (pp102) and 185 kDa  (pp185) (Fig. 2, left, lane c). Al- 
though  the  phosphorylation of pp102 remained  stimulated  for 
a t  least 1 h during  uninterrupted exposure of the  NRK cells 
to  IGF-I,  the  phosphorylation of pp185  decreased during 60 
min  (Fig. 2,  left, lanes c-e). The  IGF-I dose  response  for the 
phosphorylation of pp102 and pp185 was similar with  a half- 
maximum effect at  about 5 nM (Fig. 2, right).  This suggests 
that  both  proteins were undergoing phosphorylation in  re- 
sponse  to  IGF-I binding.  After IGF-I  stimulation, a phospho- 
protein of 240 kDa (pp240)  was  also detected by immunopre- 
cipitation  with  anti-phosphotyrosine  antibodies. 

The  phosphoamino acid  composition was determined by 
partial acid  hydrolysis and  separation of the 3lP-labeled phos- 
phoamino acids in  the second dimension by high voltage 
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FIG. 1. Binding of IGF-I and its stimulation of DNA synthesis in NRK cells. Left, displacement of lZ5I- 

IGF-I by increasing concentrations of IGF-I  and insulin. Confluent  NRK cell monolayers were incubated with 
binding  medium containing lZ5I-IGF-I (0.3 ng/ml) with or without varying concentrations of IGF-I (0) or insulin 
(0). Nonspecific binding was defined as binding  in the presence of 1 pg/ml unlabeled IGF-I. Right, incorporation 
of [3H]thymidine  into DNA of NRK cells. Serum-starved  NRK cells were incubated  with serum-free Dulbecco's 
modified Eagle's medium containing 0.1% BSA and  the indicated concentration of IGF-I (0) or  insulin (0). After 
18 h, the cells were exposed at  37 "C for 45 min to 0.4 pCi of [n~ethyl-~HIthymidine.  Data  are  the average of 

Peptide Concentration (n l )  

duplicate determinations. 

electrophoresis (Fig. 3).  After  IGF-I  stimulation,  both pp102 
and pp185 had major phosphorylated residues a t  tyrosine  and 
serine; pp185 also contained  substantial  amounts of phospho- 
threonine, whereas phosphothreonine  in pp102 was  barely 
detectable.  Whether  the  phosphorylation of serine  and  thre- 
onine residues in pp185 occurred before or during  IGF-I- 
stimulated  tyrosine  phosphorylation is unknown.  Other  phos- 
phoproteins, pp240, pp125, and pp77, also contained  about 
equal  amounts of phosphotyrosine  and  phosphoserine  (data 
not  shown). 

An excess concentration of insulin (100 nM) stimulated 
phosphorylation of pp102 and pp185  in the  NRK cells (Fig. 
2, left, lane b); however, the degree of phosphorylation was 
less,  corresponding to  about 22%  (pp102) and 32% (pp185) of 
the  stimulation observed with 100 nM IGF-I (Fig. 2, right). 
Thus, insulin  was  less potent  than  IGF-I, which is consistent 
with  the weak cross-reaction between insulin  and  the  IGF-I 
receptor in NRK cells  (Fig. 1, left). 

Characterization of pplO2 and pp185"To identify  pp102 
and pp185, we carried  out  immunoprecipitation  with  anti- 
insulin receptor antibody,  affinity  chromatography  on  im- 
mobilized wheat germ agglutinin,  and Cleveland peptide  map- 
ping. The  phosphoproteins  eluted from the  anti-phosphoty- 
rosine antibodies with p-nitrophenyl  phosphate were incu- 
bated with an  anti-insulin receptor antibody  (B-2)  that  im- 
munoprecipitates  the  insulin  receptor,  but  not pp185,  from 
Fao  hepatoma cells (14).  Neither pp102 nor  pp185  was precip- 
itated by this  antibody, suggesting that  these  phosphotyro- 
sine-containing  proteins  are  not  the  insulin  receptors or their 
precursors (Fig. 4, left). This  result  is  consistent with the  IGF- 
I binding curves and  the dose  response  for thymidine  incor- 
poration  and  tyrosine  phosphorylation. 

An important  distinction between the  insulin receptor and 
pp185  in the  Fao  hepatoma cell is  that  the  receptor,  but  not 
pp185, binds  to WGA-agarose  (14). When  the  eluate  from  the 
anti-phosphotyrosine  antibodies was incubated  with WGA- 
agarose, pp102, but  not pp185, specifically adhered  to  it (Fig. 
4, right). These  results suggest that pp102 is  the  &subunit of 
type I IGF receptor  which is distinct  from pp185. 

To determine  whether pp185 found  in  the  NRK cell was 
structurally  related  to pp185 identified  previously in  insulin- 

stimulated  Fao  hepatoma cells, we carried  out Cleveland 
mapping of pp102 and pp185  from NRK cells and pp185  from 
H-35  hepatoma cells. The H-35 cell line is  insulin-sensitive, 
lacks  type I IGF  receptors  (16),  and  is closely related  to  the 
Fao cell in which  pp185 was originally  identified (14). After 
digestion of these  phosphoproteins  in an  SDS-polyacrylamide 
gel  by S. aureus V8 protease, we found  that  the  fragments 
from both cell lines were almost  identical (Fig. 5). Further- 
more, we confirmed  these  findings by digestion of these  phos- 
phoproteins with another  protease,  papain  (data  not  shown). 
These  results suggest that pp185 in  the  NRK cell is very 
similar to  pp185  found in  Fao cells. 

pp185 Also Occurs in IGF-I-stimulated MDCK Cells-Like 
the  NRK cells, MDCK cells contain a  high concentration of 
type I IGF  receptors  and few, if any,  insulin  receptors (23- 
25); and  are  sensitive  to  IGF-I  as measured by thymidine 
incorporation  into  growth-arrested cells.' We  attempted  to 
identify phosphotyrosine-containing proteins  in MDCK  cells 
and  found  similar  proteins as in  NRK cells (Fig. 6). In  the 
absence of IGF-I,  phosphoproteins of 125, 90, and 77 kDa 
were detected.  After IGF-I  stimulation,  there  appeared two 
major phosphoproteins of 97 kDa  (putative  P-subunit)  and 
185 kDa and a minor  phosphoprotein of 240 kDa. The  amount 
of stimulation of pp97 and pp185 was dependent  on  the 
concentrations of IGF-I  (data  not  shown).  Thus, in two dis- 
tinct cells types that lack insulin receptors, IGF-I  binding 
stimulates  phosphorylation of pp185 and  the  synthesis of 
DNA. 

DISCUSSION 

The  structure of type I IGF receptor is generally  homolo- 
gous to  that  of the  insulin  receptor (5-10). I t  is composed of 
two subunits with approximate molecular  masses by SDS- 
PAGE of 135 kDa  (a-subunit)  and 97-102 kDa  (@-subunit) 
(9).  Like  the  insulin  receptor, only the  a-subunits  is labeled 
with  lZ5I-IGF-I by cross-linking, suggesting that  it  contains 
the  IGF-I  binding  site (7-10); only the  P-subunit  is observed 
after  immunoprecipitation  from cells  labeled with ~ r t h o [ ~ * P ]  

I. Sukegawa, N. Hizuka, K. Takano, K. Asakawa, and K. Shizume, 
manuscript  submitted for  publication. 
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FIG. 2. Immunoprecipitation with anti-phosphotyrosine antibodies of phosphotyrosine-containing 
proteins from ~rtho[~~P]phosphate-labeled NRK cells. Left, NRK cells were incubated in the absence or 
presence of 100 nM insulin or IGF-I a t  37 "C for the indicated time intervals. The additions of 32Pi and of insulin 
or IGF-I were made so that  the  total incubation time of each cell monolayer with 32Pi was constant (3 h). 
Phosphoproteins were immunoprecipitated, eluted, reduced with 100 mM dithiothreitol, and separated by SDS- 
PAGE on 6% resolving gels. Right, dose response of IGF-I  on  tyrosine phosphorylation. The radioactivities in 
dried gel fragments  containing pp102 (hatched bars) and pp185 (open bars) were measured by liquid scintillation, 
and  the  data  are reported as a percentage of the maximum stimulation. The maximum values, measured at  100 
nM IGF-I, were  929 and 543 cpm for pp102 and pp185, respectively. The background measured in the absence of 
IGF-I was subtracted ( ~ ~ 1 0 2 , 1 5 0  cpm; pp185,98  cpm). 
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FIG. 3. Phosphoamino acid  analysis of pp102 and pp185. 
Orth~[~~P]phosphate-labeled NRK cells were incubated with IGF-I 
(100 nM) for 1 min. Phosphoproteins were immunoprecipitated from 
the whole-cell extracts with anti-phosphotyrosine antibodies and 
separated by SDS-PAGE. Phosphoamino acid analysis was performed 
as described previously (19,20). pSer, phosphoserine; pThr, phospho- 
threonine; pTyr, phosphotyrosine. 
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phosphate, suggesting that  it  contains a  protein  tyrosine 
kinase  activity ( 5 ,  6). Various ligands stimulate  phosphoryla- 
tion of the @-subunit of the type  I IGF receptor in  proportion 
to  their affinity for the receptor; IGF-I is the most potent  and 
about 100-fold more efficient than insulin (5, 6, 26). The 
mechanism by which the type I  IGF receptor transmits  its 
mitogenic signal into  the cell is unknown. One possible mech- 
anism is covalent modification of cellular proteins by tyrosine 
phosphorylation which is the subject of this report. 

So far, only the @-subunit of the type I receptor (M,  97,000- 
102,000) has been found to undergo tyrosine phosphorylation 
during  incubation of ~rtho[~~P]phosphate-labeled cells with 
IGF-I ( 5 ) .  However, using an anti-phosphotyrosine  antibody 
to specifically purify phosphotyrosine-containing  proteins, we 
have detected two proteins with molecular masses of  97-102 
and 185 kDa in  both NRK and MDCK cells after  IGF-I 
stimulation. The pp97 and pp102 are supposed to be the p- 
subunits of the  type I IGF receptor in MDCK and NRK cells, 
respectively. The differences between the molecular masses 
presumably reflect species differences of these  receptors  in 
dogs and  rats, respectively. These proteins were not immu- 
noprecipitated by anti-insulin receptor antibodies,  indicating 
that they do not represent the  @-subunit of the insulin recep- 
tor. This is consistent  with  our findings and those of other 
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FIG. 4. Characterization of pp102 
and pp185. NRK cells were incubated 
in the presence of 100 nM IGF-I for 1 
min. The whole-cell extracts were im- 
munoprecipitated with anti-phosphoty- 
rosine antibodies. Left, the precipitated 
proteins were incubated with anti-insu- 200K b 
lin receptor antibodies (IgG B-2) a t  a 
concentration of 30 pg/ml at  4 “C for 1 
h. Then a protein A-Sepharose slurry 
was added, and incubation was pro- 
longed for 1 h. The beads were then spun 
down and washed three times with a 
solution containing 50 mM HEPES,  pH 1 16K 
7.4, and 0.1% Triton X-100. The super- 

a) ,  and  the absorbed fraction (lane b) 92.5K . natant from the first centrifugation (lane 

were separated by SDS-PAGE. Right, 
the precipitated proteins were incubated 
with a WGA-agarose slurry at 4 “c for 66K 
1 h which  was preincubated with the 
wash solution (see above) without (lanes 
a and b) or with (lunes c and d )  0.3 M N -  
acetylglucosamine. The beads were then 
spun down, washed three times, and  in- 
cubated with the wash solution contain- 
ing 0.3 M N-acetylglucosamine at  4 “C 
for 1 h. The  supernatants from the  first 
centrifugation (lanes u and c) and  the 
desorbed fractions (lanes b and d )  were 
separated by SDS-PAGE. a b 
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4 185K 

116Kb 

92.5K b 

* 102K 

66K 

a b c d  
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116K. - 0  
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66K w 

I 185K 
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H-35(1NSULIN) NRK(1GF-I) 

FIG. 5. Peptide maps of pp102 and pp185. H-35 and NRK 
cells were incubated in the presence of 100 nM insulin and 100 nM 
IGF-I for 1 min, respectively. The whole-cell extracts were immuno- 
precipitated with anti-phosphotyrosine antibodies. The precipitated 
proteins were separated by SDS-PAGE. Proteolysis in SDS-polyac- 
rylamide gel was performed as previously described (22). Peptide 
maps were performed with 10 pg/mlS. aurem V8 protease. Although 
both cell lines were labeled with the same amount of o r t h ~ [ ~ ~ P ]  
phosphate, the autoradiograms of NRK cells needed a longer exposure 
time than those of H-35 cells. 

investigators that  these cells do not  contain high affinity 
insulin receptors (23-25).* In addition, several other charac- 
teristics suggest that pp97( 102) is the /?-subunit of the type  I 
IGF receptor; pp97(102) binds to WGA-agarose; pp97(102) 
migrates slower in SDS-PAGE than  the /?-subunit of the 
insulin receptor from H-35  hepatoma cells (pp95); and IGF-I 
stimulated  tyrosine  phosphorylation of pp97(102) with a half- 
maximum effect at  5 nM, whereas insulin was about 100-fold 
less potent. 

Time (mid 0 1 
IGF-I(l00nM) - + 

a b  
FIG. 6. Phosphotyrosine-containing proteins immunopre- 

cipitated from ~rtho[~~P]phosphate-labeled MDCK cells  with 
anti-phosphotyrosine antibodies. MDCK cells were incubated 
without (lane a) or with (lane b)  100 nM IGF-I at 37 “C for 1 min. 
Phosphoproteins were immunoprecipitated, eluted, and identified as 
described under  “Experimental Procedures.” The resolving gel had 
an acrylamide concentration of 7.5%. 

Tyrosine  phosphorylation of the type I IGF receptor 
reached steady state with 1 min after exposure of the cells to 
IGF-I. This time course is similar to  that of the insulin 
receptor in  Fao  hepatoma cells (14, 27). Thus, autophospho- 
rylation is one of the earliest  detectable responses to  IGF-I 
binding which is consistent with the notion that  the protein- 
tyrosine  kinase  activity of the  type I IGF receptor has a 
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physiological  role in  IGF-I  action. 
In  addition  to  tyrosine  phosphorylation of the  type I IGF 

receptor,  IGF-I  stimulated  phosphorylation of pp185. The 
identity of this  protein  is  unknown; however, tyrosine  phos- 
phorylation of pp185 was maximum  with 1 min  after  exposure 
of the cells to  IGF-I,  and  it  exhibited  an  IGF-I dose response 
similar  to  that of receptor  phosphorylation.  Furthermore,  its 
profile by Cleveland mapping was distinct  from  that of the 
putative  @-subunit (Fig. 5). This suggests that pp185 is  not 
the  type I IGF receptor or  its  precursor. I t  was not  immuno- 
precipitated by anti-insulin  receptor  antibodies,  indicating 
that pp185 is  not  related  to  the  insulin receptor. It  is probably 
not  the  receptor for epidermal  growth  factor (175 kDa)  or 
platelet-derived growth factor (185 kDa)  since  these  receptors 
bound  to WGA also in  NRK cells.3 These  results suggest that 
pp185 represents  an endogenous substrate for the  type I IGF- 
receptor  kinase. 

White et al. (14) observed that  insulin  stimulated  tyrosine 
phosphorylation of a protein  with  an  approximate molecular 
mass of 185 kDa  (pp185) in  Fao cells. Since  the  receptors for 
insulin  and  IGF-I  are homologous and  their metabolic actions 
are  similar,  it  is  natural  to  ask  whether pp185 phosphorylated 
in  hepatoma cells is  the  same  protein  found  in  the  NRK  and 
MDCK cells. Several  characteristics suggest that  it is, includ- 
ing lack of affinity  to WGA,  a rapid  onset of phosphorylation 
following addition of the ligand, subsequent  dephosphoryla- 
tion  during prolonged stimulation,  similar  phosphoamino acid 
composition,  and  similar  peptide  maps by Cleveland analysis. 

A  cascade of tyrosine  phosphorylation could be involved in 
the  transmission of the physiological signals of several  growth 
factors (1). Our  results suggest that pp185  could be a molec- 
ular  link  explaining  the  similar biological responses observed 
during  IGF-I  and  insulin binding. Similar  substrate specificity 
found for  purified protein-tyrosine  kinases (28, 29) suggests 
that pp185  could be a substrate for the  epidermal  growth 
factor  receptor  or  other  kinases, which would suggest that  at 
least  one  similar  signaling  pathway  exists for distinct  receptor 
kinases. Studies  to  determine  this  relationship  are  underway 
in our  laboratories. 
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