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SUMMARY: The abilities of insulin and EGF stimulated protein kinases to phos- 
phorylate a series of exogenous substrates were compared using wheat germ lectin 
purified preparations of solubilized rat liver membranes. Three different kinds 
of substrates were found: substrates phosphorylated primarily by insulin stimu- 
lated kinase, substrates phosphorylated primarily by EGF stimulated kinase and 
substrates phosphorylated by both kinases to a similar extent. These results 
indicate that the insulin and the EGF receptor kinase have different, but over- 
lapping, substrate specificities. In vivo, phosphorylation of cellular proteins 
by various hormone receptor kinases may be part of the signal transmission process 
for actions of the hormones. Different substrate specificities of kinases of 
different hormone receptors may therefore represent an important mechanism to 
preserve the specificity of the hormonal signal at the post receptor level. 

© 1985 Academic Press, Inc. 

Upon binding to their receptors, a number of hormones, including insulin and 

epidermal growth factor (EGF), activate kinases that phosphorylate tyrosine resi- 

dues within the receptor itself (autophosphorylation) as well as within protein 

substrates (I-3). Protein kinase activities appear to be intrinsic to the recep- 

tors (4-6), and tyrosine phosphorylation of one or more cellular proteins by these 

receptors may be important for the signal transmission between hormone binding and 

some, or all, hormone actions. Kinases linked to receptors for different hormones 

could phosphorylate the same cellular protein(s) and/or phosphorylate proteins 

that are specific substrates for the respective hormone-stimulated kinase. 

Substrate specificity could be an important mechanism to preserve the speci- 

ficity of the hormonal signal at the postreceptor level. On the other hand, 

some hormones that stimulate tyrosine kinases elicit a number of common cellular 

ABBRE¥1ATIOMS: EGF, epidermal growth factor; EDTA, ethylenediaminetetraacetic 
acid; Glu4:Tyrl, synthetic polymer with a 4:1 ratio of glutamic acid residues 
and tyrosine residues; NaDodSO 4, sodium dodecyl sulfate. 
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responses (7,8), possibly reflecting a common mechanism by which the hormonal 

signals are processed. Using wheat germ lectin-purified preparations from human 

placenta membranes, Pike et al. (9) have previously found similar, but not identi- 

cal, characteristics of the insulin- and EGF stimulated kinases with respect to 

divalent metal ion requirements, nucleotide specificities and substrate specifici- 

ties. To further examine the substrate specificities of insulin and EGF receptor 

kinase, we compared the abilites of these kinases to phosphorylate various exoge- 

nous substrates. 

HATEBTAT...~ AND HEI"HOI~ 

Materials: Porcine monocomponent insulin and [125I-TyrA14]monoiodoinsulin 
were generously supplied by Drs. Ronald Chance and Bruce Frank of the Eli Lilly 

~da~m~an~-?t~Tn P ~?~r ~i~iB)a~mP~;~e frff~).Ame~a;ept ~ i ~ s ~  e 

sequence Arg-Arg-Leu-Ile-Glu-Asp-Ala-Glu-Tyr-Ala-Ala-Arg-Gly, a sequence related 
to the sequence surrounding the site of phosphorylation in the transforming pro- 
tein kinase of the Rous sarcoma virus, was purchased from Peninsula (Belmont, CA). 
It will be referred to as src-related peptide. Epidermal growth factor, histone 
2b, casein, and a synthetic polymer with a 4:1 ratio of glutamic, acid residues to 
tyrosine residues wer@ purchased from Sigma. The polymer will be referred to as 
Glu4:Tyrl. Materials for sodium dodecyl polyacrylamide gel electrophoresis (SDS- 
PAGE) were purchased from Biorad. 

Preparation of Wheat Germ Lectin Purified Receptors: Livers of male Sprague 
Dawley rats were homogenized in ice cold buffer containing 25mM HEPES (pH 7.4), 
0.25M sucrose, 5mM EDTA and 2mM phenylmethylsulfonyl fluoride (PMSF). The 
homogenate was centrifuged at 4°C for 10 minutes at 10,000 X g followed by 
centrifugation at 50,000 X g for 45 minutes, and the resulting microsomal pellet 
was resuspended and stored at -70°C. For experiments, the microsomal membranes 
were solubilized in 2% Triton X-100 containing 2 mg/ml bacitracin and 2mM PMSF. 
After separation of non-soluble material by centrifugation, the supernatant was 
purified by wheat germ agarose chromatography as previously described (10,11). 
The average insulin binding capacity, measured according to (12) and estimated 
by Scatchard analysis (13), of the preparations was 18 pmol insulin bound per mg 
of protein. Because of previously reported technical difficulties in measuring 
EGF binding to solubilized receptors (14), no such measurements were conducted. 
Instead, binding of insulin and EGF to microsomal membranes was determined 
essentially as described by Carpenter et al. (15). The average binding capacity 
estimated by Scatchard analysis was 0.33 pmol EGF/mg and 2.5 pmol insulin/mg. 
Under the assumption that the recoveries of EGF and insulin receptors were 
similar, the specific EGF binding capacity in the wheat germ lectin purified 
preparation could be estimated from these data to be about 2.4 pmol/mg protein. 

Phosphorylation Assays: Aliquots of the receptor preparations, containing 7 
ug of protein, were preincubated in a total volume of 40 ~i with no added 
hormone (control) or with saturating concentrations of insulin (170 nM) or EGF 
(100 nM) for 40 minutes at 23°C. The preparations were then chilled down to 4°C 
and substrate or water (10 u1) was added. Phosphorylation reactions were ini- 
tiated by adding 10 ul of a mixture calculated to give final concentrations of 5mM 
MnC12, 12mM MgCI 2 and 50 uM [y-32p]ATP (I-5 pCi/nmol) and carried on at 4oc for 
various periods of time. 

In experiments measuring the phosphorylation of the insulin receptor, EGF 
receptor, casein or histone, the reactions were terminated by addition of 10mM 
ATP, 100mM dithiothreitol, 10mM EDTA, I% NaDodSO4, 10% glycerol, 0.05% bromphenol 
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blue and 0.5M Tris base (final concentrations) and heating to 95°C for 3 minutes. 
Phosphorylated proteins were analyzed by SDS-PAGE (7.5% or 12.5% resolving) accor- 
ding to Laemmli (16)o The gels were stained, dried, and the major phosphorylated 
bands, identified by autoradiography, were cut out and the radioactivity measured 
by liquid scintillation. The radioactivity in other pieces of the gel, Judged by 
autoradiography to be free of discrete proteins, were subtracted as background. 

In experiments measuring the phosphorylation of peptides or Glu4:Tyrl, phos- 
phorylation reactions were terminated by addition of unlabeled ATP (final con- 
centration 50mM). Aliquots of the reaction mixtures were spotted on squares of 
phosphocellulose paper (peptides) and washed in 75mM H3PO 4 (17) or spotted on 
squares of Whatman 3 MM paper (Glu4:Tyrl) and washed in 10% trichloracetic acid 
(18). The radioactivity of the dried papers was measured by scintillation counting. 

RESULTS 

Phosphorylation o_~fEndo~enous Proteins: In wheat germ lectin purified prepa- 

rations of solubilized rat liver membranes, insulin stimulated the phosphorylation 

of a 95KDa protein and EGF the phosphorylation of a 170KDa protein (Fig. I). 

Previous studies on similar material have shown that the 95KDa- and 170KDa protein 

can be specifically immunoprecipitated by antiserum to the insulin receptor (1,11) 

and EGF receptor (2), respectively, confirming their identities as the insulin and 

EGF receptor. The time course for the phosphorylation of the 95KDa protein is 

shown in Fig. 2A. Insulin increased the initial rate of phosphorylation about 15- 

Mr x 10 -3 

170 - 

95- 

A B C 

FIGURE I: Autoradiogram showing the stimulation of protein phosphorylation by 
insulin and EGF. Portions of a wheat germ lectin purified receptor preparation 
were preincubated without hormone (A), 170nM insulin (B) or 100 nM EGF (C). 
Phosphorylation was carried out for 10 min as described under "Materials and 
Methods". 
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FIGUBK 2: Time courses of insulin and EGF stimulated receptor phosphorylation. 
Portions of a partially purified receptor preparation were preincubated without 
hormone (o), 170nM insulin (e) or 100 nM EGF (A). Phosphorylation reactions 
were carried out for various periods of time as described under "Materials and 
Methods". After $DS-PAGE and autoradiography, bands representing the 95KDa- and 
170KDa-proteins were cut out and the radioactivity measured by liquid scin- 
tillation. Fig. 2A shows time courses for the insulin receptor, Fig. 2B for the 
EGF receptor. 

fold and maximal levels of phosphorylation, in the presence or absence of insulin, 

were reached within 60 minutes. EGF also had a minor, but reproducible effect to 

increase phosphorylation of the 95KDa protein (Fig. 2A). This effect became most 

apparent at the later time points but was only about 10% of the effect observed 

with insulin. Fig. 2B shows the time course for the phosphorylation of the 170KDa 

protein. EGF increased the initial rate by 2-2.5-fold and maximal levels of 

autophosphorylation were not reached as quickly as with the 95KDa-protein. Insu- 

lin stimulated the phosphorylation of the 170KDa protein to a modest degree, 

reaching 30-35% of the degree of phosphorylation induced by EGF. 

Phosphorylation of Exogenous Substrates: The abilities of insulin and EGF 

receptor kinase to phosphorylate angiotensin II, Val5-angiotensin II, Glu4:Tyrl, 

histone 2B, src-related peptide and casein were assessed. For all substances, 

phosphorylation was linear with time for at least 40 minutes, regardless of the 

presence or absence of hormone (data not shown). The effect of insulin and EGF on 

phosphorylation, measured in the first 30 minutes after initiating the reaction, 

2 5 7  
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FIGURE 3: Effect of insulin and EGF on phosphorylation of exogenous substrates 
Portions of wheat germ lectin-purified preparations of solubilized rat liver 
membranes were preineubated with no added hormone, insulin (170nM) or EGF (100 
nM). Phosphorylation reactions were carried out in the presence of historic (0.1 
mg/ml) casein (0.3 mg/ml), angiotensin II (0.6mM), Val5-angiotensin (0.4mM), 
src-related peptide (1.5mM) and Gluq:Tyrl (0.2 mg/ml) as described under "Ma- 
terials and Methods". Data are shown as percent of hormone stimulated phos- 
phorylation above phosphorylation in the absence of hormone (control). Results 
represent mean values + SEM of 3 experiments. 

is shown in Fig. 3. The results indicate that the six substrates tested can be 

divided into three groups on the basis of their ability to serve as substrates for 

the insulin and EGF receptor kinases. Phosphorylation of angiotensin II and Val5- 

angiotensin II was markedly increased by EGF, whereas insulin had only a small 

effect. On the other hand, phosphorylation of Glu4:Tyrl and histone 2B were 

markedly stimulated by insulin, whereas EGF only had a minor effect. For arc- 

related peptide and casein, both insulin and EGF were capable of stimulating 

phosphorylation. These results indicate that the insulin and EGF receptor kinase 

have different, but overlapping, substrate specificities. 

When casein (Sigma No. 7891) was phosphorylated and was subjected to SDS- 

PAGE, two major protein bands (apparent Mr 32KDa and 29KDa) were detected. 

Interestingly, the insulin stimulated kinase favored the phosphorylation of the 

protein with apparent Mr 32KDa, whereas the EGF stimulated kinase favored phos- 

phorylation of the protein with apparent Mr 29KDa (Fig. 4). This provides a 

further demonstration that the substrate specificities of insulin and EGF 

receptor kinases are different. When insulin and EGF were added together, the 
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FIGORE 4: Phosphorylation of casein by insulin andEGF stimulated kinase. 
Portions of s partially purified receptor preparation were preincubated with no 
hormone added (A), 170 nM insulin (B), 100 nM EGF (C) or 160 nM insulin and 
100 nM EGF (D). Phosphorylation reactions were carried out in the presence of a 
saturating concentration of casein (6 mg/ml) for 30 min as described under "Ma- 
terials and Methods". Aliquots of the reaction mixtures were subjected to SDS- 
PAGE and autoradiography. The radioactivity (cpm) detected in the bands was: 
apparent Mr = 29KDa: A:368, B: 1318, C: 1190, D: 1980 
apparent Mr = 32KDa: A:692, B: 1492, C: 2871, D: 3619 

effect of these hormones on casein phosphorylation was additive (Fig. 4, Lane 

D). We have  found  t h a t  t h e  29KDa band was n o t  v i s u a l i z e d  on t h e  g e l s  when o n l y ,  

the proteins precipitable in 3.3M urea at pH 4.6 were analyzed (data not shown). 

Consistent with previous studies (19,20), the 32KDa and 29KDa band represent ~- 

and B-casein, respectiveiy. 

In Fig. 3, the effect of insulin and EGF on substrate phosphorylation is 

shown for a single non-saturating concentration of each substrate. Under these 

conditions, the extent of phosphorylation of a substrate could at least partly 

depend on the affinity of that substrate for the kinase, such that lack of 

phosphorylation could be due to low substrate affinity rather than an absolute 

specificity restriction. To assess this possibility, phosphorylation of each 

substrate was measured over a range of concentrations, and the Km and Vmax 

values for the phosphorylation of each substrate were determined (Table I). 

These data demonstrate that, although some differences in the affinities of a 

given substrate for the two receptor kinases were apparent, the differences in 

substrate specificity of the two hormone receptor kinases existed over the 
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TABLE i 

KINETIC PARAMETERS FOR THE PHOSPHORYLATION OF EXOGENOUS 

SUBSTRATES BY EGF - AND INSULIN STIMULATED KINASES 

Control Insulin EgF 

Km Vmax Km Vmax Km Vmax 
(UM) (pmol/min/mg) (pM) (pmol/min/mg) (pM) (pmol/min/mg) 

Anglotensin II 1710 + 320 6.6 + 0.7 2200 + 490 10.3 + 1.5 630 + 0.1 22.4 + 1.8 

Val5-Angiotensin 2250 + 480 7.5 + 0.6 3640 + 620 10.5 + 1.2 450 + 60 20.2 + 0.7 

Glu4:Tyrl 5.0 + 0.4 31.6 + 0.6 6.3 + 0.6 54.2 + 1.4 4.6 + 0.8 34.4 + 1.6 

Histone 2B 42.1 + 5.8 2.4 + 2.2 7.4 + 2.2 5.2 + 0.5 28.3 + 5.1 2.5 + 0.3 

Src-related peptide 2110 _+ 280 11.1 + 0.8 2250 + 460 40.6 _+ 5.4 1450 _+ 140 41.2 + 2.0 

Casein 10.5 + 2.2 2.0 + 0.1 10.3 + 0.9 3.6 + 0.1 11.3 + 1.3 6.3 +_ 0.3 

Portions of a wheat germ lectin-purified preparation of solubilized rat liver membranes were pre 
incubated in the absence of hormone, 170 nM insulin or 100 nM EGF. Phosphorylation assays were 
carried out as described under "Materials and Methods" at 7 to i0 different concentrations of 
each substrate. Molar concentrations were calculated on the basis of Mr = 28,000 for Glu4:Tyrl, 
Mr = 13,770 for histone 2B and Mr = 23,000 for casein. Apparent Km and Vmax values + SEM were 
calculated according to Wilkinson (26). 

entire substrate concentration range, and in particular can be observed at 

maximal reaction rates (Vmax). 

The data in Table I also indicate that for the substrates phosphorylated 

primarily by the EGF receptor kinase (angiotension II and Val5-angiotensin II), 

EGF stimulates phosphorylation by decreasing the Km value and increasing the 

Vmax. For the substrates phosphorylated by both receptor kinases (src-related 

peptide and casein), both EGF and insulin predominantly increase the Vmax of the 

kinase reaction with little effect on the Km value. Finally, with substrates 

predominantly phosphorylated by the insulin receptor kinase (Glu4:Tyrl and 

histone 2B), either an increase in Vmax (Glu4:Tyrl) or an increase in Vmax plus 

a d e c r e a s e  in Km (histone 2B) were observed. 

DISCUSSIOH 

As previously shown by other investigators (1,2,21), insulin and EGF stimu- 

lated the autophosphorylation of their respective receptors. To a lesser 

extent, EGF also increased the phosphorylation of the B-subunit of the insulin 

receptor and insulin stimulated the phosphorylation of the EGF receptor. This 
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phenomenon has also been observed in a partially purified receptor preparation 

from human placenta (9). Since previous reports have shown that at the hormone 

concentrations employed in the current study, essentially no insulin binds to 

the EGF receptor, and no EGF binds to the insulin receptor (22,23), a likely 

explanation for these findings is that insulin receptors can serve as a sub- 

strate for the EGF receptor kinase and vice versa. Recent studies suggest that 

phosphorylation of specific sites on the insulin (21,24) and EGF receptor (25) 

activates the receptor kinases. Thus, insulin could indirectly stimulate the 

EGF receptor kinase and EGF could indirectly stimulate the insulin receptor 

kinase by "cross phosphorylation". Whether similar phosphorylation "cross talk" 

between these receptors exists in intact cells is unknown. 

When the ability of insulin and EGF stimulated protein kinases to phosphory- 

late a series of exogenous substrates was examined, three different patterns 

were observed: with angiotensin II and Val5-angiotensin II, EGF markedly stimu- 

lated phosphorylation, while insulin was much less effective; Glu4:Tyrl and 

histone were readily phosphorylated by the insulin receptor kinase, with very 

little stimulation due to EGF; finally, phosphorylation of src-related peptide 

and casein was stimulated by both hormones to a comparable extent. At present, 

it is not clear if the small effects of EGF to stimulate histone and Glu4:Tyrl 

phosphorylation and insulin to stimulate angiotensin and Val5-angiotensin 

phosphorylation are direct or indirectly mediated by the phosphorylation "cross 

talk" mechanism discussed above. Thus, insofar as receptor "cross talk" is 

involved, the data presented in Fig. 3 slightly underestimate the actual dif- 

ferences in substrate specificities of the receptor kinases. 

In a previous report (9), Pike et al. found less pronounced differences in 

substrate specificities between insulin and EGF receptors using a partially 

purified preparation of human placental membranes. This might be explained by a 

different selection of substrates tested or the different tissue source. 

Most studies of the solubilized insulin receptor kinase are conducted with 

partially purified material, which also contains EGF receptor kinase. There- 

fore, for studies in which quantitative measurements of EGF or insulin receptor 
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kinase activity are necessary without the confounding influence of the other 

receptor kinase, it is advantageous to use substrates that are sel~ctively 

phosphorylated by only one of the receptor kinases. For these purposes, histone 

2B and Glu4:Tyrl appear suitable for the insulin receptor kinase and the angio- 

tensins are suitable for the EGF receptor kinase. 

These differences in substrate specificities found between solubilized in- 

sulin and EGF receptor kinmses suggest that similar differences might exist in 

vivo. As protein phosphorylation may be an early step in the signal transmis- 

sion process for the actions of insulin and EGF, this specificity might be an 

important mechanism for the cell to specifically react to stimulation by either 

hormone. On the other hand, analogous to casein and src-related peptide, sub- 

strates may exist in vivo which are phosphorylated by both kinmses, leading to 

overlapping cellular responses to insulin and EGF. 

ACKNOWLEDGEMENTS: We thank Michael Kladde for excellent technical assistance 
and Elizabeth Martinez and Cleon Tate for skillful secretarial assistance. This 
work was supported by funds AM-33650 and AM-33651 from the National Institute of 
Arthritis, Metabolism, and Digestive Diseases of the National Institutes of 
Health. H. Klein is supported by a fellowship of Deutsche Forschungsgemeinschaft. 

REFERENCES 

I. Kasuga, M., Zick, Y., Blith, D.L., Karlsson, F.A., Haring, H.U., Kahn, C.R. 
(1982) J. Biol. Chem. 257, 9891-9894 

2. Cohen, S., Carpenter, G., King, L., Jr. (1980) J. Biol. Chem., 255, 
4834-4842 

3. Ek, B., Westermark, B., Wasteson, A., Heldin, C-H. (1982) Nature 
(Lond.) 295, 419-420 

4. Shia, M.A., Pilch, P.F. (1983) Biochemistry 22, 717-721 
5. Nemenoff, R.A., Kwok, Y.C., Shulman, G.I., Blackshear, P.J., Osathanondh, 

R., Avruch, J. (1984) J. Biol. Chem. 259, 5058-5065 
6. Buhrow, S.A., Cohen, S., Staros, J.V. (1982) J. Biol. Chem. 247, 7606-7611 
7. Hollenberg, M.D., Cuatrecasas, P. (1975) J. Biol. Chem. 250, 3845-3853. 
8. Goldfine, I.D. (1981) Biochemical Actions of Hormones, Vol. VIII, pp. 273- 

305, Academic Press, Inc., New York. 
9. Pike, L.J., Kuenzel, E.A., Casnellie, J.E., Krebs, E.G. (1984) J. Biol. 

Chem. 259, 9913-9921 
10. Hedo, J.A., Harrison, L.C., Roth, J. (1981) Biochemistry 20, 2285-3393 
11. Freidenberg, G.R., Klein, H.H., Cordera, R., Olefsky, J.M. (1984) 

Submitted. 
12. Harrison, L.C., Billington, T., East, I.J., Nichols, R.J., Clark, S. (1978) 

Endocrinology 102, 1485-1495 
13. Scatchard, G. (1949) Ann. N.Y. Acad. Sci. 51, 660-672 
14. Cohen, S., Fava, R.A., Sawyer, S.T. (1982) Proc. Natl. Acad. Sci. 79, 

6237-6241 
15. Carpenter, G., King, L., Jr., Cohen, S. (1979) J. Biol. Chem. 254, 

4884-4891 

262 



Vol. 127, No. 1, 1985 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

16. Laemmli, U.K. (1970) Nature (Lond.) 227, 680-685 
17. Roskoski, R. (1984) Methods Enzymol. 99, 3-6 
18. Corbin, F.D., Reimann, E.M. (1974) Methods Enzymol. 38, 287-290 
19. E1-Negoumy, A.M. (1980) J. Dairy Sci. 63, 825-829 
20. Aschaffenburg, R. (1963) J. Dairy Res. 30, 259 
21. Rosen, O.M., Herrera, R., Olowe, Y., Petruzelli, L.M., Cobb, M. (1983) 

Proe. Natl. Acad. Sci. 80, 3237-3240 
22. O'Keefe, E., Hollenberg, M.D., Cuatrecasas, P. (1974) Arch. Biochem. 

Biophys. 164, 518-526 
23. Siegel, T.W., Ganguly, S., Jacobs, S., Rosen, O.M., Rubin, L.S. (1981) 

J. Biol. Chem. 256, 9266-9273 
24. Yu, K.T., Czech, M.P. (1984) J. Biol. Chem. 259, 5277-5286 
25. Gill, G.N., Bertics, P.J., Thompson, D.M., Weber, W., and Cochet, C. (1985) 

Cold Spring Harbor Symposia on Cell Proliferation, Vol. II, (In press) 
26. Wilkinson, G.N. (1961) Bioehem. J. 80, 324-332. 

263 


