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We have further characterized the protein kinase C (PK-C) dependent phosphorylation 
of basic fibroblast growth factor (FGF). Intact recombinant basic FGF and a series of ten 
peptide fragments of basic FGF were phosphorylated by PK-C and the products were analyzed 
by SDS-PAGE and autoradiography. As expected, peptide fragments containing the known 
site of phosphorylation (Ser 64) are substrates for phosphorylation. Surprisingly however, 
peptides containing the receptor binding domain of the mitogen ]basic FGF(106-115)] are also 
phosphorylated. An examination of this sequence reveals the presence of a consensus 
sequence (SerlOS-AlalO9-Lys110) that mediates the reaction. Accordingly, all peptides that 
contain the core amino acids basic FGF(106-111) are substrates for phosphorylation. Peptide 
mapping of basic FGF confirms that Ser 64 is the primary site of phosphorylation, suggesting 
that Set 108 is a cryptic consensus sequence. Because basic FGF is metabolized to sequence 
specific fragments after its binding and internalization into target cells, this cryptic site may in 
fact be phosphorylated in vivo. © 1991 Academic P . . . . .  Inc. 

Basic fibroblast growth factor (FGF) is a pluripotent mitogen that is characterized by 

the large number of its biological activities in vitro and in vivo, by its capacity to bind 

immobilized heparin, and by the fact that it appears to be regulated by its sequestration in the 

extracellular matrix (1-4). Because it is a potent angiogenic factor that has been associated with 

normal embryonic growth and development, solid tumor growth, the complications of diabetes 

and angiofibromas, there has been considerable interest in identifying the mechanisms that 

regulate its activity. We recently identified one potential mechanism when we reported that 

basic FGF is synthesized as a phosphoprotein (5,6). 

The phosphorylation and de-phosphorylation of proteins has long been recognized as a 

potential mechanism to regulate biological activity (7). It has only been recently recognized, 

however, that growth factors themselves are substrates for this process (5). Both acidic and 

basic FGFs are phosphorylated by the phospholipid dependent protein kinase C (PK-C) 

although only basic FGF is phosphorylated by the cAMP-dependent kinase. Epidermal growth 

factor-related mitogens, transforming growth factor-~ and the insulin-like growth factors are 

also substrates for phosphorylation by the purified kinases. Of these however, only acidic and 

basic FGF have been shown to be phosphorylated by intact cells in v ivo .  

*present address: Unit6 1NSERM 244, DBMS/BRCE, Centre dq~tudes Nucleaires, 
Grenoble, F-38041, France. 
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Recent studies by several investigators have suggested that basic FGF may also exist as 

a cytoplasmic protein that is translocated to the nucleus (8-10). Furthermore, Bouch6 et al. 

(11,12) have found that, through some unknown mechanism, basic FGF is transported to the 

nucleolus. In the present study, we further characterize the phosphorylation of basic FGF by 

PK-C. We establish the existence of a cryptic site of phosphorylation in a sequence adjacent to 

the receptor binding domain of basic FGF. Because this phosphorylation reaction is only 

detectable in peptide fragments of basic FGF, the results are discussed in light of the 

observation that basic FGF is metabolized to sequence specific and long lived peptide 

fragments after its internalization into mesenchymal (13) and neuronal (14) cells; these 

fragments may thus be intracellular substrates for PK-C in vivo. 

Material and Methods 

Materials': PK-C (purified from bovine brain) was a generous gift of Dr. G. Walton. 
[~2p]-ATP was purchased from ICN Biochemicals (Irvine, CA) and recombinant basic FGF 
was a gift from Dr. Paolo Sarmientos, Farmitalia-Carlo Erba (Milan, Italy). Trypsin-TPCK 
was purchased from Worthington (Freehold, NJ) and all other biochemicals purchased from 
Sigma (St Louis MO). The solid phase synthesis of the peptides was performed as described 
(15,16). Peptides were purified to homogeneity, verified by reverse phase HPLC and their 
identity confirmed by amino acid analyses. The amino acid numbering system used is based 
on the sequence reported by Esch et al. (17). 

P h o s p h o r y l a t i o n  assays:  Basic FGF and the indicated peptide fragments were 
phosphorylated by purified PK-C as described (5). Briefly, assays were performed in 20 ul of 
15 mM Tris-HC1, pH 7.5 containing 84 ng of enzyme, 1 gCi of labelled ATP, 10mM MgC12 
and 0.6 mM CaC12. Sonicated phospholipids (final concentration of 40 ug/ml phosphatidyl 
serine and 0.8 ug/ml diacylglycerol) were added as indicated. The assays were performed for 
15 minutes at 37°C and the reaction was terminated by the addition of Laemmli's sample buffer 
(18). Phosphorylated proteins were visualized by autoradiography after SDS-PAGE. 

Phosphoamino  acid analyses: Phosphorylated peptides and proteins were prepared for 
phosphoamino acid analyses as described by Cooper et al. (19). After extraction from the 
dried gel and TCA precipitation, the phosphoproteins were hydrolyzed in 6N HC1 for 90 rain. 
at 110°C. The phosphoamino acids were separated by high voltage electrophoresis on cellulose 
plates at pH 1.9 and pH 3.5 and the separation visualized by autoradiography. Unless 
indicated otherwise, 500 cpm (Cerenkov) were applied to each plate. 

Tryptic mapping: Peptides and proteins were prepared for tryptic mapping as described by 
Hunter and Sefton (20). After extraction from the dried gel and TCA precipitation, the 
phosphoprotein was solubilized and hydrolyzed with trypsin-TPCK. The tryptic fragments 
were then separated on cellulose thin layer plates by electrophoresis at 1.1 kV for 25 min. (pH 
1.9) followed by ascending chromatography in the second dimension. The peptide fragments 
were visualized by autoradiography. 

R E S U L T S  

B a s i c  F G F  is p h o s p h o r y l a t e d  in vitro by P K - C  on a ser ine  res idue:  

Human recombinant basic FGF is phosphorylated in a phospholipid-dependent manner by 

purified preparations of PK-C (Fig. 1A). When the phosphorylated basic FGF is extracted and 

acid hydrolyzed, a two-dimensional separation of the phosphoamino acids reveals that the 

radioactive phosphate is incorporated exclusively into serine (Fig. 1B). This residue has been 

identified # in a previous report (6) as Ser 64. 

#The amino acid numbering system used is based on the sequence reported by Esch et al. (17). 
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Figure 1. Phosphorylation of basic FGF by PK-C. PANEL A: The 
phosphoryiation of human recombinant basic FGF was performed under the conditions 
described in Material and Methods. Lane 1: PK-C, no phospholipids, no basic FGF; Lane 2: 
PK-C, phospholipids, no basic FGF; Lane 3: PK-C, no phospholipid, basic FGF; Lane 4: 
PK-C, phospholipids, basic FGF. The autoradiogram of the phosphorylated proteins was 
obtained after separation by 15% SDS-PAGE. The left lane shows the position of the 
molecular weight standards (kDa). PANEL B: Phosphoamino acid analysis of basic FGF 
phosphorylated by PK-C. The radioactive band corresponding to basic FGF (Fig. 1A, lane 4) 
was cut out of the gel, extracted and acid hydrolyzed. The phosphoamino acids were separated 
as described in Material and Methods and the 32p-labelled amino acids were visualized by 
autoradiography. The circles indicate the position of the standard unlabeled phosphoamino 
acids: phosphoserine (P-ser), phosphothreonine (P-thr) and phosphotyrosine (P-tyr). 

Figure 2. Phosphorylation of basic FGF fragments by PK-C. 5 ~ug of the 
indicated peptides were phosphorylated as described in Materials and Methods and analyzed by 
25% SDS-PAGE. The picture represents the autoradiogram of the corresponding gel. 
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Phosphorylation of basic FGF-related peptide fragments by PK-C: W e 
identified three potential target serines at positions Ser 64, Ser 108, and Ser 143 that meet the 

criteria (21) to be considerd consensus sequences for PK-C phosphorylation (Ser/Thr-Xaa- 

Lys/Arg, where Xaa is usually an uncharged amino acid). Additional basic residues, amino or 

carboxyl to the target amino acid enhance the Vmax and Km of the phosphorylation reaction 

(21), suggesting that Set 108 (which is in the sequence Arg-Ser-Ala-Lys) is a better candidate 

than Ser 64 (Va l -Ser - I l e -Lys)  or Ser 143 (Met -Ser -Ala -Lys) .  These predictions were 

confirmed by experiments with synthetic peptide fragments of  basic FGF. Peptides containing 

Set 108 such as basic FGF(97-120), basic FGF(106-111) and basic FGF(106-120) are the most 

extensively phosphorylated among 11 different basic FGF fragments tested in the 

phosphorylation assay (Fig. 2). 

The same series of  peptides was also tested as competitive inhibitors for the 

phosphorylation of  basic FGF by PK-C. As shown in Fig. 3, basic FGF(97-120) and basic 

FGF(106-111) are the most effective competitors for basic FGF phosphorylation and are also 

inhibitors of  PK-C autophosphorylation. The fragments basic FGF(22-68) and basic FGF(37- 

68) both contain the known target residue Ser64 but are much less potent as competitors for 

basic FGF phosphorylation. 

Comparisons with the site phosphorylated in the intact basic FGF 

molecule and in the peptide fragments: To confirm the s~te phosphorylated by PK-C in 

intact basic FGF, we performed a comparative tryptic mapping analysis of  basic FGF and 

peptides (97-120) and (106-111)  after their phosphorylation by PK-C (Fig. 4). Trypsin 

digestion of  the basic FGF fragments generated a common [32p]-labeled peptide which 
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F_iKure 3. Phosphorylation of basic FGF by PK-C in the presence of basic 
FGF fragments. 0.5/ug basic FGF was phosphorylated by purified PKC in the absence 
(Ctl) or in the presence of 10~g of the indicated basic FGF peptide fragments. The reaction 
was performed as described in Materials and Methods and the phosphoproteins were then 
analyzed by 15% SDS -PAGE and autoradiography. The arrows indicate the position of PK- 
C, basic FGF and the peptides. 

migrated very low in the second dimension (ascending chromatography). In the case of 

peptide basic FGF(106-111), an additional peptide was observed which migrated less in the 

first dimension (high voltage electrophoresis at pH 1.9), but had the same Rf in the second 

dimension. On the basis of trypsin specificity, digestion of the peptide basic FGF(106-111) 

( T y r - A r g - ( P h o s p h o ) S e r - A r g - L y s - T y r )  generates two related phosphopeptides: 

(Phospho)Ser-Arg and (Phospho)-Ser-Arg-Lys. In contrast, digestion of basic FGF(97- 

120) generates only the most basic peptide (Phospho)Ser-Arg-Lys. 

When intact basic FGF is phosphorylated by PK-C and analyzed under identical 

conditions, two phosphopeptides are detected (Fig. 4C). None of these peptides co-migrate 

with the peptides generated from phosphorylated basic FGF(106-111) or basic FGF(97-120). 

Instead, they migrate higher in the second dimension with the increased hydrophobicity 

predicted for the sequence surrounding Set 04. Thus, although Ser 108 is an excellent potential 

site of phosphorylation by PK-C, intact basic FGF is phosphorylated on a different residue by 

97_I"~0 

F~gure 4. Comparative tryptic mapping of basic FGF(97-120), basic FGF(106- 
111) and intact basic FGF after phosphorylation by PK-C. Basic FGF and basic 
FGF(97-120) and basic FGF(106-111) were phosphorylated in vitro by PK-C. After analysis 
by 15% SDS-PAGE, the phosphopeptides were extracted from the gels and digested with 
trypsin. Tryptic peptides (500 Cerenkov cpm of each digest) were separated by two- 
dimensional analysis as described in Materials and Methods and visualized by autoradiography. 
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this kinase. In view of these differences, these results support the notion that, due to 

constraints in the tertiary structure of basic FGF, Ser 108 is inaccessible to the kinase. 

D I S C U S S I O N  

PK-C is able to phosphorylate protein substrates on serine and/or threonine residues. 

We recently demonstrated that several growth factors, including acidic and basic FGF are 

substrates for PK-C in vitro (5). We show here that phosphorylation of basic FGF occurs 

exclusively on a serine residue. Among the nine serine residues present in basic FGF, three of 

them present the appropriate environment to be considered potential targets of PK-C: Ser 64 

Set 108 and Ser 143. The additional arginine residues at both the C- and N-terminal sites of 

Ser 108 increase the probability of this residue being a preferential site of phosphorylation in the 

intact growth factor. This, however, was not found to be the case. While peptides containing 

Ser 108 are the best substrates for PK-C in vitro and the best inhibitors of basic FGF 

phosphorylation, intact basic FGF molecule is phosphorylated at a different site (Set64). 

These observations indicate that the use of peptide fragments for the identification of 

sites of phosphorylation is misleading if there exist cryptic consensus sequences. Specifically, 

Ser 64 which is weakly phosphorylated in basic FGF fragments, is the site of phosphorylation 

in intact basic FGF. Under the conditions of the experiments described here, basic FGF is 

thus presumably folded in a structural conformation that precludes phosphorylation of Ser 108. 

This is not to say that these findings preclude a role for the phosphorylation of basic FGF at 

this site. Indeed, there may exist experimental and/or physiological conditions where this site 

may be unmasked and thus becomes a target for PK-C dependent phosphorylation. As an 

example, the amino acid substrate of the cAMP-dependent phosphorylation of basic FGF can 

be directed by the interaction between basic FGF and heparin (6). Accordingly, in instances 

where metabolic fragments of basic FGF are generated, the smaller peptides may well be 

phosphorylated on Set 108. 

It is particularly interesting to note that after the binding and internalization of basic 

FGF to its high affinity receptor, it is internalized and metabolized to three distinct peptide 

fragments that are long lived in vitro (13,14) and in vivo (22,23). One of these peptides 

contains the basic FGF(106-120) epitope suggesting that it is a potential substrate for protein 

phosphorylation at Set I08. Further studies will be required to establish if there exists a 

functional effect of this phosphorylation in the receptor binding domain of basic FGF and 

whether these peptide fragments are phosphorylated in vivo. 

Acknowledgments 

The authors wish to thank James Farris for his technical assistance. Research supported by National 

Institutes of Health (DK-18811 and NS-28121) and a grant from Erbamont N.V.. JJ.F. was a visiting scientist 

from INSERM Unit6 244 (Grenoble, France). 

35 



Vol.  175, No. 1, 1991 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

REFERENCES 

1. Folkman, J. and Klagsbrun, M. (1987) Science 235, 442-447. 
2. Baird, A. and B0hlen, P. (1990) In Growth Factors (M. Sporn and A, Roberts, Eds.), pp. 369-417. 

Springer-Verlag, New York. 
3. Burgess, W.H. and Maciag, T. (1989) Annu. Rev. Biochem. 58, 575-606. 
4. Rifldn, D.B. and Moscatelli, D. (1989) J. Cell Biol. 109, 1-6. 
5. Feige, J.J. and Baird, A. (1989) Proc. Natl. Acad. Sci. USA 86, 3174-3178. 
6. Feige, J.J., Bradley, J., Fryburg, K., Farris, J., Cousens, L., and Baird, A. (1989) J. Cell Biol. 109, 3105- 

3114. 
7. Hunter, T. (1987) Cell 50, 823-829. 
8. Florkiewicz, R.Z. and Sommer, A. (1989) Proc. Natl. Acad. Sci. USA 86, 3978-3981. 
9. Florkiewicz, R.Z., Gonzalez, A.M., and Becket, A. (1990) J. Cell. Biochem. 14, 124.(Abstract) 
10. Renko, M., Quarto, N., Morimoto, T., and Rifkin, D.B. (1990) J. Cell. Physiol. 108-114. 
l 1. Bouch6, G., Gas, N., Prats, H., Balsin, V., Tauber, J.P., Teissi6, J., and Amalric, F. (1987) Proc. Natl. 

Acad. Sci. USA 84, 6770-6774. 
12. Baldin, V., Roman, A.-M., Bosc-Bierne, I., Amalric, F., and Bouch6, G. (1990) EMBO J. 9, 1511-1517. 
13. Moenner, M., Gannoun-Zaki, L., Badet, J., and Barritault, D. (1989) Growth Factors 1, 115-124. 
14. Walicke, P.A. and Baird, A. (1991) Ann. N. Y. Acad. Sci. (in press) 
15. Baird, A., Schubert, D., Ling, N., and Guillemin, R. (1988) Proc. Natl. Acad. Sci. USA 85, 2324-2328. 
16. Schubert, D., Ling, N., and Baird, A. (1987) J. Cell Biol. 104, 635-643. 
17. Esch, F., Baird, A., Ling, N., Ueno, N., Hill, F., Denoroy, L., Klepper, R., Gospodarowicz, D., B0hlen, 

P., and Guillemin, R. (1985) Proc. Natl. Acad. Sci. USA 82, 6507-6511. 
18. Laemmli, U.K. (1970) Nature 227, 680-685. 
19. Cooper, J.A., Sefton, B.M., and Hunter, T. (1983) Meth. Enzymol. 99, 387-402. 
20. Hunter, T. and Sefton, B.M. (1980) Proc. Natl. Acad. Sci. USA 77, 1311-1315. 
21. Woodgett, J.R., Gould, K.L., and Hunter, T. (1986) Eur. J. Biochem. 161, 177-184. 
22. Ferguson, I.A., Schweitzer, J.B., and Johnson, E.M.,Jr. (1990) J. Neurosci. 10, 2176-2189. 
23. Gonzalez, A.M., Buscaglia, M., Fuller, J., Dahl, R., Carmen, L., Gage, F.H., and Baird, A. (1991) Ann. 

N. Y. Acad. Sci. (in press). 

36 


