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The effect of phosphorylation on the affinity of HMG 14 from calf thymus for 
single-stranded DNA (ssDNA) was studied, using a cyclic GMP-dependent protein kinase 
from bovine lung and a nuclear protein kinase II from rat liver. When phosphorylated by G- 
kinase, HMG 14 eluted at 0.27 M NaCl from the ssDNA-column, whereas the native 
protein eluted at 0.30 M salt concentration. In contrast, phosphorylation by nuclear 
protein kinase II did not alter dissociation of HMG 14 from ssDNA and the phosphoprotein 
consequently coeluted with the native HMG 14. Thus, addition of a negative charge by 
phosphorylation of the Ser-6 residue by G-kinase presumably weakens the interaction 
between the DNA-binding amino acids of HMG 14 and the negatively charged phosphate 
groups of DNA. 0 1985 Academic Press, Inc. 

The high mobility group (HMG) chromosomal proteins are characterized by high 

content of acidic and basic residues and solubility in 0.35 M NaCl and 2 % trichloroacetic 

acid. They are universally present in the eukaryotic kingdom and during the last decade 

the primary structures of the four major HMG proteins (HMG 1, 2, 14 and 17) from calf 

thymus have been determined (1). Furthermore, several post-synthetic modifications of 

the HMG proteins including acetylation, methylation, phosphorylation and ADP- 

ribosylation have been described (2). 

The functions of the HMG proteins are not known. There are about lo6 HMG 

protein molecules per mammalian cell nucleus (3), and obviously they are structural 

elements. HMG 14 and HMG 17 are clearly proteins associated with nucleosome core 

particles (3). Since they seem to be preferentially associated with transcriptionally active 

chromatin, they are thought to organize the structure of chromatin so that gene 

transcription can occur (4). HMG 14, particularly, has been suggested to be involved in 

maintaining the structure of active chromatin (4). NMR studies on the binding of calf 

thymus HMG 14 to DNA have shown that the DNA binding region of HMG 14 is located 

between residues 17-60 (1). Since HMG 14 lacks a globular structure, phosphorylation 
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most likely affects its interaction with DNA and/or chromatin proteins than alters the 

folding of HMG 14 (2). 

HMG proteins share the property of being selectively retained by a single-stranded 

DNA column at 0.2 M NaCI/l mM Tris-Cl (pH 7.5) (6). We have taken advantage of this 

property to examine the influence of phosphorylation on the affinity of HMG 14 for DNA. 

EXPERIMENTAL PROCEDURE 

Adult male and female rats (Wistar BD-IX) were obtained from the Experimental 
Animal Center of the University of Kuopio and fed ad libitum with a standarg2diet. Calf 
thymus and bovine lung were obtained fresh from a%cmghterhouse. [Y - P] ATP (3 
Ci/mmol) was purchased from the Radiochemical Centre, Amersham, U.K. Single- 
stranded DNA-agarose was purchased from Bethesda Research Laboratories and 8-(6- 

aminohexylamino)cAMP-agarose was the product of P-L Biochemicals Inc. CM-Sephadex 
C-25 and Sephadex G-25 were purchased from Pharmacia Fine Chemicals, Uppsafa. 

HMG 14 was purified from calf thymus by chromatography on CM-Sephadex C-25 

as described earlier (7). Nuclear protein kinase II from rat liver and cGMP-dependent 
protein kinase from bovine lung were purified as described previously (8, 9). 

0.3 mg of HMG 14 was phosphorylated by cGMP-dvndent protein kinase (4 pg)oor 
nuclear protein kinase II (8 JJ g) in the presence of 10 I.IM [ P] ATP for two hours at 30 C 
in the standard assay mixtures described earlier (10). Free radioactivity was then 
separated from the phosphoprotein by chromatography on Sephadex G-25 (1 x 25 cm). 
Protein was eluted with 0.2 M NaCI in 1 mM Tris-Cl, pH 7.5. 0.7 mg of native HMG 14 
was mixed with the phosphorylated protein and the sample was applied to a ssDNA- 
agarose column (total volume 10 ml) containing 7 mg of calf thymus ssDNA pre- 
equilibrated with the starting buffer (0.2 M NaCl in 1 mM Tris-Cl, pH 7.5). The column 
was washed with one bed volume of the starting buffer and the proteins were eluted with 
a linear gradient of 0.2-0.6 M NaCl containing 1 mM Tris-Cl, pH 7.5. Protein was detected 
by measu ‘ng absorbance at 220 nm or radioactivity as Cerenkov radiation. Protein 

concentr?cion wa; dete-mined as described by Spector (11). 

RESULTS AND DISCUSSION 

The elution profiles from the ssDNA-agarose column of native HMG 14, HMG 14 

phosphorylated by G-kinase (A) or by nuclear protein kinase II (B) are shown in Fig. 1. The 

substrate protein was not dephosphorylated before use, since it has been reported that 

prolonged incubation of the HMG proteins with alkaline phosphatase does not enhance 

their total phosphorylation by G-kinase (12). The native HMG 14 eluted from the column 

at 0.30 M NaCl in both experiments. Interestingly, HMG 14 phosphorylated by G-kinase 

eluted at a considerably lower ionic strength of 0.27 M NaCI. However, when 

phosphorylated by nuclear protein kinase II, HMG 14 coeluted with the native protein. 

Because of possible degradation of HMG 14 during incubation and chromatography, the 

phosphorylated protein was examined by acetic acid/urea polyacrylamide gel electro- 

phoresis (10) and found to migrate identically with authentic HMG 14 (data not shown). 
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E?K+ Chromatography of native HMG 14 ( l ) and HMG 14 phosphorylated by G- 
n ) or by nuclear protein kinase II ( * ) on ssDNA-agarose. The column was eluted 

at 4’C with 100 ml of a linear gradient of 0.2-0.6 M NaCl containing 1 mM Tris-Cl, pH 
7.5. Absorbance at 220 nm was measured from 1 ml fractions and radioactivity was 
measured as Cerenkov radiation. The salt concentration in the gradient fractions was 
determined by measuring the conductivity at room temperature with a Philips PW 9501/01 
conductivity meter. 

We have previously reported phosphorylation of HMG 14 from calf thymus by G- 

kinase from bovine lung (13). We have also found that the phosphorylated amino acid 

residue in HMG 14 is Ser-6 (9). A minor site of phosphorylation by G-kinase (Ser-24) has 

also been shown to exist (12). Nuclear protein kinase II, on the other hand, catalyzes 

phosphorylation of Ser-89 at the carboxy-terminal region of the molecule (14). Phosphory- 

lation of HMG 14 increases its negative charge. The present results indicate that 
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phosphorylation of Ser-6 by G-kinase weakens the interaction of the DNA-binding segment 

of HMG 14 with the negatively charged phosphate groups of DNA. Phosphorylation of Ser- 

89, in contrast, does not alter the binding of HMG 14 to DNA. 

Various regions of the HMG 14 molecule seem to have different functions (15). The 

amino-terminal region is very basic and it interacts with DNA. It seems reasonable to 

suggest that covalent modifications affecting the net charge near or at this region (caused 

e.g. by phosphorylation) influence the binding of HMG 14 to DNA. The acidic carboxy- 

terminal region of the molecule presumably interacts with other chromosomal proteins (1) 

and the function of phosphorylation of Ser-89 in HMG 14 might be connected with these 

processes. 

ACKNOWLEDGEMENTS 

This work was supported in part by grants from Sigrid Juselius Foundation, 
Helsinki, Emil Aaltonen Foundation, Tampere, and the Research Council for Natural 
Sciences of the Academy of Finland. The competent technical assistance of Mrs. Hanna 
Heikkinen is gratefully acknowledged. 

1. 

2. 

3. 
4. 

5. 

6. 

;: 

9. 

10. 

11. 
12. 
13. 

14. 
15. 

REFERENCES 

Walker, J.M. (1982) In The HMG Chromosomal proteins (Johns, E.W., ed.), pp. 69- 
87, Academic Press, London. 

Allfrey, V.G. (1982) In The HMG Chromosomal proteins (Johns, E.W., ed.), pp. 123- 
148, Academic Press, London. 
Chiva, M. and Mezquita, C. (1983) FEBS Lett. 162, 324-328. 
Goodwin, G.H. and Mathew, C.G.P. (1982) In the HMG Chromosomal Proteins 
(Johns, E.W., ed.), pp. 193-221, Academic Press, London. 
Bradbury, E.M. (1982) In The HMG Chromosomal proteins (Johns, E.W., ed.) pp. 89- 
110, Academic Press, London. 
Isackson, P.J. and Reeck, G.R. (1981) Nucl. Acids Res. 9, 3779-3791. 
Walker, J.M. and Johns, E.W. (1980) Biochem. J. 185, 383-386. 
Inoue, A., Tei, Y., Hasuma, T., Yokioka, M. and Morisawa, S. (1980) FEBS Lett. 
117, 68-72. 
Palvimo, J., Linnala-Kankkunen, A. and MBenpZi, P.H. (1983) Biochem. Biophys. 

Res. Commun. 110, 378-382. 
Palvimo, J., Linnala-Kankkunen, A. and MEienpaB, P.H. (1985) Biochem. Biophys. 

Res. Commun. 126, 103-108. 
Spector, T. (1978) Anal. Biochem. 86, 142-146. 
Walton, G.M., Spiess, J. and Gill, G.N. (1982) J. Biol. Chem. 257, 4661-4668. 
Linnala-Kankkunen, A. and MBenp%i, P.H. (1981) Biochim. Biophys. Acta 654, 287- 
291. 
Walton, G.M., Spiess, J. and Gill, G.N. (1985) J. Eiol. Chem. 260, 4745-4750. 
Walker, J.M., Goodwin, G.H. and Johns, E.W. (1979) FEBS Lett. 100, 394-398. 

346 


