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1. introduction 

Purification, physical and functional properties of 
regenerating rat liver helix destabilizing (HD) protein 
(also called unwinding protein) have been described 
[l-3]. In these studies, the protein (25 000 dalton 
subunit) was found to destabilize the double helix 
of poly[d(A-T) - d(T-A)] and of some other 
synthetic nucleic acids, and to stimulate homologous 
DNA polymerases (Y and p [2]. These properties 
allowed us to compare the protein to other known 
HD proteins from eukaryotes and from prokaryotes 
(reviewed [3-t I]). 

The in vitro stimulation of DNA polymerases 
argued in favor of the intervention of the protein in 
DNA replication processes. If so, since regenerating 
liver cells are in an active phase of DNA synthesis, it 
could be first predicted that the biosynthesis of the 
protein should be stimulated in these rapidly dividing 
cells. The question arose whether or not the protein 
was synthetized in stationary phase cells of rat liver. 

A single strand specific DNA binding protein with 
the same subunit molecular weight was actually 
found (in similar amounts) in normal rat liver. 

Here, we describe preliminary results about the 
structure and the properties of this protein, called 
S25, as compared to the protein isolated from 
regenerating rat liver (HD2.5). 

2. Materials and methods 

2.1. DNA binding protein, enzymes, nucleic acids and 
nu~~eot~des 

Rat liver HD protein and DNA polymerases 01 and 
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0 were purified as in [ 1,3,13]. HD protein was >97% 
pure as judged by SDS-polyacrylamide gel electro- 
phoresis. DNA polymerases (II and /3 were obtained at 
spec. act. 30 000 unitslmg and 20 000 units/mg, 
respectively. One unit is defined as the amount of 
DNA polymerase able to convert one nanomole of 
total nucleotide per hour at 37*C into insoluble 
material with poly(dC) . oligo(dG) as a template. 

Poly [d(A-T) . d(T-A)] was purchased from 
Boehringer (Mannheim). Poly- and oligo-deoxyribonu- 
cleotides were from P.L. Biochemicals (USA). 
Poly(dC) - oligo(dG) and poly(dA) - oligo(dT) were 
prepared by hyb~dization. ‘H-~belled deoxyribo- 
nucleoside triphosphates were obtained from New 
England Nuclear (USA). 

2.2. Sucrose velocity sedimentation 
Protein samples (100 ~1) equilibrated by dialysis 

against buffer A (50 mM Tris-HCI (pH 7.6), 2 mM 
2-mercaptoeth~ol) containing 0 or 200 mM KCI, 
were layered onto 5 ml of S-20% sucrose gradients 
prepared in the same buffers and sedimented at 
4.5 000 rev./min for 16 h at 4°C in a SW50.1 rotor; 
180 fl fractions were collected, dialyzed against 
buffer A, and analyzed for their capacity to bind the 
DNA to nitrocehulose filters. Alcohol dehydrogenase 
(7.4 S), detected by enzymatic activity, bovine serum 
albumin (4.7 S) and chymot~ps~ogen (2.5 S), 
detected by their Azso were used as markers. 

2.3. Acid-urea gel electrophoresis 
The technique used was a modification of Panyim 

and Chalkley’s method for high resolution gel electro- 
phoresis of histones [12]. The solutions used gave 
final cont. 15% acrylamide and 2.5 M urea. Electro- 
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phoresis was performed at room temperature with 
0.9 N acetic acid as a running buffer in a standard 
slab gel apparatus. After a 6 h prerun at 100 V, gels 
were run at 150 V for 7 h and stained with Coomassie 
Blue R250. 

2.4. Assays 

2.4.1. Poly [d(A-T) - d(T-A)] melting assay 
This was performed essentially as in [I] in 250 ~1 

total vol. cont~ning 5 mM KH*PO~NaOH @H ‘7.9), 
10% glycerol, 1 fig poly [d(A-T) - d(T-A)] in 20 ~1 
5 mM TrisfHCl (pH 8.8), 1 mM EDTA, 0.1 mM 
dithiothreitol, 10% glycerol, 50 or 500 PM MgClz, 
and 0- 15 c(g HD protein. Absorbances in micro- 
cuvettes were monitored at 260 nm in a Gilford 240 
Spectrophotometer; temperature within the cuvettes 
was recorded on the same chart. 

2.4.2. DNA polymerase assay 
This was performed as in [2 J. 

2.5. Proteolytic analysis of purified proteins 
Cleavage of protein samples was carried out at 

37’C for 30 mm by addition of increasing amounts of 
Staphylococcus auras protease (141 in 10 mM phos- 
phate buffer (pH 7.9). The reaction was stopped by 
addition of 2-mercaptoethanol and SDS to final cont. 
10% and 2%, respectively, and the samples boiled for 
2 mm. Of each sample 4-5 pg were loaded onto a 
4-20% acrylamide gradient gel containing SDS. 
Electrophoresis was performed as in [ 1.51. 

3. Results 

3.1. Purification and native state of the protein from 
normal rat liver (S2.5) 

Using the purification procedure described for 
regenerat~g rat liver [l] (i.e., elution through 
double-stranded then once-str~ded DNA ce~ulo~ 
columns) we selected from normal rat liver a protein 
for its specific affinity for single-stranded DNA. The 
subunit molecular weight of this protein was 25 000 
precisely, as was that of the protein from regenerating 
liver. Moreover, the elution patterns from phospho- 
cellulose columns were also identical. Finally, both 
proteins seemed to be present in shnilar amounts in 
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Fig.1. Sucrose velocity sedimentation of HD25 and S2.5 at 
various ionic strengths. Protein samples, 5 pg HD25 or S2.5, 
200 rg alcohol dehydrogenase (ADH), 500 clg bovine serum 
albumin (BSA) and 500 wg chymotrypsinogen (CH) were 
sedimented for 16 h at 45 000 rev./min in a SW50.1 rotor 
(section 2). Fractions were collected from the bottom to 
the top. (A) HD25: (e-e) 0 mM KCl; (=----.) 200 mM 
KCl. (B) s25: (A--- 4) 0 mM KCL; (o-e) 200 mM KCI. 
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normal and regenerating liver cells ( lo6 copies/cell). 

It had been shown that the protein from regenerating 

liver (HD25)exists, at low ionic strength, as a tetramer 
in equilibrium with a monomer [I]. In order to look 
at the native state of S25, the molecule was sedi- 
mented in parallel with HD25 for 16 h at 45 000 rev./ 

min in a neutral sucrose gradient (5-20%). As shown 
in fig. 1, no tetrameric form was observed for S25: 
even at low ionic strength, the protein, in contrast 

with HD25, remained in a monomeric state. 

3.2. l%errnal melting of poly[d(A-T) ’ d(T-A)] 
Double helix destabilization in the presence of 

regenerating rat liver HD protein has been described 
[ 11. Strand separation was monitored by the increase 

in A 260, as temperature increased. In salt and mag- 
nesium concentrations used here (section 2), the 

melting of poly [d(A-T) . d(T-A)] normally occurred 
at 58°C (fig.2). In the presence of HD25, denatura- 
tion occurred at 45”C, and was reversible when tem- 

perature decreased. In contrast (fig.2), in the presence 

of S25, destabilization was not observed. Moreover, 
melting took place at 61°C providing that 

Fig.2. Thermal denaturation of poly[d(A-T) . d(T-A)] in 
the presence of normal or regenerating rat-liver DNA-binding 
proteins. Final cont. MgCl, 0.5 m&i. Cuvette 1 contained in 
a 250 ~1 total vol. all components (section 2) except nucleic 
acid and protein. Cuvettes 2, 3 and 4 contained 1 pg poly- 
[d(A-T) . d(T-A)] and, respectively, 0,lO c(g S25 and 
10 ng HD25. The absorbance of cuvette 1 (260 nm) was 
subtracted and that of other cuvettes was arbitrarily shifted 
to clarify the diagram. (o-e) Temperature program; 
(-) hyperchromicity of poly[d(A-T) * d(T--A)] alone; 
(o-o) hyperchromicity of poly[d(A-T) . d(T-A)] in the 
presence of S25; (e-9) hyperchromicity in the presence 
of HD25. 

poly [d(A-T) - d(T-A)] is slightly stabilized in these 

conditions. 
In other experiments (not shown) where 

poly [d(A-T) . d(T-A)] was melted at 43°C (50 PM 
Mg2+), denaturation occurred at only 59°C in the 
presence of S25. 

3.3. In vitro stimulation of DNA polymerases 
The in vitro stimulation of DNA synthesis observed 

in the presence of an homologous helix destabilizing 
protein HD25 was reported [2,3]. Both cr- and /3- 
polymerases were stimulated on the synthetic 
templates used, but the extent of stimulation observed 
was critically dependent on the I-ID protein/DNA 
ratio and the nature of the template-initiator. In the 
same conditions, S25 was found to inhibit DNA 

polymerase-cu on poly(dA) . oligo(dT) and poly- 
(dC) . oligo(dG) templates. The inhibition by S25 was 
a non-linear function of binding protein/DNA ratio. 

DNA polymerase-o activity decreased rapidly at low 
protein/DNA ratios (o-0.5, w/w) and more slowly at 
higher ratios (>0.5, w/w). A slight stimulation of 
DNA polymerasej3 was still detected in the presence 
of poly [d(A-T) - d(T-A)] but the P-enzyme was 

Table 1 
Effect of rat liver DNA-binding proteins on DNA synthesis 

catalyzed by DNA polymerasea and DNA polymeraseQ 

DNA polymerase activities (%) 

Template 

Poly(dA) . oligo(dT) 
Poly(dC) . oligo(dG) 

(Y 01 + HD25 o + s25 

100 - 10 
100 140 35 

P fl+ HD25 p+s25 

Poly [ d(A-T) . d(T-A)] 100 280 124 
Poly(dC) . oligo(dC) 100 142 40 

Reaction mixture contained, in 30 ~1 total vol.: 50 mM Tris- 
HCl (pH 8.6) (or pH 7.0 for poly(dA) . oligo(dT)); 1 mM 
MgCl,; 1 mM KCI; 50 pg/ml bovine serum albumin; 200 uM 
d[sH]TTP or d(3H]GTP (1 &/assay); 50 pm poly- 
(dA).oligo(dT), 50 nM poly[d(A-T) * d(T-A)] or 100 pM 
poly(dC) . oligo(dG). After addition of 1 pg HD25 or S25 
protein, the mixture was incubated for 10 min at 4°C. DNA 
polymerases OL or p (0.1-0.25 units) was added and the 
mixture further incubated for 30 min at 37°C. 10 ~1 mixture 
was collected on glass fiber filters and the acid-insoluble 
material was counted 
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inhibited by S25 on a poly(dC) . oligo(dG) template 
as was the o-enzyme (table 1). Thus, the difference 
between HD25 and 525 properties was also revealed 
by these experiments. 

Keeping in mind the large discrepancy in some of 
the functional properties of HD25 and S25, we have 
investigated the electric charge of both proteins in 
their native state. On a non-denaturing 1% poly- 
acrylamide gel, run at pH 8.0, HD25 and S25 migrated 
as a single-band, nearly at the same position. At 
pH 2.7 in 2.5 M urea (fig.3) we found two main 

a b c d - 
Fig.3. Acetic acid-urea poiyacrylamide slabsel eiectro- 
phoresis. HD25 (7-10 pg) and 525 (7 Hg) were submitted 
simultaneously to electrophoresis under the conditions in 
section 2. (a,b) HD25; (c) 525; (d) rat liver histones. 

subspecies in HD25, an acidic and a basic one, and a 
main basic species in S25 that comigrated with the 
basic subspecies of HD25. The acidic species present 
in HD25 accounted for lo-3% of the total protein, 
depending on the preparation. 

Protein bands were cut out of the gel and submit- 
ted separately or as a mixture to SDS-polyacrylamide 
gel electrophoresis. In all cases a single protein band 
at 25 000 daltons was revealed. 

In order to determine if HD25 and S25 were 
related, both proteins were submitted to limited 
proteolysis (section 2) and the products analyzed in 
SDS-polyacrylamide gel electrophoresis. As shown 
in fIg.4, the pattern of proteolytic fragments was the 
same for HD25 and S25, but, in the latter, the acidic 
band was minor, so that the experiment only revealed 
the analogy between the basic species of HD25 and 
S25. 

123456789 

Fig.4. Digestion patterns of HD25 and 525. HD25 and S25, 
at 0.1 mg/ml were incubated at 379C for 30 min with 
increasing concentrations of Staphyiococcus aureus protease 
as indicated. Of each sample 40 crl were loaded onto an SDS get 
(5-15% acrylamide). (1) S2.5 without treatment; (2-4) 
digestions of S25 with final cont. 0.1 &ml, 1 Hg/ml, 10 pg/ 
ml of protease; (5) HD25 without treatment; (6-8) digestions 
of HD25 with final cont. 0.1 &ml, 1 pg/ml, 10 &ml of 
protease; (9) Staphylococcus aureus protease at 10 Mug/ml 
(0.5 fig). 
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4. Discussion 

The experiments described here revealed the exis- 
tence of a single-strand-speci~c DNA binding protein in 
normal rat liver cells (S25). In contrast with the HD 
protein isolated from regenerating liver by the same 
purification procedure [ 13, S2.5 does not exhibit the 
usual main properties of a helix destabilizing protein 
(i.e., lowering the rrn of DNA and stimulating homol- 
ogous DNA polymerases). Moreover, it is able, in 
some experimental conditions, to stabilize the double 
helix and to inhibit the action of DNA polymerases. 
These effects may reflect an in vivo function of 
protein S25 or be only due to the binding of the 
protein to DNA. In the latter case, the protein from 
normal rat liver may be involved in another function 
than DNA replication, for instance (since it is rather 
abundant in the cell and found in nuclear extracts) it 
can play a structural role within chromatin. 

Our results indicate that HD25 and S25 share a 
common basic polypeptide. Acidic and basic species 
found in regenerating liver may be the products of 
unrelated genes, the acidic being synthetized only in 
dividing cells. Another possibility is the occurrence of 
the acidic species by a chemical modification of the 
preexisting basic polypeptide. 

A similar situation has been reported for a 
24 000 dalton HD protein from calf thymus [ 11 ,163 
where subspecies bearing different electric charges 
were revealed. The similarities in trypti’c peptide 
maps of these acidic and basic subspecies indicated 
that they are closely related. Moreover, these sub- 
species in calf thymus had not the same effect on the 
melting point of DNA. 

Experiments are in progress to determine if the 
acidic and basic subspecies found in ND25 are related 
or not, and the mechanism by which an active HD 
protein occurs when rat liver cells enter a phase of 
DNA synthesis. 

Acknowledgements 

This work was supported by grants from the Del& 
gation $ la Recherche Scientifique et Technique (A 650 
1524), from the Centre National a la Recherche 
Scientifique (ATP A 655 3724) and from the Institut 
National de la Sante et de la Recherche Medicale 
(ASR no.-1-016). We thank Dr Bruce Alberts, Uni- 
versity of California, San Francisco, for his helpful 
suggestions. DNA polymerase-a and DNA polymerase$ 
were generous gifts from Dr M. Mechali and Dr J.-M. 
Rossignol, respectively. 

References 

III 

I21 

131 

t41 
ISI 

[61 

[71 

@I 

Vf 

[lOI 

IllI 

1121 

P31 

1141 

[I51 
iI61 

Duguet, M. and de Recondo, A. M. (1978) J. Biol. 
Chem. 253,1660-1666. 
Duguet, M., Soussi, T., Ros&nol, J. M., Mdchali, M. 
and De Recondo, A. M. (1977) FEBS Lett. 79, 
160-164. 
De Recondo, A. M., Rossignol, J.-M., Mechali, M. 
and Duguet, M. (1978) in: DNA synthesis: present and 
future, pp. 559-583, Plenum, New York. 
Alberts, B. M. (1970) Fed. Proc. FASEB 29,1154-1163. 
Sigal, N., Delius, H., Kornberg, T., Gefter, M. L. and 
Alberts, B. M. (1972) Proc. Natl. Acad. Sci. USA 69, 
3537-3541. 
Cavalieri, S. J., Neet, K. E. and Goldthwait, D. A. 
(1976) J. Mol. Biol. 102,697-711. 
Bouchi, J. P., Zechel, K. and Kornberg, A. (1975) J. 
Biol. Chem. 250,5995-6001. 
Banks, G. R. and Spanos, A. (197.5) J. Mol. Biol. 93, 
63-67. 
Yarranton, G. T., Moore, P. D. and Spanos, A. (1976) 
Mol. Gen. Genet. 145,215-218. 
Otto, B., Baynes, M. and Knippers, R. (1977) Eur. J. 
Biochem. 73, 17-24. 
Herrick, G. and Alberts, B. M. (1976) J. Biol. Chem. 
251,2124-2133. 
Panyim, S. and Chalkley, R. (1969) Arch. Biochem. 
Biophys. 130,337-346. 
Michali, M. and De Recondo, A. M. (1978) Biochem. 
Biophys. Res. Commun. 82,255-264. 
Houmard, J. and Drapeau, G. R. (1972) Proc. Natl. 
Acad. Sci. USA 69,3506-3509. 
Laemmli, U. K. (1970) Nature 227,680-685. 
Herrick, G. and Albert& B. M. (1976) J. Bioi. Cbem. 
251,2f33-2141. 

296 


