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Summary

Because the phosphorylation of non-histone proteins has been suggested
to play a role in the regulation of eukaryotic gene transcription, we have com-
pared the phosphorylation of these proteins in normal and SV-40 transformed
WI-38 human diploid fibroblasts. The rate of phosphorylation was found to be
roughly ten-fold higher in the transformed cells, and this striking difference
could not be accounted for by either an increased rate of phosphate transport
or by the synthesis of new species of non-histone proteins which subsequently
become phosphorylated. To our knowledge this is the most dramatic altera-
tion in non-histone protein phosphorylation ever described, and therefore may
have important implications for our understanding of malignant transformation.

In recent years evidence accumulated from a variety of experimental ap-
proaches had led to the view that the non-histone proteins of eukaryotic cells
play an important role in the regulation of gene activity (reviewed in ref. 1).
Although the mechanism by which this control is exerted is not understood at
the molecular level, one possibility which has been suggested is that the inter-
action of non-histone proteins with the genome is modulated via phosphorylation
and dephosphorylation of specific sites in the non-histone protein molecules
(reviewed in refs 2 and 3). Support for this hypothesis has come from the ob-
servations that phosphorylated non-histone proteins, (i) exhibit changes in
phosphorylation which correlate with alterations in gene activity [ 3], (ii) bind
specifically to DNA [3—5], (iii) are heterogeneous and tissue specific [3, 5—71,
and (iv) stimulate RNA synthesis when added to cell-free systems [ 3, 5, 8—10].
In addition, the phosphorylation of individual non-histone proteins has been
shown to be under the control of a family of protein kinases whose activities
are controlled to varying extents by cyclic AMP [11].

Because the transformation of mammalian cells by DNA viruses is ac-
companied by changes in gene expression, it is not surprising that several
laboratories have observed alterations in the composition and metabolism of
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non-histone proteins in transformed cells [12—17]. In one of these studies [16]
a modest increase in the incorporation of *?P into the total non-histone
protein fraction was observed in SV-40 transformed fibroblasts. In order to at-
tempt to identify the nature of the proteins whose phosphorylation is en-
hanced, we have now undertaken a comparison of the phosphorylation of
nuclear phosphoproteins in normal and SV-transformed WI-38 human diploid
fibroblasts.

Human diploid fibroblasts and SV-40 transformed WI-38 fibroblasts were
grown in monolayer culture in Eagle’s Basal Medium containing 10% fetal calf
serum. All experiments were carried out utilizing exponentially growing cells.
The normal fibroblasts employed in these studies ranged from passage 28 to
32. Cells were labeled by incubation for one hour in phosphate-free Eagle’s
Basal Medium containing 100 mCi/ml *?P;, after which they were washed three
times with cold Earle’s balanced salt solution and then lysed in 80 mM NaCl/
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Fig. 1. Comparison of densitometer scans of non-histone phosphoproteins prepared from normal and
SV-40 transformed human diploid fibroblasts. Proteins were fractionated on sodium dodecyl sulfate-
polyacrylamide gels and stained with Coomassie Blue as described elsewhere [6]. Although the overall
profiles are quite similar, differences in the relative amounts of protein contained in regions ‘‘a”, “b”»,
and ““c”’ are evident,
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20 mM EDTA/1% Triton-X-100 (pH 7.2). Nuclei were isolated in the presence
of the protease inhibitor 1-1-tosylamide-2-phenyl-ethylchloromethyl-ketone
(50 mg/ml) as described elsewhere [16].

Nuclear pellets were suspended in 10 volumes of 0.14 followed by an
equal volume of 2.0 M NaCl/0.03 M Tris, pH 7.5. After a 20 s treatment with
a Polytron homogenizer at 72 V, 1.5 volumes of 0.02 M Tris, pH 7.5 was
added slowly with continuous stirring. After formation of the nucleoprotein
gel the samples were centrifuged at 95 000 x g for 60 min. The supernatant,
which is enriched in phosphorylated non-histone proteins, was electro-
phoresed in acrylamide gels employing the sodium dodecyl sulfate/phosphate
system of Weber and Osborn [18]. Gels were stained for protein with
Coomassie Blue or sliced for radioactivity measurements as described else-
where [6].

Analysis of sodium dodecyl sulfate acrylamide gels stained for protein
indicates that the non-histone phosphoprotein fraction prepared from diploid
fibroblasts is highly heterogeneous, with up to 27 bands being routinely
resolvable. Comparison of densitometer scans of gels containing proteins pre-
pared from either normal and SV-40 transformed fibroblasts shows that the
composition of this fraction is similar in the two cases (Fig. 1). There is,
however, an indication of small quantitative differences in the relative amounts
of several protein species.
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Fig. 2, Comparison of the rates of phosphorylation of non-histone phosphoproteins from normal and
SV-40 transformed human diploid fibroblasts. The incorporation of *>?P into protéin during a one hour
pulse is given for four separate experiments. In experiment number four, cycloheximide (5 ug/ml) was
present. Note the dramatic elevation of phosphorylation in the SV-40 transformed cells.
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In contrast to the small differences observed between normal and SV-40
transformed fibroblasts in terms of the non-histone phosphoprotein species
present, there are marked quantitative and qualitative differences in protein
phosphorylation. In terms of the rate of phosphorylation of the total phospho-
protein fraction, stimulations of between 7- and 13-fold have been repeatedly
observed in log phase cells pulsed for one hour with **P (Fig. 2). In order to
determine whether this dramatic increase in **P-labeling might be accounted
for by an increased transport of the radioisotope into the cell, measurements
were made of the radioactivity in the intracellular pool. After 1 h incubation
with 2P, the specific activity of the acid-soluble phosphate pool was found to
be indistinguishable between normal and transformed fibroblasts, indicating
that change in the specific activities of the phosphate pool could not account
for the enhanced incorporation of *?P into non-histone proteins.

Experiments were also performed in the presence of cycloheximide
(5 pg/m1l) to determine whether the enhanced labeling of non-histone phospho-
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Fig. 3. Comparison of phosphorylation patterns of non-histone phosphoproteins isolated from normal
(6—0) and SV-40 transformed (®—-®) human diploid fibroblasts. A 1 h pulse of >*P was employed
either in the absence (upper graph) or presence (lower graph) of 5 ug/ml cycloheximide. The results
show that a striking elevation in phosphorylation of pre-existing non-histone proteins, especially those
in peaks 3, 5, 6, 7, and 8, occurs in the transformed cells.
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proteins with *?P could be accounted for by the synthesis of new protein
species which were subsequently becoming phosphorylated. The data indi-
cated that blocking protein synthesis with cycloheximide had no effect on the
total incorporation of *?P into the non-histone proteins of either normal or
transformed fibroblasts during a one hour pulse, indicating that this phos-
phorylation is occurring on pre-existing protein species.

In order to determine whether the difference in non-histone protein
phosphorylation between normal and transformed fibroblasts was exerting any
selective effects on individual protein species, **P-labeled proteins were frac-
tionated on sodium dodecyl sulfate acrylamide gels. As is shown in Fig. 3, a
large number of different protein species are being phosphorylated in this
system. Not only is there a general increase in the phosphorylation of all the
resolved protein species in transformed cells, but there are also indications of
several selective effects. Thus peaks 3, 5, 6, 7, and 8 have higher relative rates
of phosphorylation in the SV-40 transformed cells. Treatment with cyclo-
heximide has no effect on the phosphorylation pattern, indicating that these
selective alterations in *?P-labeling of individual peaks can be accounted for
solely by changes in the state of phosphorylation of preexisting proteins.

To our knowledge this is the most dramatic alteration in non-histone
protein phosphorylation which has been described to date in any system. In
most situations where alterations in non-histone protein phosphorylation have
been observed the level of phosphorylation can be roughly correlated with the
RNA synthetic capacity of the genome. In the present situation, however, we
are dealing with a difference in phosphorylation of roughly ten-fold between
normal and SV-40 transformed WI-38 fibroblasts, which is certainly far
beyond any difference in overall synthetic capacity of their genomes.
Although we have already eliminated the possibility that the enhanced *>°P in-
corporation is due to a pool effect or an increased rate of synthesis of new
proteins to be phosphorylated, several possible interpretations still remain.
Since exchanges of non-histone chromosomal proteins between the genome
and other cellular compartments have been reported [19], the increased **P-
labeling of the non-histone proteins of SV-40 transformed cells may be ac-
counted for by an increased rate at which nucleoplasmic or cytoplasmic pro-
teins become associated with the genome, as well as by an increased rate of
in situ phosphorylation of pre-existing chromosomal proteins. Whatever the
relative contributions of these two phenomena, the present findings make it
clear that the rate at which phosphorylated proteins become associated with
the genome undergoes a dramatic alteration in transformed cells. This con-
clusion is consistent with other reports of alterations in non-histone protein
phosphorylation in malignant cells [20--23], although the present results are
much more dramatic and suggest that SV-40 transformed fibroblasts may be
an ideal system in which to explore the functional implications of chromo-
somal protein phosphorylation.

Supported in part by grants BMS74-23418 and GB-38349 from the
National Science Foundation, GM 20535 from the National Institutes of
Health, and a Guggenheim Fellowship to L.J.K.



130

Re

ferences
Stein, G.S., Spelsberg, T.C. and Kleinsmith, L.J. (1974) Science 183, 817—824
Kleinsmith, L.J. (1974) in Acidic Proteins of the Nucleus (Cameron, I.L. and Jeter, Jr, J.R., eds),

pp. 103—135, Academic Press, New York

Kleinsmith, L.J. (1975) J. Cell Physiol. in press

Kleinsmith, L.J. (1973) J. Biol. Chem. 248, 5648—5653

Teng, C.S., Teng, C.T. and Allfrey, V.G. (1971) J. Biol. Chem. 246, 3597—3609

Platz, R.D., Kish, V.M. and Kleinsmith, L.J. (1970) FEBS Lett. 12, 38—40

Rickwood, D., Riches, P.G. and MacGillivray, A.J. (1973) Biochim. Biophys. Acta 299, 162—171
Langan, T.A. (1967) in Regulation of Nucleic Acid and Protein Biosynthesis (Koningsberger, V. V.
and Bosch, L., eds), pp. 233—242, Elsevier, Amsterdam

Kamiyama, M., Dastugue, B. and Kruh, J. (1971) Biochem. Biophys. Res, Commun. 44, 1345—1350
Shea, M. and Kleinsmith, L.J. (1973) Biochem. Biophys. Res. Commun. 50, 473—477

Kish, V.M. and Kleinsmith, L.J. (1974) J. Biol. Chem. 249, 750—760

Baserga, R. (1974) Life Sci. 15, 10567—1071

Cholon, J.J. and Studzinski, G.A. (1974) Cancer Res, 34, 588—593

Zardi, L., Lin, J.C. and Baserga, R. (1973) Nat. New Biol. 245, 211—-213

Lin, J.C., Nicolini, C. and Baserga, R. (1974) Biochemistry 13,4127—4133

Kraus, M.O., Kleinsmith, L.J. and Stein, G.S. (1975) Exp. Cell Res. in press

Kraus, M.O., Kleinsmith, L.J. and Stein, G.S. (1975) Life Sci. in press

Weber, K., Osborn, M. (1969) J. Biol. Chem. 244, 4406—4412

Stein, G. and Thrall, C.L. (1973) FEBS Lett. 32, 4145

Kadohama, N. and Turkington, R.W. (1973) Cancer Res, 33, 1194—1201

Chiu, J.-F., Craddock, C., Getz, 8. and Hnilica, L.8. (1973) FEBS Lett. 33, 247—250

Chiu, J.-F., Brade, W.P., Thomson, J., Tsai, Y.-H. and Hnilica, L.S. (1975) Exp. Cell Res. 91,
200—206

Ahmed, K. (1974) Res. Commun. Chem. Pathol. Pharmacol. 9, 771—774



