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Modulation of Nuclear Matrix Protein Phosphorylation
by Histones: Possible Involvement of NM-Associated
Protein Kinase CK2 Activity
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Abstract Nuclear matrix (NM), a proteinaceous network of filaments, dictates nuclear morphology and the
structure/function of DNA. Phosphorylation of NM proteins is a potential signal for regulating matrix functions. Histones
also are intimately involved in DNA structure and transcription. Here, we report that various histones enhanced 32P
incorporation into certain NM proteins. Modulation of NM protein phosphorylation by histones is mediated through
regulation of protein kinase CK2, a messenger-independent serine/threonine kinase, which is significantly associated
with the NM. The stimulatory effect of histones was mitigated by prior incubation of histones with DNA in the reaction.
Phosphorylation of NM proteins was extensively reduced when an excess of the CK2-specific peptide substrate was
included in the phosphorylation reaction as a competitor. Also, enhancement in the NM-associated CK2 activity by
histones was blocked by inhibitors of CK2. Histone H1 effect appeared to be mediated mainly by charge effect since a
stretch of polylysine induced a similar effect. Various histones also differentially affected the autophosphorylation of
NM-associated CK2 subunits. This may contribute to the observed effects of histones on the NM, resulting in an
enhancement and differential pattern of NM protein phosphorylation. Such a regional modification of NM protein
phosphorylation might influence the nuclear functions that require histone displacement, namely, replication and

transcription. J. Cell. Biochem. 72:242-250, 1999.
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The genomic DNA of higher eukaryotic cells
appears to be organized into loops of chromatin,
restrained at their bases by interaction with
the nuclear matrix (NM) [Getzenberg et al.,
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1991]. Discrete segments of DNA are involved
in matrix binding; these segments have been
designated matrix attachment regions (MARS).
There is increasing evidence that this nonran-
dom organization of DNAis of functional signifi-
cance. For example, DNA origins of replication,
as well as the regulatory elements of many
actively transcribed genes, are localized with,
or juxtaposed to, these MARs [Gasser and
Laemmli, 1989; Hozak et al., 1993; Forrester et
al., 1994]. Furthermore, by linking MAR se-
guences to appropriate constructs, expression
of transfected genes is enhanced [Stief et al.,
1989; Blasquez et al., 1989]. This transcrip-
tional advantage conferred on sequences of DNA
that attach to the matrix might be attributed to
several factors. First, torsional stress, which
maintains DNA supercoiling, enhances tran-
scription in vitro [Villeponteau et al., 1984].
Second, DNA attached or in close proximity to
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the matrix is exposed to many matrix-associ-
ated proteins that are essential for DNA replica-
tion and transcription. These include DNA poly-
merases, primase, topoisomerase | and IlI,
several transcription factors, cell signaling mol-
ecules, and oncoproteins [Wood and Collins,
1986; Ackerman et al., 1988; Tawfic and Ahmed,
1994a; van Wijnen et al., 1993; Cook, 1991;
Mancini et al., 1994]. Thus, the local concentra-
tion of all these proteins and the regulatory
sequences of different genes at the NM may
explain how, with low representation of these
factors and sequences in the nucleus, a thresh-
old to initiate replication and transcription can
be obtained in vivo.

Histones are the primary proteins whose
properties mediate the folding of DNA into poly-
nucleosomes. Transcriptional regulation of a
broad range of genes is modulated by both the
stoichiometry and the individual domains of
histone proteins [Wolffe, 1994]. It is widely ac-
cepted that replication and transcription re-
quire disruption of the nucleosome; several mod-
els have been proposed for this process [Bresnick
et al., 1992; Felsenfeld, 1992; Brooks and Jack-
son, 1994; Lewin, 1994]. However, in almost all
models, the release of histone H1 is necessary
for further nucleosome displacement. This im-
plies a transient exposure of the positively
charged domains of free histone H1 as well as
interaction with surrounding proteins. Study-
ing the outcome of the interaction between his-
tones and NM proteins is therefore central to
delineation of the structure—function relation-
ship of nuclear architecture.

We have previously reported that NM serves
as an anchor for protein kinase casein kinase 2
(CK2) and that several of the NM-associated
proteins are phosphorylated by CK2 [Tawfic
and Ahmed, 1994a,b]. Further, it appears that
CK2 is dynamically regulated in the nucleo-
somes in relation to transcriptional activity [Guo
et al., 1998]. Considering the involvement of
CK2 in the NM and chromatin functions, we
hypothesized that direct interaction between
histones and NM proteins during gene activi-
ties might modify this intrinsic kinase activity,
and consequently the state of phosphorylation
of local proteins. In this paradigm, the matrix-
DNA attachment regions, where transcription
and replication are taking place, would be dis-
tinct from nonattachment sites with respect to
their phosphorylation status. Such a distinc-
tion might be involved in the regional modifica-

tion of protein—protein interactions or the cata-
lytic activity of proteins essential for the
functional activities attributed to those sites.
To test this hypothesis, we ascertained
whether histones were able to modulate the
phosphorylation of NM proteins. We have found
that, to differing degrees, purified histones were
able to modulate the phosphorylation of NM
proteins both quantitatively and qualitatively.
Histone H1 evoked the highest enhancement of
32P incorporation into NM proteins, although
all other histones were also active. This effect
appears to be directly mediated by the lysine
residues of histone H1 and can be reversed by
prior addition of DNA. The phosphorylation
pattern of isolated NM proteins phosphory-
lated in vitro is different from that observed
when they are phosphorylated in intact nuclei
or cells; however, the addition of histones to
isolated NM induced a phosphorylation pattern
very similar to that observed in the latter case.
The modulation of NM protein phosphorylation
by histones could be inhibited by inhibitors
specific for CK2, indicating a role for the NM-
CK2 in this process. In addition, various his-
tones differentially modulated phosphorylation
of the «- and B-subunits of NM-associated CK2.
The phosphorylation status of CK2 subunits
has been suggested to play a role in determin-
ing its substrate specificity [Litchfield et al.,
1992]. Thus, our results suggest that, in any
given state of cell activation, the differential
phosphorylation of CK2 subunits evoked by the
presence of different histones might be a signifi-
cant factor in determining the substrate speci-
ficity of intrinsic CK2, thereby dictating the
subset of NM proteins to be phosphorylated.

MATERIALS AND METHODS
Animals

Male Sprague-Dawley rats weighing 295-
325 g (Harlan Sprague-Dawley, Indianapolis,
IN) were used as the source of liver tissue. The
animals were maintained under standard con-
ditions as described previously [Tawfic and
Ahmed, 1994a].

Chemicals

Purified histones H1, H2A, and H2B and
arginine-rich histones H3/H4 (i.e., H3 + H4)
were obtained from Worthington Biochemical
Corp. (Freehold, NJ). (The molecular weights of
these various histones were 21.5, 14, 13.8, 15,
and 11.3 kDa, respectively.) The specific deca-
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peptide substrate (Arg-Arg-Arg-Glu-Glu-Glu-
Thr-Glu-Glu-Glu) for assaying CK2 activity was
purchased from Cambridge Research Biochemi-
cal (Wilmington, DE). Poly(GT), Polylysine (M,
35,000), and 5,6-dichloro-ribofuranosylben-
zemidazole (DRB) were purchased from Sigma
Chemical Co. (St. Louis, MO). Antibody against
CK2 was as described before [Tawfic and
Ahmed, 1994a]. DNase | and RNase A were
purchased from Boehringer Mannheim (India-
napolis, IN). All common reagents and chemi-
cals were of the highest purity available.

Preparative Methods

Preparation of Nuclear Matrix. Nuclei
were prepared from pooled liver tissue as de-
scribed previously [Tawfic and Ahmed, 1994a].
Purified nuclei were depleted of soluble and
DNA- and RNA-associated proteins including
histones by sequential extractions in buffers
containing detergents, high salt, and nucleases
as described previously [Tawfic and Ahmed,
1994b]. The remaining NM-intermediate fila-
ment (IF) fraction was then suspended in a
disassembly buffer (8 M urea, 20 mM Mes, 1
mM EGTA, 0.1 mM MgCl,, 1% 2-mercaptoetha-
nol, and 1 mM phenylmethylsulfonyl fluoride
(PMSF), final pH 6.6) and dialyzed overnight at
4°C against a 2,000-fold excess of the assembly
buffer (0.15 M KCI, 25 M imidazole HCI, 5 mM
MgCl,, 2 mM dithiothreitol, 0.125 mM EGTA,
and 0.2 mM PMSF, final pH 7.1). The reas-
sembled IF were pelleted by centrifugation at
150,000g for 90 min at 4°C, and the IF-depleted
NM fraction was recovered from the superna-
tant fluid. The protein content of the NM frac-
tion was determined by using the Bio-Rad pro-
tein assay. All the general characteristics of the
isolated NM fraction were as reported previ-
ously [Tawfic and Ahmed, 1994b].

Assays

32P incorporation into NM proteins. The
NM fraction was used as the source of both the
protein kinase activity and substrates. The NM
proteins were incubated in a phosphorylation
reaction mixture optimum for studying messen-
ger-independent kinase systems, which con-
tained 30 mM Tris-HCI, pH 7.45, 5 mM MgCl,,
1 mM dithiothreitol, 20 mM NaCl, 50 mM
B-glycerophosphate, 4 pM Microcystin-LR, 0.5
mM PMSF, 1.0 pg/ml leupeptin, and 10 uM
[y-32P]ATP (specific activity 30 X 108 dpm/nmol)
with or without different histones at 37°C for
the periods of time indicated in the figure leg-

ends. Histones were added in a ratio of 3:1 with
respect to NM proteins, the relative concentra-
tion at which histones induced the maximal
effects. In the control tubes, histones were re-
placed with equivalent amounts of bovine se-
rum albumin (BSA). Whenever indicated, calf-
thymus DNA at different concentrations was
mixed with purified histone H1 in a buffer con-
taining 10 mM Tris-HCI, pH 8, 35 mM NacCl,
0.1 mM dithiothreitol, and 0.03% Nonidet P-40
(NP-40) and incubated at 8°C for 30 min before
starting the kinase reaction [Levine et al., 1993].
The ratio between added DNA and histone H1
was adjusted on the basis of the observation
that a ratio of 1:0.6 is adequate to abolish
transcription in vitro [Levine et al., 1993]. The
kinase reaction was stopped by adding cold 15%
trichloroacetic acid, and the 32P incorporated
into NM proteins was estimated using the pre-
cipitation method described previously [Tawfic
and Ahmed, 1994b].

To measure the effect of different histones on
the pattern of phosphorylation of intrinsic NM
proteins, equal amounts of the proteins were
incubated for 10 min at 37°C in the above-
described phosphorylation reaction in the pres-
ence or absence of a histone. Controls contained
an equivalent amount of BSA instead of his-
tones. Polylysine was added in an amount
equivalent to the number of lysine residues in
histone H1, which was based on the molecular
weight of histone H1, 21.5 kDa; polylysine, 35
kDa; and lysine, 146.2 Da, and on the fact that
histone H1 has about 66 lysine residues among
its 223 amino acids [Strickland et al., 1976].
After incubation for 15 min at 37°C, the pro-
teins were precipitated by adding cold 15%
trichloroacetic acid. The precipitate was washed
three times with the same solution and finally
with absolute ethanol. The pellet was dried,
dissolved by boiling in sample buffer containing
10 mM sodium phosphate, pH 7, 8 M urea, 5%
2-mercaptoethanol, and 5% sodium dodecyl sul-
fate (SDS) and subjected to polyacrylamide gel
electrophoresis (PAGE) on a 7.5-20% gradient
polyacrylamide GelBond slab gel containing
0.1% SDS. The gel was stained with silver,
dried, and exposed overnight to Kodak X-Omat
AR film at —70°C. In another approach, the
proteins on the gel were transferred to nitrocel-
lulose paper and probed with the polyclonal
antibody against CK2 as described previously
[Tawfic and Ahmed, 1994b].

Heparin, poly(Glu, Tyr) [poly(GT)], and 5,6-di-
chloro-ribofuranosylbenzimidazole (DRB) were
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employed as inhibitors of CK2 at the concentra-
tions indicated in the figure legend to the above
mentioned Kinase reaction with or without his-
tones, and the 32P incorporated into NM pro-
teins was estimated using the precipitation
method described previously [Tawfic and
Ahmed, 1994b]. Experiments were also in-
cluded in which CK2-specific peptide substrate
was added as a competitor for phosphorylation
of NM proteins catalyzed by intrinsic CK2.

Phosphorylation of CK2-specific pep-
tide substrate catalyzed by CK2 intrinsic
to NM. Equal amounts of NM protein were
incubated in the above-described phosphoryla-
tion reaction medium in the presence or ab-
sence of the CK2-specific peptide substrate. The
amount of 3P incorporated into the substrate
in the presence or absence of different histones
was determined by the paper binding method
described previously [Tawfic and Ahmed,
1994a,b].

Immunoprecipitation of NM-associated
CK?2. The chicken polyclonal antibody immuno-
purified against protein kinase CK2 was bound
to activated Sepharose-4B beads, using cyano-
gen bromide as described previously [Tawfic et
al., 1993]. The NM proteins, in the presence or
absence of different histones or polylysine, were
incubated for 15 min at 37°C as described above.
The reaction was stopped by adding an 8-fold
excess of cold buffer containing 0.35 M sucrose,
3 mM sodium phosphate, 1 mM sodium pyro-
phosphate, and 50 mM B-glycerophosphate as
phosphatase inhibitors. The reaction medium
in each case was incubated with Sepharose-
bound CK2 antibody for 6 h at 4°C in a buffer
containing 10 mM Tris-HCI, pH 7.4, 150 mM
NaCl, and 50 mM B-glycerophosphate. The
bound material was washed four times with 10
mM Tris-HCI, pH 7.4, 100 mM NacCl, and 50
mM B-glycerophosphate then eluted with a
buffer containing 10 mM Tris-HCI, pH 7.4, 4 M
MgCl,, and 50 mM B-glycerophosphate and
washed four times with the same medium. BSA
(500 pg) was added to the eluate as a carrier,
and the mixture was precipitated with 15%
trichloroacetic acid, washed with absolute etha-
nol, and dried. The dried sample was dissolved
in sample buffer and subjected to SDS-PAGE as
described above. The gel was silver stained to
quantitate the protein kinase CK2 eluted from
the column in each case. The dried gel was
exposed on Kodak X-Omat AR film overnight,
and the relative densitometric values of protein
kinase CK2 apparent in silver stain as well as

the autoradiogram were quantitated using a
Bio-Rad densitometer.

RESULTS

Effect of Various Histones on Phosphorylation of
NM Proteins Mediated by the Intrinsic Kinase

Considering that histones may play a role in
the activity of protein kinase intrinsic to the
isolated NM during gene activity, we investi-
gated the effects of purified histones on this
system. The addition of various purified his-
tones to the NM fraction led to a differential
increase in the rate of incorporation of 32P into
the NM proteins catalyzed by the kinase activ-
ity intrinsic to that fraction (Fig. 1A). Histone
H1 showed a higher capacity to stimulate the
phosphorylation of NM proteins (about 3-fold
stimulation) followed, in descending order of
activity, by histones H2A, H3/4, and H2B (Fig.
1A). This enhancement of 32P incorporation was
not ascribable to a stabilization of the endog-
enous kinase activity by these proteins, as the
addition of an equivalent amount of albumin to
control tubes had no effect. Quantitatively, this
enhancement of 32P incorporation into NM pro-
teins evoked by histone H1 was reduced by
preincubation of histone H1 with DNA. Presum-
ably, this effect was a result of the binding of
histone H1 to DNA, because it could be re-
versed by further addition of H1 (Fig. 1B).

Effect of Different Histones on the Pattern
of NM Protein Phosphorylation

Under the reaction conditions used, there
was no 32P incorporation into the different his-
tones added to the reaction (Fig. 2A), which
suggests that they served as a stimulator of the
phosphorylation of endogenous proteins rather
than as substrates for the NM-associated Ki-
nase activity. The addition of histones en-
hanced the incorporation of 2P into certain NM
proteins, and the extent of this enhancement
varied with the type of histone protein added.
That is, there were small but distinguishable
differences between the patterns of NM phos-
phorylation mediated by different histones. All
histones enhanced the incorporation of 2P into
proteins with apparent molecular weight of 180,
150, 28, and 10 kDa (Fig. 2A, lanes b, ¢, d, e, cf.
lane a). The 28-kDa band corresponded to the
B-subunit of CK2. In addition, histones H1 and
H2A selectively enhanced 32P incorporation into
the protein with apparent molecular weight of
110 kDa (Fig. 2A, lanes b, c, cf. lane a), while
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histones H2B and H3/H4 lacked this effect.
Phosphorylation of NM proteins in the pres-
ence of histones H2B and H3/H4 showed a
decline in 32P incorporation in several proteins,
such as the 63 and 52 kDa proteins (Fig. 2A,
lanes d, e, cf. lane a). The pattern of NM protein
phosphorylation in situ (i.e., in intact nuclei or
intact cells) as described previously [Tawfic and
Ahmed, 1994a] and in Fig. 2A (lane h) was
different from that obtained when isolated NM
proteins were subject to phosphorylation (Fig.
2A, lane h cf. lane a). Interestingly, the addition
of histone H1 or H2A to the isolated NM frac-
tion induced a pattern of phosphorylation simi-
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lar to that observed in intact cells (Fig. 2A,
lanes b and c cf. lane h).

Effect of Polylysine on NM Protein
Phosphorylation

To ascertain whether modulation of NM pro-
tein phosphorylation by histone H1 was attrib-
utable to a charge effect mediated by its lysine-
rich domains, we compared the effect of H1
with a stretch of polylysine containing approxi-
mately the same number of lysine residues
present in H1. Addition of polylysine modu-
lated the pattern and rate of 32P incorporation
into NM proteins in a comparable manner to
that induced by histone H1 (Fig. 2A, lane f cf.
lane b). However, unlike H1, polylysine en-
hanced 32P incorporation into the protein with
apparent molecular weight of 17 kDa.

To examine further the role of the charged
domains of histone H1 in determining the pat-
tern of NM protein phosphorylation, histone
H1 was preincubated with DNA before initia-
tion of the phosphorylation reaction. Qualita-
tively, preincubation led to a decline in 3P
incorporation into NM proteins and restored
the pattern of NM protein phosphorylation seen
without histones (Fig. 2A, lane g cf. lane a).

Involvement of Protein Kinase CK2
in H1-Mediated Enhancement of 32P
Incorporation into NM Proteins

We have previously demonstrated that a sig-
nificant amount of nuclear CK2 is localized in
the NM and that phosphorylation of several
NM proteins is abolished by specific inhibitors

Fig. 1. A: Effect of various histones on the rate of 32P incorporation
into NM proteins catalyzed by the endogenous kinase activity. NM
protein equivalent to 5 pg was incubated in the protein kinase
reaction buffer in the presence of 15 pg of various histones indi-
cated. The control contained 15 pg of bovine serum albumin instead
of histone. After the indicated times, the proteins were precipitated
by addition of cold 15% trichloroacetic acid, and the 32P incorpo-
rated into proteins was determined by the precipitation method as
described under Materials and Methods. The data are presented as
mean * SEM, and are based on triplicate experiments. B: Effect of
DNA on enhancement of 32P incorporation into NM proteins by
histone H1. Calf-thymus DNA and histone H1 were preincubated
for 30 min at 8°C in the Tris buffer (described under Materials and
Methods) at the concentrations indicated. The endogenous kinase
reaction was started by adding the kinase reaction buffer as de-
scribed under Materials and Methods. The reaction was stopped
after 5 min by the addition of cold 15% trichloroacetic acid, and the
incorporated 22P in NM proteins was estimated using the precipita-
tion method described under Materials and Methods. Experiments
were carried out in triplicate, and the data are presented as mean =+
SEM.
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Fig. 2. Effect of various histones on the pattern of NM protein
phosphorylation catalyzed by the NM-associated kinase activ-
ity. A: Autoradiogram of 32P-labeled proteins in the NM fraction.
Lanes a, b, c, d, e, isolated NM proteins (15 pg) phosphorylated
in the presence of 45 pg each of BSA, histones H1, H2A, H2B,
and H3/H4, respectively; lane f, NM proteins (10 pg) phosphory-
lated in the presence of 5.1 uM (18 pg) of polylysine; this
amount of polylysine is added to provide approximately the
same number of lysine residues in 45 pg (18.7 uM) of histone
H1; lane g, NM proteins phosphorylated after addition of his-
tone H1 (45 pg) preincubated with 135 pg of DNA as described
under Materials and Methods; lane h, NM proteins phosphory-
lated in intact nuclei. B: Same as A, except that 1 mM CK2-
specific peptide substrate was also included in the reaction as a
competitor for phosphorylation of NM proteins.

of protein kinase CK2 [Tawfic and Ahmed,
1994a,b]. We therefore studied whether the en-
hancement of phosphorylation of NM proteins
by histones involved modulation of intrinsic
CK2 activity.

The data in Figure 2B show that the specific
peptide substrate for CK2 could decrease the

histone-mediated 3?P incorporation into NM pro-
teins. In addition, protein kinase CK2 inhibi-
tors were able to abolish completely the in-
crease in 2P incorporation evoked by histone
H1 (Fig. 3A). On the other hand, the addition of
different histones to the NM enhanced the rate
of 32P incorporation into the specific peptide
substrate for CK2. Again, histone H1 was the
most effective in enhancing 32P incorporation
into the CK2-specific peptide followed by his-
tones H3/H4, H2A, and H2B (Fig. 3B).

Effect of Different Histones and Polylysine on the
Autophosphorylation of NM-Associated CK2

If protein kinase CK2 acts upstream from the
observed modulations in NM protein phosphor-
ylation mediated by histones, changes in the
phosphorylation of protein kinase CK2 sub-
units might be causally related to this modula-
tion. To explore this possibility, we examined
the effects of various histones on 32P incorpora-
tion into subunits of NM-associated CK2. Using
the Sepharose-bound specific antibody to immu-
noprecipitate the NM-associated protein Kki-
nase CK?2 after labeling with 32P in the absence
or presence of histones, we found that histones
and polylysine modulated the intensity of 32P
incorporation into both of the subunits of CK2
(Fig. 4). Each histone induced a reproducible
specific pattern of phosphorylation of both sub-
units of the kinase (Fig. 4). Histones H1 and
H2A induced essentially the same pattern of
phosphorylation of the CK2 subunits (Fig. 4,
lanes b and d), while histones H2B and H3/H4
induced a different pattern of phosphorylation
of both subunits (Fig. 4, lanes e and f). Polyly-
sine abolished the phosphorylation of CK2-B-
subunit (Fig. 4, lane c).

DISCUSSION

This work provides evidence for modulation
of both the level and the pattern of phosphoryla-
tion of NM proteins by histones. This effect
appears to be mediated partly by the positively
charged domains of histones, as it was dimin-
ished by preincubation of histones with DNA.
However, the presence of some qualitative dif-
ferences in phosphorylation of NM proteins in
the presence of different histone (especially
those rich in lysine) may suggest a role as well
for direct histone—kinase and/or histone—sub-
strate interactions in determining the quantita-
tive as well as the qualitative differences in the
phosphorylation of NM proteins. However, our
data support the notion that modulation of NM
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Fig. 3. A: Effect of protein kinase CK2 inhibitors on the histone
H1 enhancement of 32P incorporation into NM proteins. Iso-
lated NM fraction (15 pg) was incubated in the protein kinase
reaction medium in the presence of heparin 1 pg/ml, 45 pg of
histone H1, or Poly(GT) 20 pg/ml, or 30 uM of DRB alone or in
combinations as indicated. The kinase reaction was stopped by
the addition of cold 15% trichloroacetic acid. The precipitated
protein was washed, and the 32P incorporated into NM proteins
was estimated using the acid precipitation procedure as de-
scribed under Materials and Methods. B: Effect of different
histones on the incorporation of 32P into protein kinase CK2-
specific peptide substrate using the isolated NM fraction as the
source of the kinase. Isolated NM fraction was incubated alone
or in the presence of various histones with the specific peptide
substrate. The amount of 32P incorporated into the peptide
substrate was determined by the paper binding method de-
scribed under Materials and Methods.
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Fig. 4. Phosphorylation status of NM-associated protein ki-
nase CK2 subunits in the presence of various histones and
polylysine. NM fraction (containing the protein kinase CK2) was
labeled with 32P by incubation in the protein kinase reaction
medium for 15 min in the absence or presence of different
histones or polylysine, as described under Materials and Meth-
ods. Sepharose-bound anti-CK2 antibody was used to immuno-
precipitate NM-associated CK2. Lane a, Immunoprecipitated
NM-associated CK2 subunits o and B; lanes b, ¢, d, e, f, in the
presence of H1, polylysine, H2A, H2B, and H3/H4, respec-
tively. The amount of protein kinase CK2 eluted from the
column in each case was the same as assessed by silver staining
(data not shown).

protein phosphorylation by histones is due, at
least in part, to the direct interaction between
histones and CK2, which is present in a signifi-
cant amount in the NM, where it is involved in
the phosphorylation of many intrinsic proteins
[Tawfic and Ahmed, 1994a,b]. First, the rate of
enhancement of 2P incorporation into CK2-
specific peptide substrate by different histones
was comparable to that induced by histones in
NM proteins (Figs. 1A, 3B). Second, the effect of
histones on NM protein phosphorylation was
abolished by the specific peptide substrate of
protein kinase CK2 (Fig. 2B). Other commonly
employed inhibitors of CK2 such as heparin,
poly(GT), and DRB also induced similar effects
(Fig. 3A). Finally, purified histones markedly
influenced the phosphorylation pattern of the
subunits of CK2. It is noteworthy that autophos-
phorylation of purified protein kinase CK2 has
been observed to be modulated by purified his-
tones in vitro [Palen and Traugh, 1991].

The pattern of NM phosphorylation in the
isolated NM fraction differs from that obtained
when intact cells or nuclei are incubated with
radiolabeled 3?P [Tawfic and Ahmed, 1994b].
This may imply that some non-NM proteins
contribute to the pattern of phosphorylation
obtained in vivo (i.e., in intact cells or nuclei).
Interestingly, addition of H1 or H2A to isolated
NM induced a pattern similar to that obtained
in intact cells or intact nuclei. The ability of
added DNA to reverse the enhancement of NM
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phosphorylation by H1 suggests that this modu-
lation is regional and dependent on the pres-
ence of free histone H1. It has been suggested
that free H1 does exist transiently [Louters and
Chalkley, 1985; Rasmussen and Garen, 1993]
and that it might have a role in inhibiting the
ability of calmodulin to activate its target en-
zymes [Rasmussen and Garen, 1993]. This ef-
fect is abolished by preincubation of histone H1
with DNA [Rasmussen and Garen, 1993].

Using purified proteins in vitro, it has been
shown that the B-subunit of CK2 is the primary
subunit interacting with polybasic peptides and
that this interaction enables the catalytic a-sub-
unit to recognize the otherwise unrecognizable
proteins, such as ornithine decarboxylase and
calmodulin, as substrates [Meggio et al., 1994;
Nakajo et al., 1988; Flamigni et al., 1990]. In
the present experiments, all histones enhanced
the de novo phosphorylation of a set of proteins
of similar apparent molecular weight, such as
180, 150, 110, and 28 kDa. These proteins were
previously identified to be phosphorylated in
the isolated NM as well as in intact cells [Tawfic
and Ahmed, 1994a,b].

In the present study, the phosphorylation
pattern of NM proteins was specific to the type
of histone added and was accompanied by a
differential phosphorylation pattern of both the
a- and the B-subunits of CK2. The histones that
induced a different pattern of CK2 subunit phos-
phorylation also demonstrated a different pat-
tern of NM protein phosphorylation. The auto-
phosphorylation of CK2 subunits as well as
phosphorylation by p34¢ kinase has been re-
ported [Litchfield et al., 1992; Palen and Traugh,
1991] although the significance of these reac-
tions remains unknown. Suggestions have been
made that phosphorylation of B-subunit influ-
ences its substrate recognition and binding af-
finity [Lin et al., 1994; Filhol et al., 1992].
Taken together, our data provide further evi-
dence relating the differential phosphorylation
pattern of CK2 subunits (induced by different
histones) to the selection of the set of NM pro-
teins to be phosphorylated in a given state of
cellular activity that requires histone displace-
ment. This would suggest a subtle mode of
regulation of protein kinase CK2.

The observed differential phosphorylation of
CK2 subunits in the NM fraction under various
conditions might be attributable to other ki-
nases besides the autophosphorylation of the
enzyme. Thus far, only p34¢2 kinase has been
shown to phosphorylate CK2 at mitosis; how-
ever, we did not detect p34¢2 kinase activity

toward its substrate histone H1. This might
suggest either the absence of an NM-associated
p34cd2 kinase, at least in resting hepatic cells,
or its irreversible inactivation by the procedure
used to isolate the NM fraction.

The above-described effects of histones on
NM-associated CK2 activity and the conse-
quent changes in NM protein phosphorylation
may have important implications. For the tran-
scriptional or replicational machineries to ac-
cess DNA, histones, and specifically histone
H1, might be displaced and even removed from
DNA as suggested in many reports [Bresnick et
al., 1992; Felsenfeld, 1992; Brooks and Jack-
son, 1994; Lewin, 1994]. These conditions should
allow for a facilitated interaction between his-
tones and NM proteins to maximally stimulate
NM-associated CK2, thereby inducing modula-
tions in phosphorylation of NM protein. The
regional interaction between histones and NM
might have global as well as local effects. The
global effect would include the effect of NM
protein phosphorylation on the tensional integ-
rity of the tissue and consequent modulation of
nuclear morphology and gene expression [Ing-
ber, 1997]. This suggestion is supported by the
notion that the phosphorylation cascade has a
large mechanical component because of the in-
duced dramatic changes in protein conforma-
tion, size and flexibility [Urry, 1992]. The local
effect would include having a more active CK2
at the genomic regions where displacement of
histones takes place. The biological significance
of this effect might be inferred from several
observations. First, topoisomerase 1l is a hall-
mark of the NM and is indispensable for remov-
ing any entanglement of DNA during replica-
tion or transcription. The activity of this enzyme
is regulated through phosphorylation by pro-
tein kinase CK2 [Ackerman et al., 1988]. The
phosphorylated C-terminal of topoisomerase I,
which contains 10 phosphorylation sites for
CK2, aids in chromosome segregation/condensa-
tion [Vassetzky et al., 1994]. Second, several
enzymes that are essential for genomic activi-
ties and that may require histone displacement
likewise are phosphorylated by CK2, such as
RNA polymerases | and Il, DNA ligase, and
polymerase a-primase [Prignet et al., 1992; Zan-
domeni et al., 1986]. Third, CK2 can phosphory-
late many oncoproteins and transcription fac-
tors, many of which are associated with the NM
such as c-myc, max, jun, and p53 [Bousset et
al., 1993]. In summary, the observed modifica-
tion of NM protein phosphorylation by histones
might be involved in the fine adjustment of
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indispensable cellular functions, especially
those that require histone displacement,
namely, replication and transcription.
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