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A calcium-calmodulin (Ca®*-CaM) stimulated histone H3 phosphorylating activity was identified as a
component of a nuclear protein complex purified from a 150 mM NaCl extract of calf thymus
chromatin. This activity bound to a CaM-Sepharose affinity column in a ca®* dependent manner and
was eluted off the column in the presence of EGTA. Equilibrium centrifugation of the EGTA eluate
on a sucrose density gradient revealed that the activity is a component of a larger complex identified
at 25% sucrose. This complex consisted of two major proteins, having M, of 65 and 75 kDa. Using
['®1] CaM and the gel overlay technique it was shown that the 75 kDa protein is the major CaM
binding protein in the complex.  ©1990 acagemic Press, Inc.

In proliferating eukaryotic cells, a cascade of protein kinases, at least in part, regulates major
transitions of the cell cycle, including the induction of mitosis (1). Among the specific proteins whose
phosphorylation is induced at the G2-M transition and which remain phosphorylated throughout
mitosis are several chromosomal proteins, including histones H1 and H3 (2-4) and a number of
nonhistone proteins (5). The role that the phosphorylation of these proteins plays in chromatin
condensation and/or control of mitotic events is currently unknown.

Probably the best characterized kinase of the cascade is the M phase-specific H1 kinase which
is transiently activated at the G2-M transition in a wide variety of dividing cells (2, 6-10). Histone H1
is phosphorylated at sites specific to mitosis (11), an event concurrent with chromatin condensation
during early metaphase (12). It has been proposed that H1 kinase is directly involved in chromatin
condensation (13) and possibly the initiation of mitosis (14). Although the full range of natural
substrates of this kinase is unknown, H1 kinase does not appear to phosphorylate H3.
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The abbreviations used are: CaM, calmodulin; H3, histone 3; EGTA, [ethylenebis (oxyethylenenitriio)]-
tetraacetic acid; PAGE, polyacrylamide gel electropharesis; SDS, sodium dodecyl sulfate; Tris, tris
{hydroxymethyl) aminomethane; BSA, bovine serum albumin.
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H3 phosphorylation is also a strictly mitotic event which occurs at the G2-M transition and is
rapidly reversed as cells leave the M phase (3,15,16). It has been further shown that H3
phosphorylation is regulated by Ca®* at physiological concentrations (17). The fact that calmodulin
(CaM) is known to be the primary mediator of Ca®* dependent signaling in eukaryotic non-muscle
cells (18,19), suggests that CaM might be involved in the regulation of H3 phosphorylation.

It has been reported that CaM can occupy intranuclear domains (20). Also, the nuclear matrix
has been shown to contain several CaM binding proteins, including myosin light chain kinase (MLCK)
(21) and a kinase characterized from neuronal nuclei (22). In addition nuclear CaM concentration
was increased in proliferating rat liver cells activated by partial hepatectomy (23). These observations
suggest that CaM may be important in regulating nuclear events during mitosis, including H3
phosphorylation.

EXPERIMENTAL PROCEDURES

Calf thymus histones were prepared according to Bonner et al. (24). CaM was purified by the
method of Gopalackrishna and Anderson (25). CaM-Sepharose was prepared from purified CaM and
cyanogen bromide-activated Sepharose 4B (Pharmacia Piscataway, N.J.) according to the
manufacturer’'s instructions (26).

Calf thymus (200 gr) was homogenized in buffer 1 (10 mM potassium phosphate, 320 mM
sucrose, 3mM MgCl,, 10 mM NaHSO,, pH 6.8) for 2 min at 6000 rpm in @ Sorval Omni Mixer. This
and all subsequent steps were performed at 4°C. The extract was filtered through 4 layers of cheese
cloth and centrifuged at 1000 x g for 10 min. The pellet was suspended in buffer 1 and layered onto
20 ml of buffer 1 containing 2.4 M sucrose in polycarbonate tubes. The tubes were centrifuged at
70,000 x g for 120 min in a Beckman type 45 Ti rotor. The resulting pellet of chromatin was then
washed twice in buffer 1. The purity of the chromatin preparation was confirmed by electron
microscopy (data not shown).

The purified chromatin was suspended in 200 ml of buffer 2 (40 mM Tris-HCI, 150 mM NaCl, 4mM
MgCl,, 0.5 mM CaCl,, 0.1 mM DTT, pH 7.5), extracted by stirring for 30 min at 4°C and the extract
centrifuged at 10,000 x g for 30 min. The resulting pellet was then re-extracted as described above.
The pooled supernatants were applied to a CaM affinity column (15 x 1 cm), which was then
washed with buffer 2 containing 500 mM NaCl, instead of 150 mM until the absorbance at 280 nm
became less than 0.05. The column was then eluted with buffer 2 containing 500 mM NaCl and 2
mM EGTA instead of 0.5 mM CaCl,. Fractions containing the protein peak were pooled and are
referred to as the EGTA eluate.

A linear sucrose gradient (0-60%) was poured in 16 x 76 mm ultraclear tubes. The sucrose
solutions used in preparing the gradient contained 40 mM Tris-HCI(pH 7.5), 500 mM NaCl, 4 mM
MgCl,, 2 mM EGTA, 0.1 mM DTT, 0.1 mM PMSF. The gradient had a total volume of 11 ml. Two-
milliliters of EGTA eluate were layered on top of the gradients which were centrifuged for 36 hrs at
32,000 rpm at 4°C in a Beckman W 41 Ti rotor in a Beckman L7-65 centrifuge. The gradients were
fractionated and the refractive index and H3 kinase activity determined.

Calf thymus histones were dissolved in 50 mM Tris-HCI, pH 6.8, to a final concentration of 5
ug/ul. The assay was performed in a final volume of 100 ul of 50 mM Tris (pH 6.8), 1 mM
magnesium acetate, 0.5 mM 2-mercaptoethanal, 2 mM CaCl, (or 2 mM EGTA), 0.1 mM ATP, 10 uCi
(%P] ATP, 100 g histones, variable amounts of CaM and an appropriate amount of enzyme (2-3 ug
protein). Assays were carried out for 30 min at 30°C. The reaction was stopped by adding 20 4
SDS-buffer (5mM Tris-HCl, 20% SDS, 50% sucrose, bromophenol blue, pH6.7) and 10 ul 2-
mercaptoethanol. Polyacrylamide gel electrophoresis was performed as described by Lasmmii (27).
Gels were stained with Coomassie Brilliant Blue and destained in 40% Methanol/10% Acetic Acid.
Protein bands were cut out and counted in 5 ml of 3a70B scintillation fluid (Research Products
international Corporation) using a Beckman liquid scintiliation counter.  Autoradiography was
performed by exposing the dried gei to an X-ray fim (Kodak, XAR-5). This assay was linear for a
period of 60 minutes, and was used in screening column and gradient fractions as well as to
quantitate recovery and the extent of1 guriﬂcation.

Calmodulin was iodinated with Na'“1 using Enzymobeads from Bio-Rad (28). Specific activity of
the ['*1] CaM solution was 10° cpm/1y . Histone 3 kinase containing fractions were first separated
by SDS-PAGE, then overlayed with (™I} CaM as described by Alexander et al. (29).
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BESULTS

Pooled extracts of chromatin in 150 mM NaCl were further purified by affinity column
chromatography as described in Experimental Procedures. Washing of the CaM-affinity column with
buffer containing EGTA instead of CaCl, resulted in the elution of a protein fraction which represented
less than 5% of the total protein applied to the column (Table 1). This EGTA eluate could be shown
to contain proteins which exhibited calcium dependent binding to calmodulin and to include a Ca®*-
CaM activated H3 kinase as described below.

Both the crude chromatin extract and the EGTA eluate were assayed for histone phosphorylating
activity in vitro using calf thymus histones as substrate. It was observed that the crude extract
contained protein kinase activity that phosphorylated all five histone fractions with H2B as the
predominant substrate (Fig. 1). For the crude chromatin extract addition of Ca®* and CaM to the
assay did not appear to activate the phosphorylation of any of the histone fractions. This was also
true when purified histone fractions were used as substrates. The EGTA eluate possessed a kinase
activity that also phosphorylated all five histone fractions. However, phosphorylation of H3 was
enhanced 5-6 fold in the presence of Ca?*-CaM (Fig. 1). That H3 phosphorylation by the crude
chromatin extract did not appear to be activated by Ca®*-CaM could be due to the presence of other
more abundant kinases in the extract, including a H2B kinase, that could phosphorylate H3 in a CaM
independent manner and mask the appearance of the Ca**-CaM dependent phosphorylation
mediated by H3 kinase.

In order to determine the concentration of CaM required to give maximum activation of H3
phosphorylation, assays were performed with calmodulin concentrations ranging from 0 to 50 uM.
The histone concentration in the assay was 50 uM. Reactions were carried out in the presence of
200 puM Ca®* or 500 uM EGTA and 2-3 ug enzyme. A minimum assay concentration of 100 ug
CaM/ml (5.9 uM) was required to give maximum activation of H3 phosphorylation (Fig. 2). The
phosphorylation of the other four histones was not affected by CaM in the concentration range used

TABLE 1. Histone 3 phosphorylating activities of the different fractions in the presence and
absence of caimodulin

Total ~Spechic Total “Recovery Purification
Protein acihity acthvity —
(mg) cpm x 10 cpm x 10 (%) (fold)
CaM +CaM LCaM +CaM +CaM +CaM
Crude Extract 61.6 24 23 1464 1411 100 1
EGTA Eivate 2.1 52 26 109 6546 38.5 13.3
Peak | 0.35 13 1.6 049 056 4.0
Peak II 0.36 10.2 50.2 a7 181 128 21.8

Assays were performed as described in "Experimental Procedures”. The assay mixtures contained 100 ug of histone
and either 2mM EGTA or 2mM CaCl, and 10ug CaM in a final volume of 100 /4. The reaction was quenched by
adding 30y of a solution containing %% SDS, 50% sucrose, 0.01% bromophenol biue, 30% 2-merceptoethanol and 25
mM Tris-Hel, pH 6.7. Samples were bolled for 5 minutes and run on 16% acrylamide SDS-gel (204 per lgge). After
staining the gel with coomassle biue and destaining i, the H3 region was cut out, dried and counted for *°P. Peaks
| and Il are from sucrose density gradient centrifugation.
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FIG. 1.

Autoradiogram of histones phosphorylated in the presence or absence of

calmodulin. Histones were phosphorylated in the presence of the 150 mM NaCl
chromatin extract (Lanes 1 and 2) or the EGTA eluate (Lanes 3 and 4) in the presence
(Lanes 1 and 3) or absence (Lanes 2 and 4) of caimodulin and calcium. Histone 3 |s
the predominant protein phosphorylated by the EGTA eluate in the presence of Ca®
and calmodulin (Lane 3).

FIG. 2. The histone phosphorylating activity of the EGTA eluate as a function caimodulin

concentration. Histones were phosphorylated in the presence of 0.5 mM CaCl, and
equal volumes of EGTA eluate containing 2-3ug protein. Variable amounts of calmoduhn
were added to the assay mixtures. The reactions were quenched with SDS-buffer and
samples were run on a 16% acrylamide SDS-gel. Histone regions were cut out and
counted for *P incorporation. Histone fractions are: H1 (A-4), H3 (O-0), H2B (®-0),
H2A (O-0) and H4 (m-m).

(Fig. 2). The inclusion of 0.1 mM triflucperazine (CaM-antagonist) in the assay together with 200 uM
ca®* and 10 uM CaM, suppressed phosphorylation of H3 to basal levels. This indicated that both
Ca®* and CaM are required for full activation of H3 phosphorylation under the assay conditions used.

Sucrose density equilibrium centrifugation of the EGTA eluate lead to the separation of two activity
peaks (Fig. 3). Peak | contained a very small fraction of the activity and was unresponsive to CaM
stimulation. Peak H contained the bulk of the kinase activity and this could be shown to be activated
56 fold by Ca?*-CaM (Table 1). The highest activity in Peak Il was identified at 25% sucrose,
strongly indicating that the CaM activated H3 kinase is part of a larger complex obtained under the
conditions of preparation.

Figure 4 shows the SDS-polyacrylamide gel electrophoresis profile of the isolated activity fractions.
As can be seen from the gel the crude extract, EGTA eluate and peak Il from the equilibrium
centrifugation contained two prominent bands at about 85 kDa and 75 kDa. Both of these bands
are most prominent in peak i, which is the fraction with highest specific activity (Table 1).

The binding of ["**1] CaM to specific proteins from the crude extract, EGTA eluate and peak Il in
the presence of Ca®* or EGTA was studied as described in Experimental Procedures. Figure 5
shows that 2 proteins bound [**1]CaM with high affinity in a Ca** dependent manner. Histones also
bound CaM but in a Ca®* independent manner. It is important to notice that the 75 kDa band
showed the highest affinity. This is a further indication that the 75 kDa protein is either the kinase
of interest or a component of it.
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FIG. 5.

Equilibrium centrifugation of the EGTA eluate on a sucrose density gradient.
Fractions of 0.4 ml were collected from bottom to top of the tubes. The different
fractions were assayed for their ability to phosphorylate H3. The reactions were
quenched with SDs-buffer and run on a 16% acrylamide gel. Histone 3 regions were
cut out and counted for P incorporation which was about 5 times higher when assays
were performed in the presence of calmodulin ( O-O) than in its absence ( @@ ).
Percentage sucrose (X-X).

SDS-polyacrylamide gel electrophoresis pattern of the different H3 kinase. The
polyacrylamide concentration in this gel was 12%. 1, 150 mM NaCl extract; 2, EGTA
eluate; 3 and 4, activity peaks | and ll respectively from the sucrose density gradient
centrifugation. Arrow points to the 75 kDa protein.
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Overlay of the dlﬂerem activlty fractions by ['®1] CaM in the presence and
absence of Ca®*. The different activity samples were first separated on a 12%
acrylamide gel The gel was then overlayed with ['®*l] CaM as in *Experimental
Procedures.” Lanes 1-4 were overlayed with ('] CaM in the presence of EGTA.
Lanes 5-8 were overlayed with ['®I] CaM in the presence of Ca®*. 1 and 5, 150 mM
chromatin extract; 2 and 6, EGTA eluate; 3 and 7, peak Il from the sucrose density
gradient; 4 and 8, whole histones.
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DISCUSSION

The foregoing resuits clearly demonstrate that calf thymus contains a chromatin bound protein
kinase(s) which binds CaM in a Ca®* dependent manner. Of particular interest to us is the fact that
the phosphorylation of histone H3 by this kinase is enhanced about five fold in the presence of Ca**
and CaM. Since it is well recognized that H3 phosphorylation is a strictly mitotic event (16) which
is stimulated by Ca®* at physiological concentrations (17), and since CaM is believed to regulate
different stages of the cell cycle including mitosis (30,31), it may be postulated that H3
phosphorylation is one of a number of specific events that are controlled by the CaM mediated
induction of mitosis.

The CaM activated H3 kinase (s) was initially identified by its binding to a CaM-Sepharose affinity
column in the presence of Ca®* and its elution from the column when Ca?* was replaced with EGTA.
Attempts to further purify the kinase using ion exchange and gel filtration chromatography as well as
chromatofocusing and hydrophaobic interaction chromatography proved unsuccessful. This lead us
to believe that the kinase might be one component of @ major complex. To test this hypothesis, a
fraction of the EGTA eluate was subjected to sucrose density equilibrium centrifugation. As the
results clearly show, the main CaM activated H3 kinase activity was identified at 25% sucrose. This
could indicate that the kinase is in fact one component of a larger complex whose sedimentation
coefficient is about equal to that of a ribosome. SDS-PAGE of different activity fractions revealed that
two proteins with apparent molecular weights of 65 kDa and 75 kDa were the major proteins in the
two fractions that displayed Ca?*-CaM enhanced kinase activity, namely the EGTA eluate and peak
Il. In fact, these two proteins represented at least 80% of Peak 1l which in turn has twice the specific
activity of the EGTA eluate. Peak | does not phosphorylate H3 in a Ca®*-CaM dependent manner
and contains very low amounts of the 65 kDa and 75 kDa proteins. We interpret these findings to
mean that these two proteins are associated with the kinase of interest, possibly as constituent
subunits of a multimeric kinase containing complex.

If either of the two proteins is the CaM activated H3 kinase that we are trying to identify it should
bind CaM in a Ca®* dependent manner. To answer this question the different activity fractions were
run on an SDS-PAGE and overiayed with (**I]CaM in the presence of EGTA or Ca®*. Our results
strongly indicate that while both the 65 kDa and the 75 kDa proteins bound CaM in a Ca®*
dependent manner, the 75 kDa protein seems to have a higher affinity for CaM. It is suggested that
the 75 kDa chromatin bound protein is a CaM activated kinase or a regulatory subunit for which H3
is the best substrate. Phosphorylation of H3 leads to the formation of an acid labile histone
phosphate (data not shown). This indicates that this kinase is most likely not related to CaM-kinase
It nor to any of the CaM dependent kinases described thus far. This could also explain the very high
CaM concentration needed for stimulation.
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