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ABSTRACT. In mammalian cells, up to six serines and threonines in histone H1 are phosphonylaitea

in a cell cycle dependent manner that has long been linked with chromatin condensation. Growth-associated
H1 kinases, now known as cyclin-dependent kinases (CDKs), are thought to be the enzymes responsible
for this process. This paper describes the phosphorylation of histone H1 by four different purified CDKs.
The four CDKs phosphorylate only the cell cycle specific phosphorylation sites of H1, indicating that
they belong to the kinase class responsible for growth-related H1 phosphorytatien. All four CDKs
phosphorylate all of the interphase and mitotic-specific H1 sites. In addition to the (S/T)PXK consensus
phosphorylation sites, these four CDKs also phosphorylate a mitotic-spiecifico H1 phosphorylation

site that lacks this sequence. There is no site selectivity among the growth-related phosphorylation sites
by any of the four CDKs because all four CDKs phosphorylate all relevant sites. The results imply that
the cell cycle dependent H1 phosphorylations obsemeadyo must involve differential accessibility of

H1 sites at different stages of the cell cycle.

How a cell controls its proliferation is a question of al., 1980) also suggested that H1 phosphorylation was linked
fundamental importance to both biological and medical to mitotic chromosome condensation.
sciences. Work for the last 30 years has implicated the Recently, evidence linking histone H1 phosphorylation
activity of growth-associated H1 kinase and the phospho- levels with chromosome condensation has been reported
rylation of histone H1 as important biochemical processes using the kinase inhibitor staurosporine. Th'ng et al. (1994)
in cell proliferation control (Ord & Stocken, 1968; Gurley demonstrated that treatmentrofirinecells with staurospo-
& Walters, 1971; Balhorn et al., 1972; Bradbury et al., 1973, rine prevented histone phosphorylation and entry into mitosis.
1974a,b; Gurley et al., 1973, 1974, 1975, 1978a,b, 1981, When these cells are blocked in mitosis with nocadozole,
1995; Hardie et al., 1976; Inglis et al., 1976). Bradbury et the addition of staurosporine caused rapid histone dephos-
al. (1973, 1974a) found a correlation between H1 phospho- phorylation and rapid chromosome decondensation. Also,
rylation, H1 kinase activity, and chromosome condensation Gurley et al. (1995) showed that staurosporine and Hoechst
and observed (Bradbury et al., 1974b) that the addition of 33342 blocked both interphase and mitotic H1 phosphory-
heterologous H1 kinase to the plasmodium of the slime mold lation sites in CHO cells and prevented the condensation of
Physarum polycephalur@ h before metaphase caused an G2 phase chromatin into mitotic chromosomes. These data
advancement of mitosis of up to 1 h. This lead to the are the most recent direct evidence linking histone H1
proposals that H1 kinase activity controls the cell cycle and phosphorylation levels to chromosome condensation.
through H1 phosphorylation initiates chromosome condensa- The role of protein phosphorylation as a primary control
tion. Work in mammalian systems, including Chinese mechanism for cell cycle progression has been demonstrated
hamster CHO® (Gurley et al., 1974, 1975, 1978a,b, 1981; by recent genetic studies that have identified the family of
Hohman et al., 1975, 1976), Chinese hamster V-49 (Lake cyclin-dependent kinases (CDKSs) that are necessary for cell
& Salzman, 1972; Lake et al., 1972; Lake, 1973a,b), HeLa cycle progression. CDKs are composed of catalytic and
cells (Lake, 1973b; Marks et al., 1973; Ajro et al., 1975, regulatory subunits and their activity is controlled through
1981), rat nephroma cells (Lake et al, 1972), hepatoma HTC
cells (Balhorn et al., 1975), and rat hepatoma (Langan et 1 Apbreviations: CDK, cyclin-dependent kinase; CHO, a fibroblast
cell line originally derived from the ovary of a Chinese hamster; (S/
T)PXK, the consensus amino acid sequence (serine or threonine),
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post-translational modification of these subunits and by Histone H1 Purification. Histone H1 was isolated from
association with inhibitor proteins [see reviews in Hunter CHO cells grown in culture as previously described (Gurley
and Pines (1994) and Lees (1995)]. Whereas understandinget al., 1995). Briefly, H1 was extracted from crude chromatin
the regulation of these kinases continues to make progresspy extraction in 5% perchloric acid. Following extraction,
positive identifications of theiin vivo substrate proteins, histone H1 was precipitated in 20% trichloroacetic acid and
theirin vivo phosphorylation sites and the substrate's function lyophilized. Histone H1 was dissolved in water containing
is largely unknown. For example, the CDK having maxi- 0.2% trifluoroacetic acid, applied to a reverse phase CN
mum activity at mitosis (p3#7cyclin B) was thought to HPLC column (Waters:Bondapak 3.9x 150 mm), and
phosphorylate only consensus sites (S/T)PXK [see review separated from contaminants using an acetonitrile gradient
by Moreno and Nurse (1990)]. However, our laboratory of 5 to 35%. The fractions containing H1 were pooled,
recently identified ain »ivo mitotic-specific phosphorylation  lyophilized and stored at20 °C.
site on histone H1 contained in the N-terminal peptide Ac-  Perchloric acid extracts of CHO cells contain, in addition
SETAPAAPAAAPPAEK that has no such consensus se- to histone H1, other H1 variants such as°Hind HMG
guence (Gurley et al., 1995). This raised the question as toproteins (D’'Anna et al., 1985). The CN reverse phase
whether this particular site is phosphorylated not by a CDK column removes the Hland HMG proteins from the H1
but by an unknown kinase. (Gurley et al., 1990). Thus, Hlwas not involved in the
Histone H1 contains six cell-cycle-specific phosphorylation phosphorylation analyses in this work.
sites (Hohmann et al., 1975, 1976; Gurley et al., 1995). CHO H1 consists primarily of one H1 subtype, Hla (74%
However, attempts to examine these sites using purified of total H1). However, it does contain small amounts of a
CDKs have been limited to only one CDK (g3%?cyclin minor subtype H1lb (17%) and trace amounts of two other
B). The resultingn vitro phosphorylation matched some, subtypes, H1lc and H1d (8% combined) (Gurley et al., 1975).
but not all, of thein vivo phosphorylation sites (Jerz- The CN column does not subfractionate these subtypes
manowski & Cole, 1992). Therefore, it is clear that the (Gurley et al., 1990). Previous work has shown that the
examination of H1 phosphorylation sites with the other phosphopeptides from the minor subtypes can be distin-
purified CDKs is necessary to determine if histone H1 is a guished from those of the major subtype when the tryptic
natural substrate for the CDK class of kinases. digests of whole H1 are subjected to HPLC analysis (Gurley
This paper describes tlie vitro phosphorylation of histone et al., 1995). Thus, the phosphorylation analyses discussed
H1 by four different CDKs and demonstrates that H1 is the in this work refer to Hla.
natural substrate for all these kinases by comparingrthe Phosphorylation of Histone H1H1 was phosphorylated
vitro phosphorylation sites to those phosphorylatedivo. in vitro by the four kinases using the following conditions.
The data yield the surprising results that all four CDKs HPLC purified, lyophilized H1 was dissolved in ddH20 at
phosphorylate all thn vivo cell-cycle-dependant phospho- a concentration of Jug/uL. For AU-PAGE (acid-urea
rylation sites in H1, indicating that H1 cell-cycle-dependent polyacrylamide gel electrophoresis) analysisu®f histone
phosphorylation is not a function of individual CDK site H1 was phosphorylated in a volume of 50 in H1
specificity. The data also demonstrates that the consensuphosphorylation buffer (50 mM Tris, pH 7.4, 10 mM
sequence (S/T)PXK is not the sole requirement for the CDK S-mercaptoethanol, 10 mM Mgg&I75 mM NacCl, containing
phosphorylation of histone Hh vivo as previously thought. 0.1 mM ATP and 25.Ci -y [32P]ATP) using SuL of purified
These results indicate a need for a new paradigm in viewing enzyme fraction. Reactions were stopped by precipitation
H1 phosphorylation in the cell cycle. Our data suggests ain 20% TCA. Precipitated histone was resuspended in AU-
model in which cell-cycle-dependent chromosomal rear- PAGE loading buffer (5% acetic acid contaigi8 M urea
rangements expose H1 sites that can be phosphorylated byand 25% glycerol) and loaded onto a 12% 45 cm long AU-
any CDK available in that phase of the cell cycle. For PAGE slab containip 8 M urea and run at 300 V (constant
example, in this paradigm, mitotic-specific H1 phosphory- voltage) for 24 h. The gels were stained with Coomassie
lation does not occur because 3%/cyclin B is active only blue, dried, and exposed to Kodak film (XAR-5) for
in mitosis, but rather because the N-terminal tail of H1 is autoradiography.
released from chromatin and exposed to this CDK at that When histone H1 was phosphorylatedvitro for use in
time. The major question is whether chromosomal rear- tryptic digestion experiments, reactions were scaled up 10-
rangements during each phase of the cell cycle are initiatedfold more than that used in the AU-PAGE analysis. H1 (100
by the phosphorylation of phase specific sites on histone H1.ug) was phosphorylated in H1 phosphorylation buffer (as
above) in a volume of 500L containing 0.1 mM ATP and
EXPERIMENTAL PROCEDURES 25 uCi-y [*°P]JATP and up to 5QuL of purified enzyme
Purification of CDKs. The purification of CDKs from fraction. The reaction mixture was incubated at°82for
murineFM3A cells is described in Hamaguchi et al. (1992) 20 min and stopped with the addition of phosphoric acid to
with some moadifications. Following the preparation of a a final concentration of 75 mM. The samples were then
whole cell extract and polyethyleneimine precipitation, precipitated in 20% TCA at-20°C for 2 h. The precipitate,
samples are subjected to FPLC ion exchange chromatographygontaining H1, was recovered by centrifugation, washed 3
(Mono S followed by Mono Q). Hydrophobic interaction times in acidified acetone (acetone containing 0.1 M HCI),
chromatography (Phenyl Superose) was used to achieveonce in acetone, and dried under vacuum. The dried H1
highly purified kinase preparations (Swank, 1995). The four samples were then used for tryptic digestion.
CDKs isolated are p3%C%cyclin A, p33PX%cyclin A, Trypsin Cleaage of Histone H1.Trypsin digestion and
p34°Ccyclin B, and p34PCYcomplexed with unknown  analyses of tryptic peptides were carried out by the method
protein(s). For simplicity these enzymes are referred to by of Stone et al. (1989) as previously described (Gurley et al.,
the one letter abbreviations A, B, C, and M, respectively. 1995). Briefly, HPLC purified and lyophilized H1 samples
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were dissolvedri 8 M urea containing 0.4 M NHHCO:;. Ereyrme B Enzyme G
Dithiothreitol was added and the mixture heated t¢6ao ]
facilitate protein denaturation. After cooling, iodoacetamide

was added and the mixture incubated at room temperature

for 15 min. Following this step, the urea concentration is |

diluted with water to 2 M. This concentration keeps the . = 2= .
carboxyamidomethylated proteins in solution but does not — B — &9 9
significantly inhibit trypsin digestion (Stone et al., 1989).

The trypsinization occurs for 24 h at 3€ and the reaction |
stopped by freezing or by direct injection onto a reverse-
phase HPLC system.

HPLC Separation of Tryptic PeptidesThe tryptic pep-
tides were resolved using an HPLC system equipped with
dual UV and radioactivity detection. The peptides were
separated on a C18 Deltapak steel column using an aceto-
nitrile gradient running from 1.6 to 30% in 120 min, followed .
by a 30 min 30 to 60% gradient and a 15 min 60 to 78% EnEyme M Enzyma A
gradient, as described in Gurley et al. (1995). The peptides ' [
eluting from the column were detected by UV absorption at |
210 nm. The eluent was mixed with scintillant (Radiomatic

i0 20 30 &0 10 20 30 60 min

flowscint A) and detected using an HPLC radioactivity ' —_
monitor (Berthold, LB 504). The UV and radioactivity data a ‘
was quantitated, integrated, and analyzed as described in ‘ ‘ '-
Gurley et al. (1995). e — 1 E

RESULTS

Methods for the determination of phosphorylation sites |
within CHO histone H1in vivo have been established L —
(Gurley et al., 1995). Multiple H1 kinases, however, have
not been purified from CHO cells as they have fromrine
cells (Hamaguchi et al., 1992; Swank, 1995). The purified Ficure 1: Autoradiograms showing time course phosphorylation
murine kinases provide an opportunity to compamevivo of histone H1. Cyclin-dependent kinase preparations are referred

PR ; ; i i to as Enzyme B (p3®*?/cyclinA); Enzyme C (p34°c¥cyclinB);
a?(:rl]n z;ltro pho_sphlgrylatlon ISIteS Illn histone Hl'. Tthe usfe Enzyme A (p34P¢Jcyclin A); and Enzyme M (p3#°2complexed
or the four murine Kinases aiso allow an examination ot iy’ nidentified components). Enzyme fractions were added to

possible affinity differences for specific phosphorylation sites purified H1 and incubated for the times indicated as described in
within H1, as well as potential substrate specificity directed methods. The reaction mixtures were separated by acid-urea gel
by the cyclin components (Peeper et al., 1993). electrophoreses. The gels were dried and autoradiograms made.

Kinetics of Phosphorylation for Purified CHO Histone H1. o
To ensure that thin sitro phosphorylation of H1 using the ~ (1989)]. However, of these, only six sites are phosphorylated
purified kinases occurred under conditions of adequate N vivo (Hohmann et al., 1976). To determine specific
substrate, cofactors, and ATP, time course phosphorylationst!#© Phosphorylation sites in CHO cells, histone H1 was
were performed and quantified. Purified CHO histone H1 isolated from cultures of CHO cells grown in the presence
was phosphorylated for 10, 20, 30, and 60 min. The of 32p. After acu':i extraction and' HPLC purification, the
reactions were stopped, and H1 was separated on 12% Ayhistone was trypsinized. The tryptic peptides were separated
PAGE gels. After Coomassie blue staining, the gels were Py C18 reverse phase column chromatography and both the
dried and autoradiograms made. Figure 1 shows the auto-UV and radioactivity profiles were integrated (Gurley et al.,
radiograms of H1 phosphorylated by the four kinases. 1995).

Quantification showed that under the conditions used Two CHO cell growth conditions were used for tire
phosphate was incorporated in a linear manner (data notvivo H1 phosphorylation analysis: cells in exponential
shown). Linear phosphate incorporation occurred for up to growth and cells in mitosis. Exponentially growing cells
40 min, with a plateau of incorporation evident by 60 min were examined for H1 phosphorylation, and the tryptic
(data not shown). Differences in the final extent of phos- peptide UV absorption pattern and #e-labeled phospho-
phorylation was evident, as some enzymes appear to phospeptide patterns are shown in Figure 2. The phosphopeptides
phorylate H1 more efficiently than others, especially at found under these conditions represent the bulk of the
endpoints when the substrate is no longer saturating (seephosphorylation sites found in G1, S, and G2 phases, because
Figure 1; 60 min time points). Subsequent phosphorylations under asynchronous conditions, onl2% of cells are found
for mapping purposes were carried out for up 20 min, well in mitosis. Asynchronous CHO cells as well as mitotic
within the linear range of phosphate incorporation for all synchronized cells were grown in the presencé?Bf and
four CDKs. the phosphopeptide patterns are shown in Figure 2, panels

Mapping of the in iio Histone H1 Phosphorylation Sites. B and C. The phosphorylation pattern for mitotic blocked
Histone H1 contains a large number of potential phospho- cells (Figure 2C) represents the largest phosphate incorpora-
rylation sites, up to 21 sites in rabbit [reviewed by van Holde tion into histone H1 and is the maximal phosphorylation state

10 20 30 &0 10 20 30 &0 min
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ated by HPLC after tryptic digestion. (A) UV profile of tryptic . ) . .
peptides from CHO histone H1. (B) 32-P incorporated tryptic FIGURE 3: Comparison of 32-P labeled peptides obtained fiom

peptides obtained from histone H1 isolated from asynchronous CHO viv0 andin zitro labeled CHO histone H1. (A)n zivo labeled
cells grown in the presence of 32Pi. (C) 32-P incorporated tryptic Peptide obtained from mitotic blocked cultures. SpectrabB

peptides obtained from histone H1 isolated from mitotically blocked fepresentn vitro labeled peptides obtained after incubation with
CHO cells. (D) The 11 phosphopeptides used for analysis of kinases M, A, B, C, respectively. (FjP-labeled peptide obtained

in vitro phosphorylated CHO H1 shown as an expansion of after phosphorylation with cAMP-dependent protein kinase catalytic
spectrum C. subunit.

attainable vian vivo labeling (Gurley et al., 1981). The 11 Slggkg/sels A
phosphopeptides quantified for this study are depicted in pRaT yelin
Figure 2D.

Mapping of invitro Phosphorylation SitesTo compare
the phosphopeptide pattern found for ihevizo phospho-
rylated H1 with that of thén witro phosphorylated H1, the
four kinases (A, B, C, and M) were used to phosphorylate
H1 as described above. All four kinases were used at
amounts that resulted in the nearly the same phosphate
incorporation into histone H1 and under conditions in which
linear incorporation occurred. The results of thevitro
phosphorylation using the four kinases are shown in Figure .
3, a composite of the radioactive phosphopeptide profiles 0% 25a:
of the in sitro andin »ivo phosphorylated peptides (See Phosphopeptide Number
Figure 3, panels AE). The striking result is that all four  Ficure 4: Relative phosphorylation rates of the 11 peptides
kinases duplicate thim vizo mitotic phosphorylation map  analyzed from in vitro labeled histone H1 using four different cyclin

of histone H1, with only subtle differences in the extent of dependent kinases. The phosphorylation of each peptide within a
K set is expressed relative to the HPLC column load as measured by

t[he phOSphorylatlon as ewd_enced by _the_dlfferentlal PEAX the LV absorption of the large N-terminal peptide eluting at 58
intensity of the phosphopeptides from tinevitro phospho-  min (9). This normalization permits comparison of the phospho-
rylations. rylation levels of each phosphopeptide within that set, and with

PP ; ; phosphopeptides from phosphorylation by the other kinases [see
Quantification of Phosphorylation Differencesn order Gurley et al. (1995)]

to examine the phosphorylation differences between the four

CDKs, the radioactivity profile of each phosphopeptide was are, however, subtle differences in the phosphorylation of
integrated and expressed relative to the H1 column load specific sites when the four kinases are compared.
measured by the UV absorption of the large N-terminal A comparison of the major phosphorylated peptides from
peptide eluting at 58 min (9) as described (Gurley et al., thein vivo andin vitro analyses is shown in Table 1. The
1995). Such a comparison allows the determination of the three major interphase phosphorylation sites on peptides 1,
relative levels of phosphorylation for each peptide. High 4, and 7 show very little variation. Expressed as a percent
levels of phosphorylation of a particular peptide would of total incorporation into H1, peptide 4 yields incorporation
indicate a preferred phosphorylation site for that kinase. The levels of 21.7, 26.2, 26.4, and 26.5% for kinases A, B, C,
summary of this analysis is shown in Figure 4. The results and M, respectively. The maximum difference for peptide
indicate that there are no major differences between the four4 incorporation is less than 5%. Of these three interphase
kinases in their ability to phosphorylate histone H1. There peptides, the maximal variation in incorporation is-1125-

Kinase C
Kinase M p34°9@/cyclin B

. Kinase A
34°95%/cyclin ?

p34°9/eyclin A

TTTRT [T T[T TTTTT

Phosphorylation (cts/volt x 102

pi b re b e b e b by

e i 2
91011 1234567891011 123456

91011 1234567891011
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Table 1: Comparison of Peptide Phosphorylation Levels

in vivo in vitro
peptide exp mitotic A B C M
32P Incorporation (cts/volt)
1 10.70 34.54 1804 1944 1625 1724
4 27.93 43.35 1790 3319 2353 2051
5 3.72 2525 1581 2397 2146 1671
7 20.29 25.68 1614 2888 1894 1731
9 0.96 38.35 1477 2135 895 570
total 63.60 167.17 12683 8266 8912 7747
% of Total
1 16.8 20.7 21.8 15.3 18.2 22.3
4 43.9 25.9 21.7 26.2 26.4 26.5
5 5.8 15.1 19.1 18.9 24.1 21.6
7 31.9 15.4 195 22.8 21.3 22.3
9 15 22.8 17.9 16.8 10.0 7.4
total 100 100 100 100 100 100

fold. The mitotic-specific peptide 9 shows the largest
variation in incorporation of all the peptides examined, with
a 2.4-fold difference between kinases A and M. This,
however, is small compared to the 15-fold difference in
phosphate incorporation found for this peptideivo when

comparing exponential and mitotic incorporation (Table 1).

cAMP-Dependent Protein Kinase Phosphorylates Only
One Site. The observation that all four CDKs phosphorylated
the same peptides (Figure 3, panelslB raised concerns
that the preparation of H1 may have affected the structure
and therefore the specificity of its phosphorylation. To
ensure this had not occurred, phosphorylation was done usin
cAMP-dependent protein kinase, known to phosphorylate
only one site. Cloned, overexpressed catalytic subunit was
used to phosphorylate 10y of histone H1. The H1 was
treated identically as the samples phosphorylated by the
CDKs. The results of the tryptic digestion and HPLC
analysis are shown in Figure 3, panel F. This chromatogram
shows that only one peptide is phosphorylated in histone H1
when treated with cAMP-dependent protein kinase. This
phosphorylated peptide eluted at 86 min and was not
observed in growing cultures of CHO cells (see Figure 2,
panels B and C). cAMP-dependent phosphorylation sites
have been described in histone H1 [reviewed by van Holde
(1989)]. One of the cAMP-dependent phosphorylation sites
is Ser 37, which was found to be phosphorylated only in
regenerating liver. Thi vivo mapping results indicate that
this phosphorylation is lacking in both rapidly growing
interphase and mitotic blocked CHO cells. The lack of any
overlap of cAMP phosphorylation sites with CDK sites
indicate that the H1 site specificity was maintained.

DISCUSSION
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CDK first identified by genetic methods in yeast, §3%
kinase. The p3#c2kinase also phosphorylated H1 at the
same sites as the growth associated kinase (Langan et al.,
1989). As a result, H1 has often been used as a substrate
when examining p3#%cyclin complexes and other closely
related CDKs.

In this paper, four different highly purified CDKs were
examined: the interphase-specific f3'%/cyclin A (kinase
B), the late interphase p3&“%cyclin A (kinase A), the
mitotic-specific p34°¢Zcyclin B (kinase C), and the p8&°¥
unknown cyclin (kinase M). These CDKs provide examples
of the various cell-cycle-dependent classes of growth-
associated H1 kinase that would be expected to facilitate the
cell-cycle-specific phosphorylation of histone H1: early
interphase single-site phosphorylation, late interphase three-
site phosphorylation, and mitotic-specific six-site phospho-
rylation (Gurley et al., 1978a,b, 1981, 1995).

All Four CDKs Are Authentic Growth-Associated H1
Kinases. H1 contains 21 serines and threonines that are
potential phosphorylation sites for kinases (van Holde, 1989).
However, in CHO H1, only the phosphorylations of six of
these sites are growth-associatedvivo (Hohmann et al.,
1975, 1976). Comparison of the H1 phosphopeptides
producedin wvivo from mitotic CHO cells with those
producedin vitro by the four different CDKs indicate that
only the growth-associated sites are phosphorylated by these
kinases and none of the other 15 potential sites are phos-
phorylated. Control experiments showed that the cAMP-

ependent protein kinase was specific for only one site and
hat site was different from the CDK sites. This result
indicates that the H1 substrate used in these experiments had
maintained its site specificity in isolation. It also shows that
the cAMP-dependent protein kinase does not phosphorylate
H1 in exponential growing interphase or mitotic cells (see
Figure 2, panels B and C, and Figure 3F). These experiments
demonstrate that the four CDKs are authentic growth-
associated H1 kinases responsible for H1 phosphorylation
during the cell cycle.

All Four CDKs Phosphorylate All Cell-Cycle Specific Sites
in Histone H1. Because of the cell cycle fluctuations in the
activities of the various CDKs, it was expected that the
different kinases would demonstrate specificity in phospho-
rylating the various cell-cycle specific sites on H1. For
example, kinase B (p%8K?cyclin A) was expected to
phosphorylate only one, two, or three interphase-specific sites
and expected to not phosphorylate the mitotic-specific sites
in the N-terminal portion of H1. Similarly, it was expected
that kinase C (p3#“%cyclin B) would phosphorylate only
the mitotic-specific sites in the N-terminal portion and not
the interphase sites in the C-terminal tail. Surprisingly, all
four of these cell-cycle-specific kinases phosphorylated all

The enzyme thought to be responsible for the high levels the cell-cycle-specific sites. Not only was the complete
of histone H1 phosphorylation at mitosis was first described spectrum of phosphorylation sites duplicated qualitatively
by Lake and Salzman (1972). Later, this enzyme, called by all the kinases, but so was the relative quantitative labeling
growth-associated H1 kinase, was found in many types of of the specific phosphopeptides. This data clearly demon-
dividing mammalian cells (Schlepper & Kippers, 1975; strate that these CDKs are capable of phosphorylating any
Langan, 1978) and iphysarum(Chambers et al., 1983; available growth-associated H1 site. Indeed, it shows that
Chambers & Langan, 1991). This enzyme is cAMP inde- all four CDKs are capable of producing the maximum
pendent, chromatin bound, and specific for H1 (Chambers phosphorylation of H1 achieved at mitosis.

& Langan, 1991), and the phosphorylation sitasvitro CDKs Phosphorylate Cell-Cycle-Specific Sites with Only
match than vivo sites (Langan, 1978; Langan et al., 1980). Minor Affinity Differences. The initial characterization of
Purification of growth-associated H1 kinase (Chambers & these CDKs used a synthetic peptide substrate containing
Langan, 1991) revealed that it shared homology with the only one phosphoacceptor site. This peptide, S1 (Hamaguchi
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et al., 1992), has the sequence AAKAKKTPKKAKK andis 1994). The results presented here indicate that this is
based on the accepted consensus amino acid motif (S/T)jpossible since interphase-specific CDKs, like kinase B
PXK. Using this S1 peptide, large quantitative differences (p33-°X%cyclin A), can phosphorylate the normally mitotic-
were found between the four purified CDKs. For example, specific sites if it is presented with an accessible N-terminal
the K differences between kinases B and M was nearly 20- portion of H1.

fold (Swank 1995). Therefore, it was anticipated thatlarge  cpks Phosphorylate H1 Sites Randomiyhe work of
differences would also be found for the phosphorylation of Gyriey et al. (1978a,b, 1981) demonstrated that increasing
H1 by the CDKs. Such differences would help in under- nympers of H1 sites are phosphorylated as a cell traverses
standing thein vivo cell-cycle dependent phosphorylation s cell cycle, suggesting sequential phosphorylations of the
sites within H1. Surprisingly, quantification of the phos- gro\th-associated sites. However, the above results indicate
phorylated H1 peptides revealed that only small differences {4t gl growth-associated sites are phosphorylated by all
were measured in the ability of each kinase to phosphorylate cpis indicating that random phosphorylation is occurring
specific H1 sites (Figure 4; Table 1). This contrasts with i ,itro. This latter conclusion is supported by time-course
results from telomere binding protein (TBP) phosphorylation hhasphorylation experiments using less enzyme, which also
using these same kinases (Hicke et al., 1995) in which TBP g jted in full mitotic-level phosphorylation and cor-
was phosphorylated by kinases A, B, and C, but not kinase \esnonded to only one or two radiolabeled bands when
M. Together with the synthetic peptide studies, this indicates analyzed by AU gel analysis (data not shown). A CDK
that some substrates are specific for the CDKs used hererequirement for sequential phosphorylation would yield
whereas H1 is nearly equally phosphorylated by all four 4jered phosphate occupancy at specific sites when examining
CDKs studled._ Therefore, it appears that the structure.of time or enzyme dependent phosphorylation. Instead, such
H1 in chromatin at different stages of the cell cycle is gna)ysis resulted in increased occupancy of all sites, thus,
involved in determining the selection of H1 sites for i,jicating random phosphorylation of the sites. These results

phosphorylation. _ _ _ _suggest that the sequential phosphorylation in CHO aells
CDKs Do Not Require the Consensus Amino Acid Motif i 'is oniy observed when H1 is bound to nucleosomes as
to Phosphorylate HL1.It has previously been thought that part of chromatin.

the consensus sequence (S/T)PXK was required in a sub- L
a (S) d Implications for Control of H1 Cell-Cycle-Dependent

strate, particularly H1, in order for the serine or threonine ; o .
to be Ehosphor;//Iated by a CDK. However, sequence Phosphorylation. The ability of all four CDKSs to duplicate

analysis identified that one growth-associated phosphopeptiddn€ full growth-related phosphorylation pattern of litro

in H1 did not have such a consensus sequence. This peptid&iS€S many questions about thevivo control and function
was identified as the N-terminal tryptic peptide of CHO ©f the H1 phosphorylation process in the cell cycle. A CHO
H1: Ac-SETAPAAPAAAPPAEK (Gurley et al., 1995). Two cell in G1 contains only one p_hosphate on the C-tail of _H1,
phosphoacceptor residues were identified within this N- @nd as the cell progresses into S phase, two additional
terminal fragment, Ser 1 and Thr 3. We have demonstratedPl0Sphates are added, both on the C-tail of H1 (Hohmann
that both of these amino acids are phosphorylated only during®t &' 1975'}&976;, Gurley et al.,, 1978b, 1981). During S
mitosis (Hohmann et al., 1975, 1976). Until recently it was Phase, p3®cyclinA (kinase B in this work) is active

assumed that the mitotic-specific serine phosphorylation site (Murray & Hunt, 1993), while other CDKs such as 5349
was Ser 18, a residue contained within the N-terminal H1 CYclin B (kinase C) are still inactive. We have shown that

fragment obtained by NBS cleavage and also present in athe kinase B complex will phosphorylate not three, but all

consensus sequence. However, Gurley et al. (1995) have>X growth-related sites within H1.  As CHO cells move into
clearly shown that the mitotic-specific phosphorylation sites G2 Phase, the p32<Zcyclin A (kinase A) becomes active.
are Ser 1 and Thr 3, neither of which are contained in a At this stage, the fulln vivo phosphorylation state of H1 is
CDK consensus sequence. This report unequivocally dem-SF'” not complete and the mitotic-specific phosphorylation
onstrates that all four CDKs, both the interphase and mitotic- SIS remain to be phosphorylated (Gurley et al., 1978b,
specific kinases, phosphorylate this mitotic-specific site. Two 1981). Again, we have shown that the kinase A complex,
conclusions must be drawn from these observations: noneVhich should be active at this time, will phosphorylate not
of these CDKs exclusively require the consensus sequencehree, but all six growth-related sites. The CDK normally
for phosphorylation and any of these CDKs can phospho- active in mitosis, p3®4cyclin B (kinase C), matches the
rylate the mitotic-specific H1 phosphorylation sites. in vivo mitotic observations. Kinase C is active only in
The Ser 1 and Thr 3 phosphorylation sites are the last Mitosis when all mol_ecules of H1 are phosphorylated on all
phosphorylations to occur on H1 during the cell cycle (Gurley Six growth-related sites (Gurley et al., 1978a).
et al.,, 1978a, 1995), and its potential functional relevance Why are the cyclin-dependent kinases, even though they
has been the subject of much consideration (Bradbury et al.,are capable of fully phosphorylating all growth-related sites
1973, 1974a,b; Hohmann et al., 1976; Gurley et al., 1978a,b,in free H1, restricted to only a subset of sites during
1981). As the last cell cycle phosphorylation event to occur interphase? The most likely explanation is that H1, as a
on H1, this modification may play a role in triggering mitosis, substrate, is not available for full phosphorylation. Perhaps
or in modulating other proteins or factors involved in H1, when bound to chromatin, is locked into a structure that
chromatin condensation. If phosphorylation at these sitesallows only limited accessibility to such kinases. This view
is responsible for structural changes that occur upon, or prioris supported by the work of Jerzmanowski and Cole (1992)
to, chromatin condensation, then phosphorylation at thesewho demonstrated that H1 must be free (unbound to
two sites at times other than mitosis may be responsible for chromatin) to be phosphorylated. Such a limited release of
the mitotic catastrophe observed under conditions leadingH1 from chromatirin vizo has been demonstrated by Gurley
to hyperphosphorylated H1 during interphase (Th'ng et al., and Hardin (1970), who observed turnover of H1 in
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