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Phosphorylation and Methylation of Physarum Histone I4 1 during Mitotic 
Cycle+ 
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ABSTRACT: We have shown that the heterogeneity of the typical histone H1 from the lower eukaryote 
Physarum polycephalum seen in sodium dodecyl sulfate (NaDodSO,) gel electrophoresis is due principally 
to conformational effects produced by postsynthetic modifications rather than primary sequence variants. 
We have also shown by labeling with L- [methyl-3H]methionine and amino acid analysis that Physarum 
H1 in addition to already known phosphorylation undergoes methylation on e N H 2  groups of several of its 
lysines. The analysis of Physarum H 1 phosphorylation by high-resolution acetic acid-urea gel electrophoresis 
revealed that it could accept up to more than 20 phosphates per molecule. The mitotic cycle analysis of 
postsynthetic modifications of Physarum H1 showed that (a) H1 undergoes superphosphorylation in mitosis 
accepting from about 14 to more than 20 phosphates per molecule and (b) it is not totally dephosphorylated 
in the following cycle retaining from about 8 to about 16 phosphates per molecule in G2 phase. The results 
of this work are consistent with the interpretation that the newly synthesized H1 is de$osited on DNA in 
nonmethylated and nonphosphorylated forms and its methylation (which is irreversible) precedes its 
phosphorylation in the course of chromatin maturation. The studies of Physarum H1 bisected with chy- 
motrypsin indicate that most of the phosphorylation sites including the superphosphorylation in mitosis are 
localized in a larger COOH-terminal part of the molecule. The analysis of highly phosphorylated Physarum 
H 1 by high-resolution NaDodSO, gel electrophoresis showed the existence of several discrete conformational 
subspecies resembling in their electrophoretic appearance the true sequence variants of mammalian H 1. 

H i s t o n e  HI plays a key role in the structural transitions 
of the basic 100-A nucleosomal filament into the thick chro- 
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matin fiber, the 300-A solenoid (Thoma et al., 1979). On the 
other hand, H1 shows a considerable degree of variability. 
Both the sequence variants of H1 and the postsynthetically 
modified H1 molecules usually occur at the same time in the 
same chromatin (Hohmann, 1983; Cole, 1984). This together 
has led to the suggestion that H1 through its different sequence 
variants and chemically modified subspecies (mostly by 
phosphorylation) may specifically influence the local confor- 
mation of chromatin and through it the genetic activity 
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(Hohmann, 1983). On the other hand, the occurrence of 
unspecific, mitotic superphosphorylation of H 1 has been im- 
plicated in the process of mitotic condensation of chromosomes 
(Bradbury et al., 1974). 

Most studies on the H1 sequence variants and phosphory- 
lation in proliferating cells have been done on synchronous 
mammalian cell cultures. Both in Chinese hamster CHO cells 
and in HeLa cells the H1 histone subtypes undergo specific 
phosphorylations and dephosphorylations throughout the cell 
cycle. In these systems the cyclic superphosphorylation oc- 
curring in mitosis results in the introduction of four to six 
phosphate groups per molecule of H1 (Gurley et al., 1978; 
Ajiro et al., 1981). 

The lower eukaryote Physarum polycephalum is particu- 
larly suited for cell cycle studies due to the perfect and com- 
pletely natural synchrony of nuclear divisions (Mohberg, 
1975). The pattern of phosphorylation of histone H1 has been 
studied in this organism by Bradbury et al. (1974) and by 
Fischer & Laemmli (1980). Whereas Bradbury et al. found 
the pattern of phosphorylation similar to that of CHO cells, 
Fischer & Laemmli, while confirming the premitotic increase 
in the phosphate content of H1, did not find a decrease in that 
phosphorylation after mitosis. 

In this paper we give a detailed analysis of Physarum histone 
H1 and demonstrate that during the mitotic cycle in addition 
to extensive phosphorylation it undergoes methylation on c- 
NH2 groups of several of its lysines. We also reexamine the 
H1 phosphorylation pattern estimating the number of phos- 
phates in H1 at different points of the mitotic cycle and 
demonstrate the existence of cyclic, mitotic super- 
phosphorylation. We also analyze the preference of the 
phosphorylation and methylation in respect to NH2- and 
COOH-terminal regions of the H1 molecule as well as the 
relationship between methylation and phosphorylation in the 
mitotic cycle. 

MATERIALS AND METHODS 
Physarum Culture. Microplasmodia of the M3C strain of 

P. polycephalum were grown in shaken culture in semidefined 
medium as described previously (Daniel & Baldwin, 1964). 
Synchronous macroplasmodia were prepared according to 
Mittermayer et al. (1965). The position in the mitotic cycle 
was determined by examining the nuclear morphology by 
phase-contrast microscopy. The first synchronous mitosis 
occurred after 6-7 h and the second, third, and fourth occurred 
in 8.5-10.5-h intervals thereafter. The experiments were 
usually performed on macroplasmodia between second and 
third and third and fourth mitosis. In the latter case, filter 
papers with growing macroplasmodia were transfered on fresh 
media after mitosis 111. Before processing, the initial inocula 
were removed from macroplasmodia. 

Labeling. For labeling with 32P04, microplasmodia were 
washed several times with the semidefined medium from which 
the KH2P04 has been omitted and inoculated in the same 
medium containing 60 pCi/mL 32P04 (Amersham “carrier 
free”, in H20). The culture was grown for a further 48 h, and 
the material was collected. For labeling with L-[methyl- 
3H]methionine (Amersham, in H20),  microplasmodia from 
a 24-h culture were washed several times with the semidefined 
medium from which the protein hydrolysates had been omitted 
and transfered to the same medium containing 5 pCi/mL 
~-[methyl-~H]methionine with or without cycloheximide (10 
pg/mL). The culture was allowed to grow for a further 8 h, 
and the material was collected. 

Isolation of Nuclei and Chromatin. Nuclei and chromatin 
were isolated from microplasmodia essentially as described by 
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Jockusch & Walker (1974) except that 0.05% instead of 0.1% 
Triton X-100 was used in the homogenization and dense su- 
crose solutions. All solutions including the initial washing 
solution contained 1 mM PMSF (phenylmethanesulfonyl 
fluoride) and 1 mM PCMB (4-(hydroxymercuri)benz~ic acid) 
to inhibit proteolytic and phosphatase activity, respectively. 
For the large-scale isolation of histone H1, nuclei were ob- 
tained by a simpler procedure in which the centrifugation 
through the dense sucrose solution had been omitted. 

Isolation of Physarum Histone HI .  Histone H1 was iso- 
lated from microplasmodial nuclei and chromatin and from 
whole synchronous macroplasmodia by the guanidine hydro- 
chloride procedure described by Mende et al. (1983). H1 was 
finally separated from the rest of histones by selective ex- 
traction with 5% perchloric acid. The preparation obtained 
by the above procedure usually contained less than 20% con- 
taminations and was used in all experiments except amino acid 
analysis. 

Purification of Physarum Histone HI by Electroelution. 
The preparation of Physarum histone H1 was further purified 
by preparative electrophoresis in sodium dodecyl sulfate 
(NaDodS04)-polyacrylamide gel containing the linear gra- 
dient of methylenebis(acry1amide) (see Polyacrylamide Gel 
Electrophoresis for detailes). A total of 2-3 mg of protein was 
loaded on a single slab gel. After electrophoresis, the stained 
H 1 bands were cut off from gels and processed according to 
the procedure of Wu et al. (1982). Physarum H1 isolated by 
the above procedure was lyophilized and used for amino acid 
analysis. 

Isolation of Histone HI from Calf Thymus. The crude 
preparation of histone H1 from calf thymus was isolated by 
the NaCl-citrate method of Johns (1 964) and further purified 
by chromatography on Amterlite CG-50 resin (200-400 mesh) 
by the method of Kinkade & Cole (1966). 

Polyacrylamide Gel Electrophoresis. Protein was routinely 
analyzed by nondenaturing (acetic acid-urea system) and 
denaturing (NaDodSO, system) electrophoreses in 0.15 X 20 
X 20 cm polyacrylamide slab gels. Acrylamide gel electro- 
phoresis to resolve phosphorylation levels of H1 was a mod- 
ification of the method of Panyim & Chalkley (1969). The 
separating gel contained 14% acrylamide, 0.08% methylene- 
bis(acrylamide), 2.5 M urea, and 5% acetic acid. The 3.5 cm 
long stacking gel contained 6% acrylamide, 0.08% methy- 
lenebis(acrylamide), 2.5 M urea, and 5% acetic acid. The 
electrophoresis buffer was 0.9 M acetic acid. After preelec- 
trophoresis at 350 V overnight, gels were loaded with 1 M 
cysteamine and run 2 h at 220 V to scavenge free radicals 
(Alfageme et al., 1974). After scavenging, the wells were 
washed, and samples (5-10 pg of protein/well) were loaded 
in the sample buffer containing 0.9 M acetic acid, 2% p- 
mercaptoethanol, 2.5 M urea, and 0.01% Pyronine Y tracking 
dye. Electrophoresis was carried out at 110-120 V until the 
dye reached the separating gel and then for 24 h at 220 V. 
Electrophoresis was at room temperature with the main buffer 
tank cooled with circulating tap water. After electrophoresis, 
gels were stained for 2 h with Coomassie blue dissolved in 
methanol-wateracetic acid (5:5:1) and destained by diffusion 
in hot 7% acetic acid. NaDodS04-polyacrylamide gel elec- 
trophoresis was performed according to Laemmli (1 970) ex- 
cept that the separating gel (1 5% acrylamide) contained a 
linear gradient (0.4-0.8%) of methylenebis(acry1amide). 
Electrophoresis was for 20-24 h at 200 V at room temperature. 
After electrophoresis, gels were soaked in 50% (w/v) C13CC- 
OOH for 1 h and stained and destained as described for acetic 
acid-urea gels. For the autoradiography, gels were dried on 
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Whatman 3MM paper in a vacuum chamber, covered with 
Kodak X-ray films, and exposed. For the fluorography, gels 
were processed according to the procedure of Bonner & Laskey 
(1974), dried as for the autoradiography, and exposed to 
Kodak X-ray films. 

Digestion of HI with Chymotrypsin. The digestion of 
Physarum H1 with chymotrypsin was according to Mende et 
al. (1983) except that the reaction was terminated by the 
addition of an equal volume of 2 times concentrated sample 
buffer for NaDodSO, gel electrophoresis and boiling for 5 min. 

Digestion of HI with Alkaline Phosphatase. Physarum 
histone H1 was dissolved at  100-250 pg/mL in a solution 
containing 0.1 mM ZnClz and 60 mM tris(hydroxymethy1)- 
aminomethane hydrochloride (Tris-HCl), pH 8.0, to which 
2 units/mL alkaline phosphatase from Escherichia coli (P-L 
Biochemicals) was added. The reaction was carried out at 37 
"C and terminated as described for the digestion with chy- 
motrypsin. 

Amino Acid Analysis. A total of 0.5-1 mg of lyophilized 
Physarum H1 isolated by preparative NaDodSO, gel elec- 
trophoresis and electroelution was hydrolyzed for 24 h at 105 
"C in 6 M HCl (Merck, Suprapur) containing 0.02% 8- 
mercaptoethanol, in vacuo. After hydrolysis, samples were 
dried over solid NaOH, dissolved in a buffer, and run on a 
Beckman amino acid analyzer. Values were not corrected for 
hydrolytic losses and cysteine was not separately determined. 

RESULTS 
Source of Electrophoretic Heterogeneity of Physarum H I .  

Physarum histone H 1 isolated by the guanidine hydrochloride 
method either from nuclei or from solubilized chromatin gives 
a heterogeneous band when analyzed by NaDodS0,-poly- 
acrylamide gel electrophoresis (Figure 1, upper panel, lanes 
A and A'). The bulk of this heterogeneity comes from the 
modification of H 1 by phosphorylation. Figure 1 (upper panel) 
shows the electrophoretic analysis in the NaDodSO, gel of the 
dephosphorylation reaction carried out in vitro by the alkaline 
phosphatase from E. coli added to histone H1 isolated from 
log-phase microplasmodia grown continuously in [32P]ortho- 
phosphate. When the pattern of stained proteins (Figure 1, 
upper panel) is compared to the corresponding autoradiogram 
(Figure 1, middle panel), it can be seen that phosphates are 
removed from H1 molecules in the course of the reaction. 
With the progressing dephosphorylation, the H 1 attains a 
stable, narrow-band appearance on the gel. Its position re- 
mains stable also after very long digestion times (Figure 1, 
lower panel). The partial disappearance of H1 after long 
incubation seen.particularly in lanes H and I is probably due 
to contamination of phosphatase by some proteolytic activity. 
The results of Figure 1 show that phosphorylated Physarum 
H 1 has lower electrophoretic mobility on NaDodSO, gels than 
the nonphosphorylated H 1. However the band corresponding 
to the end product of the dephosphorylation reaction has still 
the markedly lower mobility on the gel than the fastest mi- 
grating band (marked L) of the heterogeneous H l (Figure l ,  
compare for example lanes F and A' in the upper panel, see 
also the double appearance of H1 band after very long di- 
gestion with phosphatase in lanes G and H of the lower panel). 
The precise superposition of the stained gel and its autora- 
diogram on Figure 1 reveals that the L band bears no radio- 
active phosphate. The reason for the persistence of two bands 
after prolonged phosphatase treatment could be that either 
the phosphatase did not remove a certain amount of phosphates 
from H 1 or the H 1 band was composed of two different se- 
quence variants of which the smaller was not phosphorylated. 
The third possibility was that both the end product of the 
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FIGURE 1: Effect of alkaline phosphatase on mobility of fhysurum 
H1 in NaDodS04-polyacrylamide gels. HI was prepared from 
log-phase microplasmodia grown continuously in the presence of 32P04 
(upper panel) or in nonradioactive medium (lower panel) and &solved 
at 0.2 mg/mL. To this, ZnCI2 and Tris-HCI, pH 8.0, were added 
to final concentration of 0.1 and 60 mM, respectively. After saving 
one-fifth of the reaction mixture for controls, the rest was preincubated 
for 3 min at 37 "C, and the reaction was started by addition of 1 unit 
of alkaline phosphatase from E. coli. Radioactive samples of onetenth 
of the volume of the reaction mixture were taken during incubation 
and analyzed on NaDodS04-plyacrylamide gel electrophoresis (upper 
panel) and autoradiographed (middle panel). (A) Control (not in- 
cubated) without phosphatase; (A') control incubated at 37 "C for 
60 min without phosphatase; (B) 1, (C) 3, (D) 10, (E) 20, and (F) 
60 min of incubation at 37 "C with phosphatase. From the digest 
of nonradioactive H1 (lower panel), samples were taken after (G) 
1, (H) 4, and ( I )  8 h of incubation at 37 "C with phosphatase and 
analyzed by NaDodS04-polyacrylamide gel electrophoresis. (J) 
Alkaline phosphatase alone. (AP) Position of alkaline phosphatase; 
(L) position of the fastest migrating band in heterogeneous Physumm 
H1. 

dephosphorylation and the L band were the same HI differing 
in some other postsynthetic modifications. 

The analysis of Physarum H1 by ion exchange chroma- 
tography on Amberlite CG-50 eluted with linear gradient of 
guanidine hydrochloride did not show the existence of distinct 
subspecies that were easily resolved for calf thymus H1 under 
similar conditions (results not shown). However, this could 
not rule out the existence of a smaller sequence heterogeneity 
in Physcrum H1 not detectable under the gradient conditions 
employed. 

High-Resolution Acetic Acid-Urea Gel Electrophoresis of 
Physarum HI from Log-Phase Microplasmodia. The amount 
of phosphate groups in Physarum H1 was estimated by 
high-resolution acetic acid-urea gel electrophoresis according 
to Panyim & Chalkley (1969). This method is capable of 
resolving H 1 molecules differing by only one phosphate group 
(Panyim & Chalkley, 1969; Ajiro et al., 1981). Figure 2 shows 
the electrophoretic analysis of the products of digestion with 
alkaline phosphatase of H 1 isolated from log-phase micro- 
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FIGURE 2: Effect of alkaline phosphatase on mobility of Physarum 
H 1 in high-resolution acetic acid-urea polyacrylamide gel electro- 
phoresis. H 1 from log-phase microplasmodia was digested with 
alkaline phosphatase as described in Figure 1. Samples from the 
digestion mixture were analpad by the high-resolution acetic acid-urea 
polyacrylamide gel electrophoresis described under Materials and 
Methods. (A) Control (not incubated); (B)  1, (C) 3, (D) 5, (E) 10, 
(F) 20, (G) 40, (H) 90, and ( I )  120 min of incubation at 37 O C  with 
alkaline phosphatase. (AP) Position of alkaline phosphatase. 

plasmodia. In the undigested HI one can count on a stained 
gel at least 17 evenly spaced bands each representing an in- 
tegral number of phosphates per H1 molecule (Figure 2, lane 
A; the contrast of the photograph in Figure 2 does not match 
that of the original gel). The maximum number of separate 
bands in undigested, microplasmodial H 1 is probably even 
higher than that since there is some more very faint bands in 
the upper part of the pattern seen on the original gel. It can 
be seen that there is a linear dependence between the number 
of phosphates per H 1 molecule and the decrease in the mobility 
of H 1 in the acetic acid-urea gel electrophoresis system. The 
number of bands decreases gradually in the course of the 
digestion with phosphatase (Figure 2, lanes &I), which is most 
clearly seen for longer digestion times (lanes G-I). The 
position of the accumulating, lowest band on lane I roughly 
coincides with that of the fastest migrating band in control 
sample (land A). It could thus represent the end product of 
the dephosphorylation. Some discrepances between the num- 
ber of phosphates on Figure 2 and the amount of radioactivity 
on the autoradiogram in Figure 1 for comparable times of 
digestion could be due to a different ratio of H 1 to phosphatase 
in the two experiments. From results of Figure 2, it can be 
concluded that histone H1 from the log-phase microplasmodia 
occurs in molecular forms containing from 0 to 17 (and 
probably more) phosphates. The bulk of it contains between 
five and nine phosphates per molecule. 

Pattern of Phosphorylation of HI in Mitotic Cycle. To 
determine the phosphorylation pattern of histone H1 in the 
mitotic cycle, we isolated it from the synchronously grown 
macroplasmodia at different stages between mitosis I1 and 111 
and analyzed it in denaturing and nondenaturing gel elec- 
trophoresis systems (Figure 3). The patterns of phosphory- 
lation seen in both systems resemble very closely the pattern 
observed for Physatum H1 by Fischer & Laemmli (1980). 
In metaphase/anaphase (lane B), early S phase (lane C), and 
late S phase (land D), a band occurs which in NaDodSO., gel 
has the mobility of the L band of the heterogeneous micro- 
plasmodial H 1. (Note that Physarum lacks G 1 phase and the 
synthesis of DNA starts immediately after the metaphase.) 
This nonphosphorylated band has been shown by Fischer & 
Laemmli (1980) to be the newly synthesized H1 in contrast 
to more slowly migrating, phosphate-containing old H 1 .  In- 
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FIGURE 3: Mitotic cycle changes in Physarum H1 mobility in Na- 
DodS0,-polyacrylamide and acetic acid-urea-polyacrylamide gels. 
Histone H 1 was prepared from whole, synchronously grown macro- 
plasmodia taken at different stages of a 8.5-h mitotic cycle, between 
mitosis I1 and 111. Material was collected by scraping macroplasmodia 
from the filter paper and immediate freezing at -35 O C .  Two to three 
macroplasmodia were taken for each point in mitotic cycle. The 
isolated H 1 was analyzed by NaDodSO, (upper panel) and acetic 
acid-urea (lower panel) gel electrophoresis. (A) Standard preparation 
of H 1 from log-phase microplasmodia; (B) metaphase/anaphase; (C) 
early S phase; (D) late S phase; (E) middle G2 phase; (F) late G2 
phase; (G) early prophase. (Po-H1) Position of the end product of 
dephosphorylation in standard microplasmodial H 1 ; (P,-H 1)  position 
of phosphorylated HI; (L) position of the fastest migrating band in 
the heterogeneous H 1. 

deed it is this band that disappears from the H1 pattern when 
the protein synthesis is blocked with cycloheximide (see Figure 
6). In macroplasmodia with 8.5-h cycle, the observed period 
of accumulation of the newly synthesized H 1 (between 0 and 
90 min after metaphase) well correlates with the period of 
DNA synthesis (Holt, 1980). 

From the middle G2 phase (lane E) occurs a gradual 
phosphorylation of the newly synthesized H 1,  which is reflected 
by a decrease in its electrophoretic mobility. The maximum 
level of phosphorylation is reached in early prophase (lane G) 
at  about 30-40 min before metaphase and is maintained 
throughout the whole mitosis (lane B) and until the early S 
phase (20-30 min after metaphase) of the next cycle (lane C). 

The resolution of the acetic acid-urea gel electrophoresis 
used for the analysis of H1 in the mitotic cycle was lower than 
that in Figure 2. However, due to a linear dependence between 
the number of phosphates and the decrease of the mobility of 
histone H 1 in acetic acid-urea gels, the comparison of the data 
of Figure 2 with the relative mobilities of microplasmodial 
(lane A) and mitotic (lane B) H1 on acetic acid-urea gel in 
Figure 3 enables the rough estimate of the amount of phos- 
phates per H1 molecule. Thus, assuming seven phosphates 
to be the average level of phosphorylation of the bulk of 
microplasmodial H1, the mitotic H 1 (lane B) would have from 
14 to 28 phosphates per molecule and HI in the late S phase 
(lane D) from 8 to 20 phosphates per molecule. The minimum 
level reached in the middle G2 phase would be from 6 to 14 
phosphates per molecule. Although the apparent degree of 
phosphorylation might not be accurate in an absolute sense, 
the above calculations do allow a comparison of relative extents 
of phosphorylation throughout the mitotic cycle. 
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FIGURE 4: Calf thymus H 1 and Physurum mitotic H 1 in NaDod- 
S04-polyacrylamide gel electrophoresis. Calf thymus H 1 was isolated 
by the method of Johns ( 1964). Physamm histone H 1 was isolated 
from five synchronous macroplasmodia taken at metaphase/anaphase 
of mitosis IV, as described in Figure 3. (S) Molecular weight 
standards; (CT) calf thymus; (P) Physumm; (L) position of the fastest 
migrating band in heterogeneous Physurum H 1; (P,-Hl) position of 
highly phosphorylated forms of Physarum H 1. 

The data of Figure 3 show that the maximum level of 
phosphorylation of H 1 reached by prophase maintains 
throughout the whole period of mitosis and decreases only after 
the DNA synthesis has started, in the early S phase. It is also 
evident that the once phosphorylated H1 molecules are not 
dephosphorylated totally in the G2 phase of the next generation 
but remain at the moderate phosphorylation level of 6-14 
phosphates per molecule. Therefore, it is only the mitotic 
superphosphorylation of H1 that is a cyclic event. 

It can be seen from the acetic acid-urea gel electrophoresis 
on Figure 3 that H1 molecules at every point of the mitotic 
cycle represent a rather broad, population of differently 
phosphorylated species. On the other hand, on the NaDodSO, 
gel the phosphorylated H1 is distributed between a limited 
number ( 3 4 )  of distinctly separated bands rather than form 
a smear (Figure 4, see also the NaDodSO, gel in Figure 3). 
The bands seen on NaDodSO, gels resemble rather the family 
of sequence variants of mammalian H1 although some in- 
termediate staining between them can also be seen. 

Distribution of Phosphates in Physarum H I .  In order to 
study the distribution of phosphates in the H 1 molecule, we 
used the method of chymotrypsin cleavage of Physarum H 1 
as reported by Mende et al. (1983). The limited action of 
chymotrypsin cleaves Physarum histone H 1 into two frag- 
ments, the larger COOH-terminal and the smaller NH2-ter- 
minal fragment. This is shown in Figure 5 (for example, lanes 
A and D). It can be seen from the comparison of undigested 
and chymotrypsin-cleaved H 1 that the heterogeneity of the 
native H1 band is preserved in the COOH-terminal but not 
in the NH2-terminal fragment of the molecule. That the 
COOH-terminal fragment heterogeneity was due to phos- 
phorylation was indicated by the fact that it disappeared when 
H1 was treated with alkaline phosphatase prior to chymo- 
trypsin cleavage (results not shown). To check the localization 
with respect to NH2- and COOH-terminal fragments of the 
superphosphorylation occurring at mitosis, we isolated H 1 from 
the early G2 phase and from the metaphase/anaphase ma- 
croplasmodia, digested it with chymotrypsin, and analyzed the 
products by NaDodSO, gel electrophoresis (Figure 5 ) .  It can 
be seen that both the G2 and the mitotic phosphorylation are 
localized predominantly in the COOH-terminal fragment of 
H1 molecule. The COOH-terminal fragment has also a 
characteristic, fast-migrating component that could correspond 
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FIGURE 5: Chymotryptic digestion of Physarum histone H 1 from 
different stages of the mitotic cycle. Histone H 1 was isolated from 
log-phase microplasmodia and from synchronous macroplasmodia at 
early G2 and metaphase/anaphase stages of the mitotic cycle as 
described in Figures 1 and 3, respectively. Part of the isolated HI 
was digested with chymotrypsin in 50 mM Tris-HCl, pH 8.0 (enzyme 
to protein ratio was approximately 1:200), and the samples were 
analyzed by NaDodS04 gel electrophoresis. (A) Undigested mi- 
croplasmodial H1; (B) undigested early G2 HI; (C) undigested 
metaphase/anaphase H 1 ; (D) chymotrypsindigested microplasmodial 
H 1; (E) chymotrypsin-digested early G2 HI; (F) chymotrypsin-di- 
gested metaphase/anaphase H 1 ; (C,) COOH-terminal fragment of 
H1; (N,) NH,-terminal fragment of H1. 
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FIGURE 6: NaDodS04 gel electrophoresis of ~- [methyl -~H 1- 
methionine-labeled histone H1 from Physarum. Histone H 1 was 
isolated from log-phase microplasmodia grown for 8 h in the presence 
of ~-[merhyl-~H]methionine without (A) and with (R) cycloheximide 
(10 pg/mL). Conditions of labeling were as described under Materials 
and Methods. (C) HI from log-phase microplasmodia grown in 
nonradioactive medium. (Left panel) Coomassie blue stained gel; 
(right panel) corresponding fluorogram (exposure was 9 days). 
(P,-HI) Position of phosphorylated 141; (P,-HI) position of the end 
product of dephosphorylation; (L) position of the fastest migrating 
band of heterogeneous H 1. 

to the L band of the intact molecule. The COOH-terminal 
fragment seems to be a main acceptor of postsynthetic mod- 
ifications in Physarum H1. It should be however stressed that 
the results of Figure 5 do not rule out the presence of minor 
modifications in the NH2-terminal region of H 1, not affecting 
the mobility in NaDodSO, gels. 

Origin of the Fast Migrating L Band. We further assumed 
that the fastest migrating L band and the end product of 
dephosphorylation could differ in some postsynthetic modi- 
fications other than phosphorylation. A much better resolution 
of the L band on denaturing NaDodSO, gels than on acetic 
acid-urea gels suggested the nonpolar type of modifications 
out of which the methylation was a prime candidate. Figure 
6 shows the stained electrophorogram of the NaDodS04 gel 
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Table I: Amino Acid Composition (mol '%) of fhysurum Histone 
HI 

Fisher & 
Laemmli 

this worku Mende et al. (1983) (1980) 

LYS 
His 
Arg 
Asx 
Thr 
Ser 
Glx 
Pro 

Ala 

Val 
Met 
Ile 
Leu 

Phe 

GlY 

CYS 

TY 

26.0 
2.3 
7.1 
3.6 
4.7 
8.2 
9.2 

10.3 
4.0 

17.2 
nd 

2.1 
0.2 
0.8 
2.1 
1 .o 
1.2 

17.6 
3.8 
5.2 
4.0 
6.7 
8.7 
6.8 

10.2 
4.6 

18.1 
0.2 
3.7 
0.8 
2.8 
3.7 
1.6 
1.6 

19.3 
0.6 
1.7 
4.8 
6.8 

11.3 
7.9 

12.0 
6.6 

20.4 
0.0 
2.2 
0.0 
2.0 
3 .O 
0.7 
0.7 

"Data obtained in this work for H1 isolated as described under 
Materials and Methods and purified by preparative NaDodSO, gel 
electror>hore..is. 

and the corresponding fluorogram of H1 isolated from two 
log-phase cultures grown for the last 8 h in the presence of 
[3H]methionine labeled in the methyl group. During the 
labeling period, the normal growth medium was exchanged 
for the medium without protein hydrolysate. To one culture, 
together with the isotope, cycloheximide was added in a 
concentration known to block completely the protein synthesis 
in Physarum (Bemhardt-Smigielska & Toczko, 1980). It can 
be seen from the fluorogram that in both isolates (lanes A and 
B) the label from the [3H]methyl group of methionine was 
found mainly in H1 bands. The labeling was little affected 
by the presence of cycloheximide, which rules out the possi- 
bility that the label could have been due to incorporation of 
methionine. In the culture grown without cycloheximide (lane 
A), the radioactivity is accumulated in a zone including (and 
extending slightly upward) the position of the end product of 
the dephosphorylation. The superposition of electrophorogram 
and fluorogram shows that there is no label in the position of 
the L band. The stained pattern shows also that the L band 
is absent in H 1 from the cycloheximide-treated culture (lane 
B). Thus, the L band is the newly synthesized H1. This is 
consistent with the pattern observed in the mitotic cycle 
(Figure 3). where the L band appears and accumulates in the 
S phase. 

It can be concluded from the data of Figure 6 that the newly 
synthezised H1 (the fast-migrating L band) is not methylated 
in contrast to other H1 classes seen on NaDodS04 gel. 
Methylation of the old H1 should therefore be the reason for 
the difference in the mobility between the L band and the end 
product of dephosphorylation. Since dephosphorylation by the 
alkaline phosphatase affects only the intensity of the band 
corresponding to the end product of dephosphorylation (com- 
pare for example the results on Figure l), the immediate 
conclusion is that all the phosphorylated H1 molecules are 
already methylated in an irreversible manner. Thus, already 
phosphorylated H1 can not undergo methylation. This is 
consistent with the observation that in the cycloheximide- 
treated culture (Figure 6, lane B) the radioactivity is restricted 
to the position corresponding to zero-phosphate H 1. 

Acceptor of Methyl Groups in H I .  In order to obtain a 
homogeneous H 1, we used the method of Wu et al. ( 1  982). 
The stained H1 band was cut off from the preparative Na- 
DodSO, gel and electroeluted into the 1% agarose column from 

E N-METHYLLYSINE I 
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FIGURE 7: Methylation of lysine in Physarum histone H 1. Fragment 
of the elution profile obtained with Beckman amino acid analyzer 
during amino acid analysis of Physarum histone HI purified by 
electroelution from preparative NaDodS04 gels as described under 
Materials and Methods. The abscissa is absorbance after staining 
with ninhydrin. The peak between lysine and histidine corresponds 
to the position of Ne-methyllysine (Murray, 1964). (Inset) The same 
fragment of elution profile from amino acid analysis of calf thymus 
H 1 (isolation of calf thymus H 1 as described under Materials and 
Methods; preparation for amino acid analysis as described for Phy- 
sarum HI). Note the lack of peaks in positions of N'-methyllysine 
and histidine. 
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FIGURE 8: Mitotic cycle changes in mobility in NaDodSO,-poly- 
acrylamide gel of Physarum H 1 dephosphorylated with alkaline 
phosphatase. Histone H 1 was prepared from synchronous macro- 
plasmodia as described in Figure 3. The isolated HI  was dephos- 
phorylated by 60-min incubation at 37 OC with alkaline phosphatase 
from E. coli as described in Figure 1 and analyzed by NaDodS04 
gel electrophoresis. (A) Microplasmodial H 1 not treated with alkaline 
phosphatase; (B) metaphase/anaphase; (C) early S phase; (D) late 
S phase; (E) middle G2 phase; (F) late G2 phase; (G) early prophase; 
(H) alkaline phosphatase alone; (AP) position of alkaline phosphatase. 
In (€3) and (C), somewhat less material was loaded. 

which it was almost quantitatively recovered. This procedure 
eliminated the several contaminations of H 1 seen in Figure 
1. The amino acid composition of the protein recovered from 
the agarose gel is typical for H1 (Table I)  and resembles 
closely the composition reported for Physarum H 1 by others 
(Fischer & Laemmli, 1980; Mende et al., 1983). The amino 
acid analysis has also revealed the existence of a single peak 
eluting immediately after lysine and before histidine and at 
identical position as that reported by Murray (1964) for 
IV'-methyllysine (Figure 7). We did not attempt to distinguish 
between mono- and dimethyllysine to precisely evaluate the 
amount of IV'-methyllysine. As it can be seen from Figure 
7, the majority of lysines in Physarum HI occur in non- 
methylated form. 

Pattern of Methylation of HI in Mitotic Cycle. Figure 8 
shows the NaDodS04 gel electrophoresis of alkaline phos- 
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phatase treated H1 isolated from the synchronously grown 
macroplasmodia taken at the same points in the mitotic cycle 
as those in Figure 3. It seems to be a precursor-product like 
relationship between the nonmethylated H1 (the fast-migrating 
L band) and the zero-phosphate band (the end product of 
dephosphorylation) of H1. The nonmethylated H1 seen at the 
highest concentration at the time of maximum DNA synthesis 
(lane D) is gradually moving upward on the gel, through the 
intermediate stages, to reach the position of the zerephosphate 
band by the second half of the G2 phase (lane F). 

From the data of Figures 3 and 8, it can be concluded that 
the newly synthesized histone H1 is deposited on DNA during 
the S phase in the nonmethylated form. The irreversible 
methylation of +NH2 groups of several of its lysines starts at 
the end or even after the S phase and continues until, by the 
second half of the G2 phase, 100% of the new H1 is totally 
methylated. 

DISCUSSION 
Phosphorylation of HI. The pattern of phosphorylation of 

Physarum H1 during the mitotic cycle has been a matter of 
concern over the past few years. Bradbury et al. (1974) re- 
ported a peak in H1 phosphorylation occurring shortly before 
metaphase. Later, Fischer & Laemmli (1980) using a ra- 
dioisotope labeling that allowed them to identify the newly 
synthesized and the old H1 on NaDodSO, gels confirmed the 
increase in the H1 phosphate content in prophase but failed 
to find any significant dephosphorylation of H1 either during 
or shortly after mitosis. By following the fate of radio 
phosphate incorporated into H1 in late G2 phase by two 
succesive mitosis, they also showed that during this prolonged 
chase there was only a gradual loss of radio phosphate at about 
50% per generation. Fischer and Laemmli concluded from 
their studies that since there was no significant dephospho- 
rylation following metaphase, the dephosphorylation of H 1 
can not be a prerequisite for chromosome condensation. 

In this study, we used two electrophoretic systems, the de- 
naturing NaDodSO, system and the nondenaturing acetic 
acid-urea system, to analyze the fate of the total, unlabeled 
H1 during the mitotic cycle. With the NaDodSO, system, 
we obtained virtually the same results as Fischer & Laemmli 
(1980) so we assumed that there was no need to repeat their 
radioisotope pulse-chase studies. However, the real picture 
of the phosphorylation of this same H1 could only be seen on 
the nondenaturing acetic acid-urea gel, which is sensitive to 
charge rather than conformational differences. Analyzing the 
fate of H1 by the acetic acid-urea gel electrophoresis and 
correlating it with the data from NaDodsO, gel electrophoresis 
(Figure 3, upper and lower panel) and the radioisotope chase 
experiment of Fischer & Laemmli (1980), we found the 
following pattern of the phosphorylation of H1 during the 8.5-h 
mitotic cycle. After the S phase (about 1.5 h after metaphase) 
the newly synthesized H1 becomes gradually phosphorylated 
accepting from 8 to 16 phosphates per molecule by the second 
half of the G2 phase (about 6.5 h after metaphase). Between 
the late G2 phase and prophase, all H1 molecules undergo 
mitotic superphosphorylation, accepting from 14 to 28 phos- 
phates per molecule. The upper limit of the number of 
phosphates may not be very accurate here; it is however worth 
noting that the unusually high number of phosphorylated sites 
in Physarum H1 has been also reported recently by Yasuda 
et al. (1984). H1 remains in the superphosphorylated state 
throughout the whole mitosis until the begining of DNA 
synthesis in the next S phase. From the early S phase (about 
0.5 h after metaphase) a gradual dephosphorylation occurs 
that however, removes only a part of phosphates from H1. It 

J E R Z M A N O W S K I  A N D  M A L E S Z E W S K I  

has still from about 8 to about 16 phosphates per molecule 
in the middle G2 phase and about that number of phosphates 
preserves up to the begining of the next mitotic super- 
phosphorylation. 

The above pattern is strictly consistent with the 50% loss 
of chased radio phosphate per generation reported by Fischer 
& Laemmli (1980). Due to the features of the NaDodSO, 
gel electrophoresis, Fischer & Laemmli could not precisely 
distinguish between the relatively high phosphate content in 
the G2 phase and the superphosphorylation of H1 in mitosis. 
The most important conclusions from the above picture are 
the following: (1) The phenomenon of cyclic, mitotic super- 
phosphorylation of H1 characteristic of the replicating mam- 
malian cells occurs also in the lower eukaryote Physarum. It 
is however superimposed on the unusually high level of the 
interphase phosphorylation of H1. ( 2 )  The phosphorylation 
of newly deposited H1 starts well after the end of S phase. 

Correlation between Methylation and Phosphorylation of 
H I .  This work shows for the first time that histone H1 can 
be modified in chromatin by the methylation of the t-NH2 
groups of lysines. The data obtained are consistent with the 
interpretation that the newly synthesized H1 is deposited onto 
DNA in the nonmethylated form. This is supported by the 
position of the new H1 on NaDodSO, gels in mitotic cycle 
studies (Figure 3), the pattern of H1 methylation in the mitotic 
cycle (Figure 8), and the experiments with labeling H1 with 
~-[methyl-~H]methionine (Figure 6). On the other hand, the 
lack of accumulation of the nonmethylated H1 during in vitro 
dephosphorylation of isolated Physarum H 1 with alkaline 
phosphatase (Figure 1) as well as the lack of label from 
[3H]methionine in already phosphorylated forms of H1 in 
cycloheximide-treated culture (Figure 6) is consistent with the 
assumption that the phosphorylation of H1 is preceded by its 
methylation. This is in agreement with the timing of me- 
thylation of the new H1 in the mitotic cycle (Figure 8). 
Similarly to phosphorylation, it occurs rather late in the cycle, 
between the end of S phase and a point somewhere in between 
the middle and the late G2 phase. The schematic interpre- 
tation of the data concerning the methylation and the phos- 
phorylation of H1 during the mitotic cycle is shown in Figure 
9. 

The mitotic cycle analysis indicates that methylation is 
irreversible and concerns all H1 molecules associated with 
DNA. In contrast to phosphorylation which yields at every 
point in the mitotic cycle a population of differently phos- 
phorylated H1 molecules, methylation seems to modify uni- 
formly all the molecules of H1 at least as far as the mobility 
in NaDodSO, gel electrophoresis is concerned. 

We have shown that the phosphorylation of multiple sites 
in Physarum H1 results in the formation of discrete classes 
as revealed by high-resolution NaDodSO, gel electrophoresis 
(Figure 3, upper panel, and Figure 4). Since the NaDodSO, 
gel electrophoresis does not separate proteins on the charge 
basis, it can be argued that these are the true conformational 
variants of H1. A relatively small number of conformational 
variants in comparison to the number of phosphorylated sites 
could mean that multiple phosphorylations are needed to bring 
about a unit conformational transition in Physarum H1. It 
is interesting that different conformational variants of Phy- 
sarum H1 coexist in chromatin at every stage of the mitotic 
cycle. It is perhaps worth noting that conformational variants 
of Physarum H1 show no less a difference in mobilities on 
NaDodSO, gel electrophoresis than the true sequence variants 
of calf thymus H1 (Figure 4). Whether different sequence 
variants of mammalian H1 and multiple conformational classes 
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FIGURE 9: Diagrammatic representation of postsynthetic modifications 
of histone H1 in the mitotic cycle of Physnrum. Hatched area 
represents the population of H1 molecules bearing different amounts 
of modifing groups. Dotted lines represent old and solid lines newly 
deposited H1. The upper level of phosphorylation may not be accurate. 

of the less sequentially heterogeneous Physarum H1 reflect 
two different evolutionary mechanisms aimed to reach the 
same goal can be of course only a matter of speculation. 

The unique postsynthetic methylation of H1 occurring in 
Physarum allows a clear distinction between the fate of old 
and new H1 in the mitotic cycle. The results of this work 
indicate that as far as postsynthetic modifications are con- 
cerned the old and the new H1 progress through the mitotic 
cycle via separate routes until the late G2 phase. It is only 
the massive mitotic superphosphorylation of already fully 
methylated H1 that seems to affect identically old and new 
H1. 

Distribution of Modifications in Histone H i .  It has been 
demonstrated that in Physarum H1 the phosphorylations 
(including the mitotic superphosphorylation) are mainly found 
in the large COOH-terminal fragment of the molecule (Figure 
5). The same could be true for methylation although this needs 
further studies with isotope labeling. These facts point to the 
importance of the proper conformation of the COOH-terminal 
fragment of H I  for its function in chromatin. It remains to 
be answered whether the high level of interphase phosphory- 
lation as well as the methylation of Physarum H1 does to some 
extent compensate for its abnormally high molecular weight 
(Mende et al., 1983). It should be noted that the repeat length 
of Physarum chromatin is not much different from that of 
mammalian chromatin (Johnson et al., 1976; Staron et al., 
1977). Still to be elucidated is the link between the mitotic 
superphosphorylation of H1 and chromatin condensation in 
mitosis. 

In the light of this work, Physarum offers considerable 
advantages in studying several of the above-mentioned prob- 
lems. The sequence variability of Physarum H1, if existent, 
is by far less pronounced than in mammalian systems, which 

makes the studying of the role of postsynthetic modifications 
much easier. The unusually high level of phosphorylation in 
Physarum H1 can also facilitate studies on the role of this 
modifications in H 1-DNA and H 1-protein interactions. 
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