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Abstract. Histone H1 is highly phosphorylated in 
transcriptionally active, amitotic macronuclei of Tetra- 
hymena during vegetative growth. However, the level 
of H1 phosphorylation changes dramatically in re- 
sponse to different physiological conditions. H1 is 
hyperphosphorylated in response to heat shock and 
during prezygotic stages of conjugation. Conversely, 
H1 is largely dephosphorylated during prolonged star- 
vation and during elimination of parental macronuclei 
during conjugation. Mapping of phosphorylation sites 
within HI indicates that phosphorylation occurs at 
multiple sites in the amino-terminal portion of the 
molecule, predominantly at threonine residues. Two of 
these sites have been identified by compositional anal- 
yses and microsequencing of tryptic peptides. Interest- 
ingly, two major sites contain the sequence Thr-Pro- 
Val-Lys similar to that contained in the sites recog- 
nized by growth-associated histone kinase in other 

organisms. No new sites are detected during the 
hyperphosphorylation of H1 which occurs during heat 
shock or in early stages of conjugation, and no sites 
are preferentially dephosphorylated during starvation 
or later stages of conjugation. Therefore, changes in 
the overall level of H1 phosphorylation, as opposed to 
phosphorylation or dephosphorylation at particular 
sites, appear to be important in the regulation of chro- 
matin structure under these physiological conditions. 
Further, since no cell division or DNA replication oc- 
curs under these conditions, changes in the level of H1 
phosphorylation are best correlated to changes in gene 
expression during heat shock, starvation, and conjuga- 
tion. We suggest that, at least in Tetrahymena, H1 
hyperphosphorylation is used as a rapid and transient 
mechanism for the cessation of transcription under 
conditions of cellular stress. 

H 
ISTONE H1 plays an important role in nucleosome 
structure as well as in the formation and maintenance 
of higher order chromatin structures (Allen et al., 

1980, 1986; Cole, 1984; Crane-Robinson, 1984; McGhee 
and Felsenfeld, 1980; Pederson et al., 1986; Simpson, 1978; 
Thoma and Koller, 1977; Thoma et al., 1979). Modulation 
of higher order chromatin structures through the association 
or disassociation of HI has been proposed as a mechanism for 
the regulation of several cellular processes including tran- 
scription and replication (Billings et al., 1979; Blumenfeld 
et al., 1978; Davie and Saunders, 1981; Hohmann, 1983; 
Kimura et al., 1983; Komaiko and Felsenfeld, 1985; New- 
rock et al., 1978; Reeves, 1984; Risdale and Cole, 1987; 
Schlissel and Brown, 1984; Weintraub, 1984, 1985). Such 
modulation could directly result from structural changes in 
the H1 molecule itself via posttranslational modifications that 
change the interaction of H1 with chromatin. 
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H1 is highly phosphorylated in a number of different cell 
types, ranging from protozoa to mammals (for review see 
Hohmann, 1983). Both the level and specific sites of phos- 
phorylation have been observed to change in response to de- 
velopment (Billings et al., 1979; Blumenfeld et al., 1978; 
Green and Poccia, 1985; Lennox et al., 1982; Newrock et al., 
1978; Talmadge and Blumenfeld, 1987) or the progression of 
the cell cycle (Ajiro et al., 1981a,b, 1983; Balhorn et al., 
1972; Bradbury et al., 1974a,b; Gurley et al., 1975, 1978a, 
b,c; Hohmann et al., 1975, 1976; Langan, 1982; Y nox and 
Cohen, 1983). Indeed, a hyperphosphorylation ot rll during 
mitosis in higher eukaryotes has led to the correlation of such 
phosphorylation with the condensation of mitotic chro- 
mosomes (Balhorn et al., 1972; Bradbury et al., 1974a,b; 
Gurley et al., 1975, 1978a,b,c; Inglis et al., 1976; Krystal and 
Poccia, 1981; Lake et al., 1972; Matsumoto et al., 1980; 
Paulson and Taylor, 1982; Tanphaichitr et al., 1976). How- 
ever, HI is phosphorylated at other times during the cell cycle 
(Ajiro et al., 1981a,b, 1983; Gurley et al., 1975, 1978a,b; 
Hohmann et al., 1975; Lennox et al., 1982) and in nuclei 
which do not divide mitotically (Allis and Gorovsky, 1981; 
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Talmadge and Blumenfeld, 1987). Therefore, phosphoryla- 
tion of H1 must serve other functions as well, possibly in the 
regulation of transcription or replication. 

The putative transcriptional and mitotic functions of H1 
phosphorylation have been physically separated in the 
ciliated protozoan Tetrahymena thermophila. Like other 
ciliated protozoans, Tetrahymena possess two nuclei (for re- 
view see Gorovsky, 1986). The macronucleus is transcrip- 
tionally active and provides all gene products necessary for 
the cell. The micronucleus is transcriptionally inactive dur- 
ing vegetative growth and functions as a germline nucleus. 
As well, these two nuclei differ in their mode of division. 
Micronuclei divide mitotically while macronuclei divide 
amitotically without overt condensation of chromatin. 
Therefore, in Tetrahymena, phosphorylation of proteins im- 
portant in the condensation of mitotic chromosomes should 
be restricted to the micronucleus, and phosphorylation of 
proteins related to transcriptional activity should be re- 
stricted to the macronucleus. 

The histone components of both macronuclei and micro- 
nuclei have been well characterized (Allis et al., 1979, 
1980a,b, 1984; Allis and Gorovsky, 1981; Allis and Wiggins, 
1984a,b; Bannon and Gorovsky, 1984; Chicoine et al., 
1984; Johmann and Gorovsky, 1976a,b). Both nuclei contain 
common core histones-H2A, H2B, H3, and H4. However, 
only macronuclei contain an H1 histone which shares some 
properties (size, solubility, and amino acid composition) 
with H1 from higher eukaryotes (Allis and Gorovsky, 1981; 
Gorovsky et al., 1974; Gorovsky and Keevert, 1975; Gorov- 
sky, 1986). The micronucleus contains a unique set of linker 
histones, termed alpha, beta, and gamma (Allis et al., 1979, 
1984; Allis and Wiggins, 1984a,b; Chicoine et al., 1984). 
Macronuclear-type H1 is highly phosphorylated in growing 
cells (Allis and Gorovsky, 1981), and the level of H1 phos- 
phorylation has been observed to change under a variety of 
physiological conditions. Upon starvation, H1 is largely de- 
phosphorylated (Allis and Gorovsky, 1981; Glover et al., 
1981). Subsequent heat shock of starved (or growing) cells 
results in a hyperphosphorylation of ill (Glover et al., 1981). 
Recent studies have shown that hyperphosphorylation of HI 
is observed to an even greater extent soon after starved cells 
of opposite mating type are mixed and induced to conjugate 
(Schulman et al., 1987). Later in the sexual cycle (7.5 h), H1 
is quantitatively dephosphorylated in parental macronuclei 
(Schulman et al., 1987). 

The nature and function of these physiological changes 
in H1 phosphorylation are not understood. However, they 
cannot be related to mitosis since macronuclei divide ami- 
totically. Further, cell division is arrested in starved, heat- 
shocked, and conjugating cells, and macronuclei do not 
undergo any significant DNA replication under these condi- 
tions (Allis et al., 1988; Doerder and Debault, 1975). There- 
fore, it seems probable that the dephosphorylation and 
hyperphosphorylation of HI observed under these condi- 
tions are related to changes in gene expression that occur 
during starvation, heat shock, and conjugation. 

To better understand the nature and regulation of these 
changes in HI phosphorylation, we have compared the sites 
of H1 phosphorylation under these physiological conditions. 
Our data indicate that H1 is phosphorylated at multiple sites 
within the amino-terminal 69 residues of the molecule, pre- 
dominantly at threonine residues. We have identified two ma- 

jor phosphorylation sites, both of which contain the se- 
quence Thr-Pro-Val-Lys. No new phosphorylation sites were 
observed during heat shock or in early stages of conjugation, 
and no sites were preferentially dephosphorylated during 
starvation or later in conjugation. We conclude, therefore, 
that changes in the level of phosphorylation within the popu- 
lation of H1 molecules occur via changes in the number of 
phosphorylated molecules and the number of phosphates per 
molecule. Further, phosphorylation (and dephosphoryla- 
tion) of HI occurs randomly at all sites. Possible conse- 
quences of these changes in H1 phosphorylation to chroma- 
tin structure and gene expression are discussed, and a 
comparison of the sites (both in sequence and location) of H1 
phosphorylation identified here are compared to those previ- 
ously identified in other organisms. 

Materials and Methods 

Cell Culture and Labeling with FzP]Phosphate 
Tetmtom~na thermophila strains CU427 (mpr/mpr-[6-mp-s]VI) and CU428 
(Chx/Chx-[cy-s]VID were grown under standard conditions as previously de- 
scribed (Gorovsky et al., 1975). To label cells with [32p]phosphate, shaking 
cultures (approximate density of 250,000 cells/ml) were harvested by centrifu- 
gation at 1,200 g and were resuspended in 10 mM Tris/HCl, pH 7.4, contain- 
ing 10 I.tCi/ml [32p]phosphate (ICN K & K Laboratories, Inc., Plainview, 
NY). After 2.5 h gentle shaking at 30°C, cells were either returned to food 
for a brief (l-h) recovery period followed by nuclei preparation or were trans- 
ferred to fresh Tris without label for overnight starvation. Little growth oc- 
curred during starvation so that the density of starved cells was typically 
250,000-300,000 cells/ml. Cells were starved for 16-24 h at 30°C with gentle 
agitation, and they were then either harvested for the preparation of nuclei 
or transferred to fresh Tris prewarmed to 41°C for 1 h of heat shock. After 
1 h at 41°C, heat-shocked cells were also harvested for nuclei preparation. 

Conjugation of cells was performed as previously described (Bruns and 
Brussard, 1974). Cells to be mated were starved in 10 mM Tris, pH 7.4 
(200,000 cells/ml), containing 10 p.Ci/ml [32p]phosphate without shaking 
at 30°C for 12-24 h. Equal numbers of cells of opposite mating type were 
mixed, and mating cells were harvested for nuclei preparation at either 3 
or 7.5 h after mixing. More than 90% pairing of mating cells was observed 
in all experiments. 

Nuclei Preparation and Extraction of Histones 
Macronuclei were isolated as described by Gorovsky et al. (1975) except that 
the isolation buffer (Medium A) did not contain spermidine but did contain 
10 mM Tris/HCl, pH Z0, 1 mM iodoacetamide, 1 mM PMSE and 10 mM 
butyrate. Histones were extracted in 0.4 N H2SO4 and subsequently frac- 
tionated with PCA as previously described (Schulman et al., 1987). 

PAGE and Electroelution of ill 
PCA-soluble macronuclear proteins were separated preparatively on 22 % 
polyacrylamide-SDS gels as previously described (Allis et al., 1979, 
1980a,b). After electrophoresis, gels were briefly stained and destained, 
and the bands corresponding to HI were excised and subjected to electroelu- 
tion (Hunkapillar et al., 1983). Electroeluted H1 was dried under vacuum, 
resuspended in 0.1 ml of H20, and precipitated by the addition of 1.0 ml of 
95 % ethanol prechilled to -20°C. After several hours at -20°C, the protein 
precipitate was collected by centrifugation at 12,000 g and dried under 
vacuum. Precipitation with ethanol was typically repeated at least three 
times to remove residual SDS before subsequent chemical or enzymatic 
analyses. 

Acid urea polyacrylamide electrophoresis was performed as previously 
described (Allis et al., 1979, 1980a,b). 

Cleavage by Cyanogen Bromide 
Electroeluted HI was dissolved in 70% formic acid containing 20 mg/ml 
cyanogen bromide. Control reactions were performed in 70% formic acid 
alone. Reactions proceeded for 36-48 h in the dark at 22°C, and were then 
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dried under vacuum and subjected to SDS electrophoresis as described 
above. In some cases, cyanogen bromide cleavages were performed on HI 
bands excised from SDS gels without ele~troelution. Gel pieces were rinsed 
several times in 62 mM Tris/HCl, pH 6.8, and then immersed in either for- 
mic acid or formic acid containing cyanogen bromide. Reactions were per- 
formed as above. HI and cyanogen bromide cleavage products were released 
from the gel pieces during the course of the reaction. After the reaction, 
gel pieces were removed and discarded, and the reaction liquid was dried 
under vacuum. To remove residual acid, dried reaction products were typi- 
cally washed once in acidified acetone and once in acetone and redried be- 
fore SDS electrophoresis. 

Phosphoamino Acid Analysis 
[32p]Phosphate-labeled HI was excised and electroeluted from SDS-POly- 
acrylamide gels as described above. Eluted protein was washed several 
times in ethanol at -20°C to remove residual SDS, dried under vacuum, 
and dissolved in 5.7 M HCI. Hydrolysis was performed in vacuum-sealed 
tubes under nitrogen at 110°C for 2 h. After hydrolysis, samples were dried, 
dissolved in TLC buffer (11:10:370 acetic acid/formic acid/H20) and spotted 
onto Avicel (Analtech Inc., Newark, DE) thin layer chromatography plates 
with phosphoserine and phosphothreonine standards. Chromatography was 
performed for 1.5 h at 800 V in the above buffer. Phospboserine and phos- 
phothreonine standards were visualized by staining with ninhydrin, and 
[32p]phosphate-labeled amino acids were detected by autoradiography. 

Tryptic Digestions 

Electroeluted HI was dissolved in fresh 0.1% ammonium bicarbonate and 
L-1-P-tosylamino-2-phenylethyl chloromethyl ketone (TPCK)-treated tryp- 
sin was added to a final concentration of 0.1-0.2 mg/ml. Digestions were 
performed at 37°C for 16-24 h. Digestion products were then dried under 
vacuum, dissolved in H20/0.1% trifluoracetic acid, and subjected either to 
reverse-phase HPLC using a C8 analytical column (Aqnapore octyl-RP300; 
Brownlee Labs, Santa Clara, CA) with a linear gradient of 0-25% acetoni- 
trile/0.1% trifluoroacetic acid in 60 min, or to alkaline electrophoresis (West 
et al., "1984) followed by autoradiography. HPLC-purified phosphopeptides 
were subsequently subjected to microsequencing as previously described 
(Allis et al., 1986) except that the derivatives were identified by HPLC using 
a phenylthiohydantoin analyzer (model 120A; Applied Biosystems, Inc., 
Foster City, CA). 

Results 

Physiological Changes in H1 Phosphorylation 

To compare known physiological changes in H1 phosphory- 
lation (Allis and Gorovsky, 1981; Glover et al., 1981; Schul- 
man et al., 1987), H1 molecules isolated from vegetatively 
growing, starved, heat-shocked, or conjugating cells were 
examined electrophoretically (Fig. 1). Different phosphor- 
ylated forms of H1 are easily separated by electrophoresis in 
acid urea or SDS-polyacrylamide gels. At least five different 
phosphorylated forms of H1 are resolved by acid urea PAGE 
(Fig. 1 A). [32p]Phosphate-labeling experiments indicate 
that the fastest migrating species in this gel system carries no 
phosphate, and that slower migrating forms of H1 contain in- 
creasing amounts of phosphate in accordance with previ- 
ously published reports (Glover et al., 1981). All phos- 
phorylated forms of HI are present in growing cells (Fig. 1, 
GR), and most molecules carry at least some phosphate as 
indicated by the underrepresentation of the fastest migrating, 
dephosphorylated form of H1 in these cells. However, after 
prolonged starvation (24-30 h), the less phosphorylated and 
dephosphorylated forms of H1 predominate, indicating that 
massive dephosphorylation of H1 has occurred (Fig. 1, ST). 
Subsequent heat shock of starved cells results in a striking 
shift in the mass of H1 to more highly phosphorylated forms 
(Fig. 1, HS). This same shift is observed to an even greater 
extent 3 h after starved cells of opposite mating type are 

Figure 1. Physiological changes 
in levels of H1 phosphoryla- 
tion. PCA-soluble histones ex- 
tracted from growing (GR), 
starved (ST), heat-shocked 
(HS), and mating cells at 3 
(MAT3.0) or 7.5 (MAT 7.5) h 
were directly compared by 

electrophoresis in either (A) acid urea or (B) SDS-polyacrylamide 
gel systems. Only the HI regions of the stained gels are shown. Ar- 
rowheads point to different phosphorylated forms of H1 separated 
by these electrophoretic systems. The dephosphorylated form of H1 
is the fastest migrating species in both gel systems. 

mixed and allowed to conjugate (Fig. 1, MAT3.0). Later in 
the sexual cycle (7.5 h after mixing), however, an almost 
quantitative dephosphorylation of HI is observed (Fig. 1, 
Mat 7.5). 

These shifts in H1 phosphorylation are also observed 
when H1 molecules are subjected to SDS-PAGE (Fig. 1 B). 
At least four electrophoretic forms of H1 are typically 
resolved by electrophoresis in SDS, and increased phos- 
phorylation leads to a decreased mobility in this gel system 
as in the acid urea gel system (Allis and Gorovsky, 1981; 
Glover et al., 1981). As reported by others (Billings et al., 
1979; Lennox and Cohen, 1983), this decreased mobility in 
SDS gels is consistent with a change in either the conforma- 
tion or the distribution of local charge densities (or both) of 
the phosphorylated H1 molecule. To understand the nature 
of these changes and to possibly correlate differences in the 
phosphorylation of H1 molecules to different physiological 
conditions, the individual sites of H1 phosphorylation were 
examined as described below. 

Cleavage of ill with Cyanogen Bromide 
The gene encoding Tetrahymena thermophila H1 has been 
cloned and sequenced (Wu et al., 1986), and the predicted 
amino acid sequence is shown in Fig. 2. A single methionine 

I0 
NE 2 - Ala Pro Arg Ser Set Thr Set LyS Ser AIa 

30 
Pro lle Lye Lya Ala lle Ala Lys Lye Asp 

Ala Set Ala Set Thr Thr Pro Val Lys Lys 

Lys Lys Ile HIs Lys Thr Lys Thr Lys 

90 
His Ala Ala Ala Gly Asp Lys Lya Leu Set 

110 
Lys Ala 11e Asu Pro G1y Lys Lye Ala Ala 

130 
Lys Lye Asp Ash Lye Thr Ala Ly8 Lya Glu 

150 
Glu Ala Lys Ly8 Glu Thr Lys Pro Ala Lye 

20 
Thr Er~ Glu Lys Lys Asp His Lye Lys A1a 

40 
Tar Lya Pro Tar Pro Thr Lye Gly Lys Ala 

Asp Val Thr Pro Val LyB Ala Asp Thr Lys 

8O 
Glu Thr Val Set Asp Ala Lys Lys Thr Val 

100 
Lye Lys At 8 Pro Ala Lys Glu Ala Ala Lys 

120 
Ala Gin Pro Lys Set Thr Lys Lys Glu Val 

L40 
Thr Lys Lys Asp HIs Lya Pro Ala Lys Lys 

160 
Lys Asp Ala Lys Lys Set Set Ly6 Pro Ala 

Lys Lya , M i l l  - CO011 

Figure 2. Amino acid sequence and phosphorylation sites in Tetra- 
hymena thermophila H1. The amino acid sequence of H1 as deter- 
mined by Wu et al. (1986) is depicted in three-letter amino acid 
code. An arrow points to the single methionine residue and amino- 
terminal serine- and threonine-containing tryptic peptides are 
underlined. The Thr-Pro-Val-Lys motif present in the two peptides 
identified by microsequencing is indicated by asterisks. 
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Figure 3. (A) Cyanogen bromide cleavage of HI. 32P-labeled H1 isolated from growing cells was cleaved with cyanogen bromide in solu- 
tion as described in Materials and Methods. Intact H1 ( - )  and cleavage products (+) were separated by SDS electrophoresis and visualized 
by staining the gel with Coomassie Blue (I). The two +'s above each panel refer to low (1 mg/ml) and high (20 mg/ml) concentrations 
of cyanogen bromide (CNBr). Phosphorylated fragments were identified by autoradiography of the stained gel (I1). Fragments generated 
by CNBr cleavage of phosphatase-treated H1 are displayed in IlL Phosphatase treatment efficiently removes all 32P-label from HI under 
the conditions described by Glover et al. (1981). Therefore, no autoradiogram of the gel shown in III is presented. The arrowheads indicate 
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residue at position 69 provides a convenient site for cyanogen 
bromide cleavage. Cleavage of H1 at this residue yields two 
fragments, corresponding to the amino-terminal (69 residues) 
and carboxy-terminal (94 residues) portions of the molecule. 

Products from cyanogen bromide cleavage of H1 isolated 
from growing cells labeled with [3:p]phosphate are dis- 
played by SDS electrophoresis in Fig. 3 A. The intact mol- 
ecule is split into a discrete band (Fig. 3, arrowheads) and 
a faster migrating, heterogeneous set of bands (Fig. 3, 
brackets). The larger discrete cyanogen bromide fragment 
has been previously identified as the carboxy-terminal frag- 
ment by microsequencing (Wu et al., 1986), indicating that 
the collection of faster migrating bands represent the amino- 
terminal portion of the molecule. The etectrophoretic hetero- 
geneity of this fragment is similar to that observed for the 
intact phosphorylated H1 molecule, suggesting that these 
heterogeneous bands represent different phosphorylated 
forms of the amino-terminal fragment. The lack of elec- 
trophoretic heterogeneity in the carboxy-terminal fragment 
suggests that this fragment is not phosphorylated. Indeed, 
autoradiography of the gel shown in Fig. 3 A reveals that the 
discrete carboxy-terminal fragment carries no phosphate 
(Fig. 3 A, II). As expected, phosphate is distributed exclu- 
sively among the amino-terminal fragment bands. That these 
heterogeneous bands represent direct phosphorylation of the 
amino-terminal fragment (rather than poly-ADP-ribosyla- 
tion, for example) is further demonstrated in Fig. 3 A. Treat- 
ment of the intact H1 molecule with phosphatase results in 
complete reduction of the electrophoretic heterogeneity of 
this molecule, such that a single band corresponding to the 
dephosphorylated form of H1 is observed on SDS gels (com- 
pare intact H1 in Fig. 3 A, I to that in 3 A, III). Subsequent 
cleavage of the dephosphorylated molecule with cyanogen 
bromide results in two discrete fragments. The larger, 
carboxy-terminal fragment exhibits the same relative mobil- 
ity as that generated from phosphorylated HI. However, 
upon phosphatase treatment the heterogeneity associated 
with the amino-terminal fragment of phosphorylated H1 is 
completely removed, resulting in a single band with a mobil- 
ity slightly faster than that of the fastest migrating (phos- 
phorylated) form seen in Figure 3 A, I or 3 A, H (Fig. 3 A, 
III, star). These data indicate that phosphate is localized ex- 
clusively to the amino-terminal half of H1 in growing cells. 

To determine whether the carboxy-terminal fragment is 
phosphorylated during the hyperphosphorylation of HI ob- 
served during heat shock or early in the sexual cycle (3 h), 
[32p]phosphate-labeled H1 was isolated from cells grown 
under these physiological conditions and subjected to cyano- 
gen bromide cleavage (Fig. 3 B). For comparison, dephos- 
phorylated H1 (Fig. 1) was isolated from starved cells and 

from cells 7.5 h after the initiation of the sexual cycle. As 
seen in Fig. 3 B, I, cyanogen bromide cleavage of HI from 
heat-shocked and early conjugating ceils yielded fragments 
very similar to those generated from H1 from growing cells. 
Heterogeneous bands corresponding to the amino-terminal 
fragment were observed (Fig. 3 B, brackets), but they ex- 
hibited a slightly slower mobility due to the increased phos- 
phorylation of H1 under these conditions. Cleavage of H1 
molecules from starved cells or from cells after 7.5 h of con- 
jugation yielded two discrete fragments (Fig. 3 B, stars) con- 
sistent with dephosphorylation of H1 observed under these 
conditions. Under no condition was the carboxy-terminal 
fragment (Fig. 3 B, I, arrowheads) observed to be labeled 
(Fig. 3 B, H). Thus, even under conditions where H1 is max- 
imally phosphorylated, all phosphate is associated exclu- 
sively with the amino-terminal fragment. 

Phosphoamino Acid Analysis 

The amino-terminal cyanogen bromide fragment of H1 con- 
rains 6 serine and 11 threonine residues (Fig. 2), providing 
17 different possible sites of phosphorylation. No tyrosine 
residues are present in the entire molecule. To determine 
whether serine or threonine residues are used differentially 
as phosphate acceptors under the different physiological con- 
ditions described above, phosphoamino acid analysis was 
performed (Fig. 4). 

[32P]Phosphate-labeled H1 was isolated from cells under 
different physiological conditions and was subjected to acid 
hydrolysis and thin layer chromatography. The position of 
nonradioactive phosphoserine and phosphothreonine stan- 
dards (included in each sample as mobility markers) was de- 
termined by staining the chromatograph with ninhydrin, and 
phosphoamino acids were detected by autoradiography. Typ- 
ical results from these experiments are shown in Fig. 4. Un- 
like H1 from higher eukaryotes, phosphothreonine is the ma- 
jor phosphoamino acid derived from H1 under all of the 
physiological conditions examined. Phosphoserine is used to 
a much more limited extent, but was observed in all samples 
upon longer exposures of the autoradiograms. 

Analysis of  Tryptic Phosphopeptides 

The 11 threonine and 6 serine residues in the amino-terminal 
half of the H1 molecule are predicted to reside in nine pep- 
tides generated by complete tryptic digestion of the H1 mole- 
cule according to the sequence presented in Fig. 2. To further 
localize the actual sites of H1 phosphorylation and to com- 
pare use of phosphorylation sites in H1 under different physi- 
ological conditions, tryptic mapping of H1 phosphopeptides 
was performed. 32p-labeled H1 was isolated from growing, 

the band corresponding to the carboxy-terminal cyanogen bromide fragment, and the brackets enclose heterogeneously migrating amino- 
terminal fragments. The star in 1II indicates the band corresponding to the dephosphorylated amino-terminal fragment. All samples were 
subjected to electrophoresis in the same gel. (B) Cyanogen bromide cleavage of HI isolated under different physiological conditions. Prod- 
ucts from H1 isolated from growing (GR), starved (ST), heat-shocked (HS), 3-h mating (MAT3.0), and 7.5-h mating (MAT 7.5) cells are 
displayed by SDS electrophoresis as in A. In this experiment, however, cyanogen bromide cleavage of H1 was performed in gel slices (+) 
as described in Materials and Methods. The position of intact HI is indicated. Because of limiting amounts of isolated HI, fivefold less 
material was used in the control ( - )  reactions. Cleavage of H1 was never observed in the absence of cyanogen bromide. Arrowheads and 
brackets indicate the position of the carboxy- and amino-terminal CNBr fragments, respectively, as in A. The stars denote the dephosphory- 
lated amino-terminal fragment generated from cleavage of H1 isolated from starved and 7.5-h mating cells. The stained gel is shown in 
I, and the autoradiogram of this gel is shown in H. 
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Figure 4. Phosphoamino acid analysis of H1 isolated from different physiological states. 32p-labeled HI molecules isolated from cells 
grown under the indicated physiological conditions were hydrolyzed, and phosphoamino acids were separated by thin layer chromatography 
with phosphothreonine (PO4-Thr) and phosphoserine (PO4-Ser) standards. Positions of standards were visualized by staining with nin- 
hydrin (e.g., see the first lane labeled stain). 32P-labeled amino acids and free phosphate (PO4) released by hydrolysis were detected by 
autoradiography of the chromatograms (lanes 1-5). All samples analyzed were labeled in the same experiment, and all except the sample 
from growing cells were analyzed on the same chromatogram. Chromatograms were aligned by the migration of phosphothreonine and 
phosphoserine standards. More material ('~10-fold) derived from starved cells was loaded onto the chmmatogram resulting in a stronger 
autoradiographic signal (lane 2). The autoradiographic signal in one sample (lane 4) is unusually weak due to loss of H1 during etectroelution 
from the gel. 

starved, heat-shocked, or conjugating cells and was digested 
exhaustively with trypsin. Tryptic phosphopeptides were 
subsequently separated (by differences in size and charge) by 
alkaline electrophoresis (West et al., 1984) and visualized by 
autoradiography. Typical results from such experiments are 
shown in Fig. 5. 

11 phosphorylated bands were resolved from tryptic di- 
gests of H1 from growing cells (Fig. 5, GR). At least some 
of the observed bands represent different phosphorylated 
forms of the same peptide. For example, microsequencing of 
the two slowest migrating bands (Fig. 5, bands a and b) re- 
vealed that both bands represent a peptide with the sequence 
Ala-Ala-Ser-Ala-Ser-Thr-Thr-Pro-Val-Lys (Fig. 2, residues 
40-49). The position of the phosphate within this peptide is 
unknown, but the two phosphorylated bands in Fig. 5 must 
represent different phosphorylated forms (either in the num- 
ber or position of phosphorylated residues) of this sequence. 
Only one other peptide was successfully purified and sub- 
jected to microsequencing (Fig. 5, band c). This peptide 
was identified as residues 51-56 with the sequence Asp-Val- 
Thr-Pro-Val-Lys. Phosphorylation must occur at the single 
threonine residue within this peptide. Both phosphotryptic 
fragments identified contain the sequence Thr-Pro-Val-Lys, 
similar to sites phosphorylated by H1 kinases from higher 
eukaryotes (Masaracchia et al., 1979; Ajiro et al., 1981b; 
Cicirelli et al., 1988). 

The dramatic shifts in HI phosphorylation observed dur- 
ing starvation, heat shock, and conjugation (Fig. 1) could re- 
sult from differential use of individual phosphorylation sites 
under these physiological conditions, and some changes in 
the intensities of individual bands were repeatedly observed. 

For example, one of the most highly labeled bands generated 
from HI isolated from growing cells (Fig. 5, band c) is 
greatly diminished in the digests of the hyperphosphorylated 
H1 molecules. More striking, however, is the fact that the 
same set of 11 phosphorylated bands was consistently gener- 
ated from tryptic digests of H1 isolated from growing, 
starved, heat-shocked, or conjugating cells. The overall 
similarity in the patterns of the tryptic maps of H1 isolated 
under these conditions indicates that the same set of peptides 
is phosphorylated under these various conditions of cell 
growth. That is, no new sites were observed after hyper- 
phosphorylation of H1 during heat shock or early in conjuga- 
tion, and no sites were preferentially dephosphorylated dur- 
ing starvation or later in conjugation. The absence of new 
sites of phosphorylation during heat shock and early conju- 
gation, and the apparent random use of phosphorylation sites 
indicate that overall changes in the level of phosphorylation 
within the population of H1 molecules are more important 
to changes in chromatin structure under different physiologi- 
cal conditions than is phosphorylation or dephosphorylation 
at any particular site. The almost quantitative conversion of 
the H1 population to hyperphosphorylated or dephosphory- 
lated forms in response to different physiological conditions 
(Fig. 1) suggests that H1 phosphorylation is related to large- 
scale changes in higher order chromatin structure under 
these conditions. 

Discussion 

The changes in H1 phosphorylation which occur in the ami- 
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Figure 5. Electrophoretic analysis of 
tryptic phosphopeptides. Tryptic phos- 
phopeptides generated by cleavage of 
H1 molecules isolated from cells in 
various physiological states were sepa- 
rated by electrophoresis in 40% alka- 
line acrylamide gels as described by 
West et al. (1984) and visualized by au- 
toradiography. 11 labeled bands were 
resolved, as indicated by arrowheads. 
Those peptides identified by micro- 
sequencing are labeled a, b, and c. The 
identity and relatedness of the other 
bands observed have not been deter- 
mined because of our inability to sepa- 
rate them chromatographically. 

totic macronucleus of Tetrahymena under the physiological 
conditions described in this paper (in which DNA replica- 
tion and cell division do not occur) are best correlated to 
changes in gene expression. Hyperphosphorylation of HI in 
Tetrahymena is induced during heat shock and early in conju- 
gation. Both are conditions in which the cell is likely to be 
decreasing the expression of many growth-related genes and 
increasing the expression of specialized gene sets (Schulman 
et al., 1987). The hyperphosphorylation of H1, then, could 
be related to either the increased expression of these few 
genes or the decreased expression of other genes. Given the 
extent of the hyperphosphorylation that occurs, we tend to 
favor the latter hypothesis. In this regard, it is worth noting 
that mitotic hyperphosphorylation of H1 in other organisms 
might be related to the shut off of gene expression which oc- 

curs during mitosis rather than the condensation of chromo- 
somes (Paulson and Taylor, 1982). This idea is supported by 
studies of early sea urchin embryos in which the hyperphos- 
phorylation of HI during mitosis was uncoupled from 
chromosome condensation (Krystal and Poccia, 1981). Mi- 
totic phosphorylation of other chromatin-bound proteins, 
such as HMG 14, may also be involved in the cessation of 
transcription during mitosis (Krystal and Poccia, 1981). 

Given that reduced gene expression occurs during starva- 
tion in Tetrahymena (Calzone et al., 1983; Martindale and 
Bruns, 1983; Martindale et al., 1985, 1987), one might ex- 
pect hyperphosphorylation of H1 to occur under these condi- 
tions as well if phosphorylation is related to an overall de- 
crease in gene expression and if such decreases are regulated 
transcriptionally. However, H1 is largely dephosphorylated 
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in these cells (Fig. 1). Unlike heat-shocked or early conjugat- 
ing cells, however, gene expression has been reduced in 
starved cells for prolonged periods (",~24 h in our experi- 
ments). Perhaps hyperphosphorylation of H1 is used primar- 
ily by the cell as a mechanism for the immediate cessation 
of transcription under conditions of cellular stress but either 
cannot be maintained for prolonged periods or is not needed 
once the cell has adapted to stress. In support of this hypothe- 
sis, we have observed that H1 is no longer hyperphos- 
phorylated in cells subjected to heat shock for 24 h (data not 
shown). Starvation itself is a stress upon the cell, and H1 
might be predicted to be hyperphosphorylated soon after 
cells are subjected to starvation conditions. Indeed, H1 is hy- 
perphosphorylated from 1 to 2.5 h after the initiation of star- 
vation and is progressively dephosphorylated after this time 
(data not shown). The timing of this H1 hyperphosphoryla- 
tion closely coincides with the rapid decrease in gene expres- 
sion that occurs within the first 2 h of starvation (Martindale 
et al., 1985), further indicating that hyperphosphorylation of 
Tetrahymena H1 may be related to the rapid and transient ces- 
sation of general cellular gene expression in response to 
stress. The subsequent dephosphorylation of H1 after 
prolonged starvation or heat shock, then, may be related to 
the adaptation of the cell to stressful conditions and the 
resumption of some normal (nonstress-related) cellular ac- 
tivities. Synthesis of non-heat-shock proteins, for example, 
has been observed to resume after prolonged heat shock 
(Hallberg et al., 1984, 1985; Kraus et al., 1987). 

Parental macronuclei are destined for destruction late in 
the sexual cycle, a time when striking dephosphorylation of 
H1 is also observed (Fig. 1, MAT 7.5). Transcription is rap- 
idly abolished in parental macronuclei during this stage as 
well (Wenkert and Allis, 1984). Ultrastructural studies 
(Weiske-Benner and Eckert, 1987) have shown that this nu- 
cleus undergoes vast morphological changes, and biochemi- 
cal analyses have detected widespread proteolytic degrada- 
tion of core histones and other nuclear proteins, indicating 
a general destruction of chromatin structure (Allis et al., 
1984; Allis and Wiggins, 1984a,b). The dephosphorylation 
of H1 and the lack of transcription in these nuclei, then, may 
be simply a consequence of these irreversible destructive 
events. 

We have determined that phosphorylation occurs at multi- 
ple sites within the amino-terminal portion of the H1 mole- 
cule and have localized two of these sites by sequence. Re- 
cently, Hayashi et al. (1987) reported the complete H1 
protein sequence in Tetrahymena pyriformis and identified 
five phosphorylation sites within this molecule. A compari- 
son of the sequence of phosphorylated tryptic peptides from 
Tetrahymena thermophila and T. pyriformis is presented in 
Table I. Sequence differences between the two H1 molecules 
have led to differences in their sites of phosphorylation. Of 
the five phosphorylation sites identified in T. pyriformis, only 
two (residues 33-38 and 42-51) have sequences similar to 
corresponding (putative) sites in T. thermophila (residues 
33-37 and 40-49). In contrast to the lack of phosphorylation 
in the carboxy-terminal portion of T. thermophila H1, T. 
pyriformis H1 is phosphorylated at two carboxy-terminal 
sites. Interestingly, the two phosphorylation sites that we 
have localized in T. thermophila H1 contain the sequence 
Thr-Pro-Val-Lys (residues 46-49 and 53-56), and a related 
sequence Thr-Pro-Thr-Lys is found at a third (putative) site 
(residues 34-37). Similar sequences are found in two of the 
T. pyriformis phosphorylation sites, Thr-Pro-Val-Lys (resi- 
dues 35-38) and Thr-Pro-Ile-Lys (residues 48-51). This se- 
quence has been identified as a growth-associated histone 
kinase phosphorylation site in HI from higher eukaryotes 
(Ajiro et al., 1981b; Cicirelli et al., 1988; Masaracchia et al., 
1979) and is similar to a consensus phosphorylation site for 
H1 histones, Lys-Ser/Thr-Pro-Lys (Hohmann, 1983). 

Given the amount of divergence which has occurred in H1 
between two strains of Tetrahymena (Table I), it is perhaps 
not surprising that Tetrahymena H1 has a different primary 
structure than H1 molecules from higher organisms. Signifi- 
cant sequence divergence is evident. Tetrahymena H1 is 
smaller than most other H1 molecules and appears to lack 
a generally conserved, central globular domain present in 
other Hrs (Allan et al., 1986; Crane-Robinson, 1984; Haya- 
shi et al., 1987; Wu et al., 1986). These differences make 
it difficult to relate the positions of phosphorylation sites 
within Tetrahymena Hrs to those identified in other organ- 
isms. In higher eukaryotes, H1 phosphorylation usually oc- 
curs at specific sites near the amino terminal or the carboxy 
terminal of the molecule but not in the central globular do- 

Table L Comparison of Phosphorylation Sites in Histone HI in Tetrahymena Thermophila and Tetrahymena Pyriformis* 

Species Sequence~: Phosphorylation 

T. thermophila 33Pro Thr Pro Thr Lys 3~ ?§ 
T. pyriformis 33Ser Thr  Thr Pro Val Lys 38 + 
T. thermophila ---38Gly Lys 39 
T. pyriformis 39Thr Ser Lys 41 + 
T. thermophila 4°Ala Ala Ser Ala Ser Thr Thr Pro Val Lys 49 + 
T. pyriformis 42Ala Ala Pro Ala Ser Thr  Thr Pro Ile Lys 51 + 
T. thermophila 51Asp Val Thr Pro Val Lys ~6 + 
7". pyriformis 52Asp Thr  Thr Pro Val Lys s7 - 
T. thermophilall S3Ala Ala Gly Asp Lys 87 - 
T. pyriformis 8~Ser Ala Gly Asp Lys ~7 + 
T. thermophilabl 115Ser Thr  Lys m 
T. pyriformis lt7Thr Ala Lys 119 + 

* Pyriformis sequence and phosphorylation sites from Hayashi et al. (1987). 
:~ Sequence location is indicated by superscripts. 
§ Phosphorylation of this peptide in T. thermophila has not been determined. 
II Residues in the carboxy-terminal portion (70-163) of T. thermophila HI are not phosphorylated (Fig. 3). 
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main (Hohmann, 1983). Tetrahymena H1 is unique in that 
phosphorylation occurs predominantly (and, in T. ther- 
mophila, exclusively) in the amino terminus of the molecule. 
Also, most other Hrs are phosphorylated predominantly at 
serine residues, rather than threonine as in T. thermophila. 
The implications of these differences in HI structure are not 
understood but may be related to the fact that in Tetrahymena 
H1 does not participate in mitosis-related chromatin conden- 
sation. 

Although early studies of HI phosphorylation in hamster 
cells indicated that particular sites within H1 were phos- 
phorylated at specific times during the cell cycle (Gurley et 
al., 1975, 1978a,b,c; Hohmann et al., 1975, 1976), more re- 
cent studies in other cell types indicate that the order of 
phosphorylation-site use is not generally progessive (Hoh- 
mann, 1983). Instead, the proportion of phosphorylated 
molecules together with the number of phosphates per mole- 
cule change during the cell cycle (Ajiro et al., 1981a,b, 1983; 
Langan, 1982) similar to the changes we have observed in 
this paper under different physiological conditions. To un- 
derstand how these changes in the overall level of H1 phos- 
phorylation are regulated, it is necessary to understand the 
activities responsible for the phosphorylation and dephos- 
phorylation of HI. We have recently begun to characterize 
these enzymes in vitro and to monitor changes in their syn- 
thesis or activity in response to different physiological condi- 
tions. Future studies should reveal the ways in which these 
enzymes are regulated and how they interact to affect changes 
in chromatin structure through modification of the phos- 
phorylation state of histone HI. 

We thank Drs. L. Yeoman and P. K. Chan for advice and technical as- 
sistance in the analysis of phosphoamino acids. We also thank Dr. P. Bruns 
for providing genetically marked Tetrahymena thermophila strains used in 
these studies. We are grateful to Kirsten Cerr6 for technical assistance with 
the growth of cells and isolation of nuclei. 

This work was supported by a National Institutes of Health (NIH) grant 
(HD16259) to C. D. Allis and an NIH postdoctoral fellowship (GM10864) 
to S. Y. Roth. 

Received for publication 20 June 1988, and in revised form 29 August 1988. 

References 

Ajiro, K., T. W. Borun, and L. H. Cohen. 1981a. Phosphorylation states of 
different histone 1 subtypes and their relationship to chromatin function dur- 
ing the HeLa S-3 cell cycle. Biochemistry. 20:1445-1454. 

Ajiro, K., T. W. Borun, S. D. Schulman, G. M. McFadden, L. H. Cohen. 
1981 b. Comparison of the structures of human histones 1A and I B and their 
intramolecular phosphorylation sites during the HeLa S-3 cell cycle. Bio- 
chemistry. 20:1454-1464. 

Ajiro, K., T. Nishimoto, and T. Takahashi. 1983. Historic HI and H3 phos- 
phorylation during premature chromosome condensation in a temperature- 
sensitive mutant (tsBN2) of baby hamster kidney cells. J. Biol. Chem. 258: 
4534-4538. 

Allan, J., P. G. Hartman, C. Crane-Robinson, and F. X. Avilles. 1980. The 
structure of histone HI and its location in chromatin. Nature (Lond.). 288: 
675-679. 

Allan, .I., T. Mitchell, N. Harborne, L. Bohm, and C. Crane-Robinson. 1986. 
Roles of HI domains in determining higher order chromatin structure and 
H1 location. J. Mol. Biol. 187:591-601. 

Allis, C. D., and M. A. Gorovsky. 1981. Histone phosphorylation in macro- 
and micronuclei of Tetrahymena thermophila. Biochemistry. 20:3828-3833. 

Allis, C. D., and J. C. Wiggins. 1984a. Histone rearrangement accompany nu- 
clear differentiation and dedifferentiation in Tetrahymena. Dev. Biol. 101: 
282-294. 

Allis, C. D., and J. C. Wiggins. 1984b. Proteolytic processing of micronuclear 
H3 and histone phosphorylation during conjugation in Tetrahymena ther- 
mophila. Exp. Cell Res. 153:287-298. 

Allis, C. D., C. V. C. Glover, and M. A. Gorovsky. 1979. Micronuclei of 
Tetrahymena contain two types of histone H3. Proc. Natl. Acad. Sci. USA. 

76:4857-4862. 
Allis, C. D., J. K. Bowen, G. N. Abraham, C. V. C. Glover, and M. A. 

Gorovsky. 1980a. Proteolytic processing of histone H3 in chromatin: a phys- 
iologically regulated event in Tetrahymena micronuclei. Cell. 20:55-64. 

Allis, C. D., C. V. C. Glover, J. K. Bowen, M. A. Gorovsky. 1980b. Histone 
variants specific to the transcriptionally active, amitotically dividing macro- 
nucleus of the unicellular eukaryote, Tetrahymena thermophila. Cell. 20: 
609-617. 

Allis, C. D., R. L. Allen, J. C. Wiggins, L. G. Chicoine, and R. Richman. 
1984. Proteolytic processing of H l-like histones in chromatin: a physiologi- 
cally and developmentally regulated event in Tetrahymena micronuclei. J. 
Cell Biol. 99:1669-1677. 

Allis, C. D., R. Richman, M. A. Gorovsky, Y. S. Ziegler, B. Touchstone, 
W. A. Bradley, and R.G. Cook. 1986. hvl is an evolutionarily conserved 
H2A variant that is preferentially associated with active genes. J. BioL 
Chem. 261:1941-1948. 

Allis, C. D., M. Colavito-Shepanski, and M. A. Gorovsky. 1988. Scheduled 
and unscheduled DNA synthesis during development in conjugating Tetra- 
hymena. Dev. Biol. 124:469-480. 

Balhorn, R., R. Chalkley, and D. Gramer. 1972. Lysine rich histone phos- 
phorylation. A positive correlation with cell replication. Biochemistry. 11 : 
1094-1097. 

Bannon, G. A., and M. A. Gorovsky. 1984. Tetrahymena histones: proteins, 
messages and genes. In Histone Genes and Histone Gene Expression. G. 
Stein, J. Stein, and W. Marzluff, editors. John Wiley & Sons Inc., New 
York. 163-179. 

Billings, P. C., J. W. Orf, D. K. Palmer, D. A. Talmadge, C. G. Pan, and 
M. Blumenfeld. 1979. Anomalous electrophoretic mobility of Drosophila 
phosphorylated HI historic: is it related to the compaction of satellite DNA 
into heterochromatin? Nucleic Acids Res. 6:2151-2164. 

Blumenfeld, M., J. W. Orf, B. J. Sina, R. A. Kreber, M. A. Callahan, J. I. 
Mullins, and L. A. Snyder. 1978. Correlation between phosphorylated H1 
histories and satellite DNAs in Drosophila virifis. Proc. Natl. Acad. Sci USA. 
75:866-870. 

Bradbury, E. M., R. J. Inglis, and H. R. Matthews. 1974a. Control of cell divi- 
sion by very lysine rich histone (FI) phosphorylation. Nature (Lond.). 247: 
257-261. 

Bradbury, E. M., R. J. Inglis, H. R. Matthews, and T. A. Langan. 1974b. Mo- 
lecular basis of control of mitotic cell division in eukaryotes. Nature (Lond.). 
249:553-555. 

Bruns, P. J., and T. B. Brussard. 1974. Pair formation in Tetrahymena 
pyriformis, an inducible developmental system. J. Exp. Zool. 188:337-344. 

Calzone, F. T., R. C. Angerer, and M. A. Gorovsky. 1983. Regulation of pro- 
tein synthesis in Tetrahymena: quantitative estimates of the parameters deter- 
mining the rates of protein synthesis in growing, starved, and starved-decil- 
iated cells. J. Biol. Chem. 258:6887-6898. 

Chicoine, L. G., D. Wenkert, R. Richman, J. C. Wiggins, and C. D. Allis. 
1984. Modulation of HI-like histone during development in Tetrahymena: 
selective elimination of linker histone during the differentiation of new mac- 
ronuclei. Dev. Biol. 109:1-8. 

Cicirelli, M. F., S. L. Pelech, and E. G. Krebs. 1988. Activation of multiple 
protein kinases during the burst in protein phosphorylation that precedes the 
first meiotic cell division in Xenopus oocytes. J. BioL Chem. 263:2009-2019. 

Cole, R. D. 1984. A minireview of microheterogeneity in H1 histone and its 
possible significance. Anal. Biochem. 136:24-30. 

Crane-Robinson, C. t984. How does H1 function in chromatin? In Chro- 
mosomal Proteins and Gene Expression. G. R. Reeck, G. H. Goodwin, and 
P. Puigdomenech, editors. Plenum Publishing Corp., New York. NATO- 
ASI series 27-36. 

Davie, J. R., and C. A. Saunders. 1981. Chemical composition of nucleosomes 
among domains of calf thymus chromatin differing in micrococcal nuclease 
accessibility and solubility properties. J. Biol. Chem. 256:12574-12580. 

Doerder, F. P., and L. E. Debault. 1975. Cytofluorometric analysis of nuclear 
DNA during meiosis, fertilization, and macronuclear development in the 
ciliate Tetrahymena pyriformis syngen 1. J. Cell Sci. 17:471-493. 

Glover, C. V. C., K. J. Vavra, S. D. Guttman, and M. A. Gorovsky. 1981. 
Heat shock and deciliation induce phosphorylation of histone H1 in T. 
pyriformis. Cell. 23:73-77. 

Gorovsky, M. A. 1986. Ciliate chromatin and histories. In The Molecular Biol- 
ogy of Ciliated Protozoa. J. G. Gall, editor. Academic Press Inc., New 
York. 227-262. 

Gorovsky, M. A., and J. B. Keevert. 1975. Absence of histone FI in a mitoti- 
cally dividing, genetically inactive nucleus. Proc. Natl. Acad. Sci. USA. 
72:3536-3540. 

Gorovsky, M. A., J. B. Keevert, and G. L. Pleger. 1974. Histone FI of Tetra- 
hymena macronuclei. J. Cell Biol. 61 : 134-145. 

Gorovsky, M. A., M.-C. Yao, J. B. Keevert, and G. L. Pleger. 1975. Isolation 
of micro- and macronuclei of Tetrahymena pyriformis. Methods Cell Biol. 
9:311-327. 

Green, G. R., and D. L. Poccia. 1985. Phosphorylation of sea urchin sperm 
H1 and H2B histones precedes chromatin decondensation and HI exchange 
during pronuclear formation. Dev. Biol. 108:235-245. 

Gurley, L. R., R. A. Waiters, and R. A. Tobey. 1975. Sequential phosphoryla- 
tion of histone subfractions in the Chinese hamster cell cycle. J. Biol. Chem. 
250:3936-3944. 

Roth et al. Histone HI Phosphorylation in Tetrahymena Macronuclei 2481 



Gurley, L. R., J. A. D'Anna, S. S. Barham, L. L. Deaven, and R. A. Tobey. 
1978a. Histone phosphorylation and chromatin structure during mitosis in 
Chinese hamster cells. Fur. J. Biochem. 84:1-15. 

Gurley, L. R., R. A. Tobey, R. A. Walters, C. E. Hildebrand, P. G. Hohmann, 
J. A. D'Anna, S. S. Barham, and L. L. Deaven. 1978b. Histone phosphory- 
lation and chromatin structure in synchronized mammalian cells. In Cell Cy- 
cle Regulation. J. R. Jeter, I. L. Cameron, G. M. Padilla, and A. M. 
Zimmerman, editors. Academic Press Inc., New York. 32-60. 

Gurley, L. R., R. A. Waiters, S. S. Barham, and L. L. Deaven. 1978c. Hetero- 
chromatin and histone phosphorylation. Exp. Cell Res. 111:373-383. 

Hallberg, R. L., K. W. Kraus, and R. Findly. 1984. Starved Tetrahymena ther- 
mophila cells that are unable to mount an effective heat shock response selec- 
tively degrade their rRNA. Mol. Cell. Biol. 4:2170-2179. 

Hallberg, R. L., K. W. Kraus, and G. M. Hallberg. 1985. Induction of acquired 
thermotolerance in Tetrahymena thermophila: effects of protein synthesis in- 
hibitors. Mol. Cell Biol. 5:2061-2069. 

Hayashi, T., H. Hayashi, and K. lwai. 1987. Tetrahymena histone HI. Isolation 
and amino acid sequence lacking the central hydrophobic domain conserved 
in other H1 histones. J. Biochem. (Tokyo). 102:369-376. 

Hohmann, P. 1983. Phosphorylation of H1 histones. Mol. Cell. Biochem. 
57:81-92. 

Hohmann, P., R. A. Tobey, L. R. Gurley. 1975. Cell cycle dependent phos- 
phorylation of serine and threonine in Chinese hamster cell F 1 histones. Bio- 
chem. Biophys. Res. Commun. 63:126-133. 

Hohmann, P., R. A. Tobey, and L. R. Gurley. 1976. Phosphorylation of dis- 
tinct regions of FI histones. Relationship to the cell cycle. J. BioL Chem. 
251:3685-3692. 

Hunkapillar, M. W., E. Lujan, F. Ostrander, and L. E. Hood. 1983. Isolation 
of microgram quantities of proteins from polyacrylamide gels for amino acid 
sequence analysis. Methods Enzymol. 91:227-236. 

Inglis, R. J., T. A. Langan, H. R. Matthews, D. G. Hardie, and E. M. Brad- 
bury. 1976. Advance of mitosis by histone phosphokinase. Exp. Cell Res. 
97:418-425. 

Johmann, C. A., and M. A. Gorovsky. 1976a. Purification and characterization 
of the histones associated with the macronucleus of Tetrahymena. Biochem- 
istry. 15:1249-1256. 

Johmann, C. A., and M. A. Gorovsky. 1976b. Immunofluorescence evidence 
for the absence of histone HI in a mitotically dividing, genetically inactive 
nucleus. J. Cell Biol. 71:89-95. 

Kimura, T., F. C. Mills, J. Allan, and H. Gould. 1983. Selective unfolding 
of erythroid chromatin in the region of the active ~ globin gene. Nature 
(Lond. ). 306:709-712. 

Komaiko, W., and G. Felsenfeld. 1985. Solubility and structure of domains of 
chicken erythrocyte chromatin containing transcriptionally competent and 
inactive genes. Biochemistry. 24:1186-1193. 

Kraus, K. W., P. J. Good, and R. L. Hallberg. 1987. A heat shock-induced, 
polymerase Ill-transcribed RNA selectively associates with polysomal ribo- 
somes in Tetrahymena thermophila. Proc. Natl. Acad. Sci. USA. 84:383-387. 

Krystal, G. W., and D. L. Poccia. 1981. Phosphorylation of cleavage stage his- 
tone H 1 in mitotic and prematurely condensed chromosomes. Exp. Cell Res. 
134:41-48. 

Lake, R. S., J. A. Goidl, and N. P. Salzman. 1972. FI modification at 
metaphase in Chinese hamster cells. Exp. Cell Res. 73:113-121. 

Langan, T. A. 1982. Characterization of highly phosphorylated subcomponents 
of rat thymus H1 histone. J. BioL Chem. 257:14835-14846. 

Lennox, R. W., and L. H. Cohen. 1983. The histone HI complements of divid- 
ing and nondividing cells of the mouse. J. Biol. Chem. 258:262-268. 

Lennox, R. W., R. G. Oshima, and L. H. Cohen. 1982. The HI histones and 
their interphase phosphorylated states in differentiated and undifferentiated 
cell lines derived from murine teratocarcinomas. J. BioL Chem. 257:5183- 
5189. 

Martindale, D. W., and P. J. Bruns. 1983. Cloning of abundant mRNA species 

present exclusively during meiosis. Mol. Cell. Biol. 3:1857-1865. 
Martindale, D. W., C. D. Allis, and P. J. Brans. 1985. RNA and protein syn- 

thesis during meiotic prophase in Tetrahymena thermophila. J. Protozool. 
32: 644-649. 

Martindale, D. W., H. M. Martindale, and P. J. Brans. 1987. Tetrahymena 
conjugation-induced genes: structure and organization in macro- and micro- 
nuclei. Nucleic Acids Res. 14:1341-1354. 

Masaracchia, R. A., J. L. Mailer, and D. A. Walsh. 1979. Histone 1 phospho- 
transferase activities during the maturation of oocytes of Xenopus laevis. 
Arch. Biochem. Biophys. 194:1-12. 

Matsumoto, Y., H. Yasuda, S. Mita, T. Marunouchi, and M. Yamada. 1980. 
Evidence for involvement of HI histone phosphorylation in chromosome 
condensation. Nature (Lond. ). 284:181-183. 

McGhee, J. D., and G. Felsenfeld. 1980. Nucleosome structure. Annu. Rev. 
Biochem. 49:1115-1156. 

Newrock, K. M., C. R. Alfageme, R. V. Nardi, and L. H. Cohen. 1978. His- 
tone changes and remodeling in embryogenesis. Cold Spring Harbor Symp. 
Quant. Biol. 42:421-431. 

Paulson, J. R., and S. S. Taylor. 1982. Phosphorylation of histones 1 and 3 
and nonhistone high mobility group 14 by an endogenous kinase in HeLa 
metaphase chromosomes. J. Biol. Chem. 257:6064-6072. 

Pederson, D. J., F. Thoma, and R. T. Simpson. 1986. Core particles, fiber, 
and transcriptionally active chromatin structure. Annu. Rev. Cell Biol. 2: 
117-147. 

Reeves, R. 1984. Transcriptionally active chromatin. Biochim. Biophys. Acta. 
782:343-393. 

Risdale, J. A., and R. D. Cole. 1987. Selective solubilization of 13-globin oligo- 
nucleosomes at low ionic strength. Biochemistry. 26:290-295. 

Schlissel, M. S., and D. D. Brown. 1984. Transcriptional regulation of Xeno- 
pus 5S RNA genes in chromatin: the roles of active stable transcription com- 
plexes and histone HI. Cell. 37:903-913. 

Schulman, I. G., R. G. Cook, R. Richman, and C. D. Allis. 1987. Tetrahymena 
contain two distinct and unusual high mobility group (HMG)-Iike proteins. 
J. Cell Biol. 104:1485-1494. 

Simpson, R. T. 1978. Structure of the chromatosome, a chromatin particle con- 
taining 160 base pairs of DNA and all the histories. Biochemistry. 17: 
5524-5531. 

Talmadge, D. A., and M. Blumenfeld. 1987. Drosophila melanogaster HI his- 
tone is phosphorylated stably. Mol. Cell. Biol. 7:4118~,121. 

Tanphaichitr, N., K. C. Moore, D. K. Granner, and R. Chalkley. 1976. Rela- 
tionship between chromosome condensation and metaphase lysine-rich his- 
tone phosphorylation. J. Cell Biol. 69:43-50. 

Thoma, F., and T. H. Koller. 1977. Influence of H1 on chromatin structure. 
Cell. 12:101-107. 

Thoma, F., T. H. Koller, and A. Klug. 1979. Involvement of histone HI in 
the organization of the nucleosome and of salt dependent superstructures of 
chromatin. J. Cell Biol. 83:403-427. 

Weintraub, H. 1984. Histone-H l-dependent chromatin superstructures and the 
suppression of gene activity. Cell. 38:17-27. 

Weintraub, H. 1985. Assembly and propagation of repressed and derepressed 
chromosomal states. Cell. 42:705-711. 

Weiske-Benner, A., and W. A. Eckert. 1987. Differentiation of nuclear struc- 
ture during the sexual cycle in Tetrahymena thermophila. II. Degeneration 
and autolysis of macro- and micronuclei. Differentiation. 34:1-12. 

Wenkert, D., and C. D. Allis. 1984. Timing of appearance of macronuclear- 
specific histone variant hvl and gene expression in developing new macro- 
nuclei of Tetrahymena thermophila. J. Cell Biol. 98:2107-2117. 

West, M. H. P., R. S. Wu, and W. M. Bonner. 1984. Polyacrylamide gel elec- 
trophoresis of small peptides. Electrophoresis. 5:133-138. 

Wu, M., C. D. Allis, R. Richman, R. G. Cook, and M. A. Gorovsky. 1986. 
An intervening sequence in an unusual histone H 1 gene of Tetrahymena ther- 
mophila. Proc. Natl. Acad. Sci USA. 83:8674-8678. 

The Journal of Cell Biology, Volume 107, 1988 2482 


