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Abstract. Previous studies have suggested that micro-
nuclear linker histones are phosphorylated by cAMP-
dependent protein kinase (PKA) in Tetrahymena
(Sweet, M.T., and C.D. Allis. 1993. Chromosoma. 102:
637-647). In this study, we report that a rapid and dra-
matic phosphorylation of the micronuclear linker his-
tone, §, occurs early in the sexual pathway, conjugation.
Phosphorylated isoforms of 8 are detected as early as
30 min after mixing cells of different mating types;
blocking pair formation abolishes this induction com-
pletely. Phosphorylation of 8 is stimulated by the addi-
tion of N6-benzoyladenosine 3”:5' cyclic monophos-
phate to starved (nonmating) cells, suggesting that a

PKA/cAMP signal transduction pathway is involved.
Maximal phosphorylation of 3 is observed during mei-
otic prophase, a period when micronuclei become tran-
scriptionally active. In situ staining, using phospho-
delta-specific antibodies combined with [*H]uridine
autoradiography, shows that decondensed micronu-
clear chromatin undergoing active transcription is en-
riched in phosphorylated 8 isoforms. In contrast, con-
densed inactive micronuclear chromatin is enriched in
dephosphorylated 3. These results strongly suggest that
phosphorylation of linker histone plays an important
and previously unsuspected role in establishing tran-
scriptional competence in micronuclei.

tional apparatus and the chromosomal environ-
ment in which that machinery must function. Core
histones, for example, serve to package eukaryotic DNA
into nucleosomal arrays, and mutations in specific core
histones have been shown to modulate gene expression di-
rectly (for reviews see Workman and Buchman, 1993;
Wolffe, 1994). Several levels of organization are required,
however, to permit the packaging of eukaryotic genes
within nuclei. Beyond the nucleosomal thin filament, a
second level of folding occurs that gives rise to higher or-
der chromatin structures, such as the 30-nm chromatin fi-
ber (reviewed by van Holde, 1989; Wolffe, 1995). Proteins
of the H1/HS family (Zlatanova and van Holde, 1996) fa-
cilitate this folding and thus appear to play a fundamental
role in determining this structure and in mediating chro-
matin condensation in vitro (Thoma et al., 1979) and in
vivo (Shen et al., 1995), although the exact details of this
involvement remain unclear (Clark and Kimura, 1990).
Given its fundamental role in higher order chromatin
structure, the presence or absence of H1 or postsynthetic
modifications affecting H1 and its interaction with DNA
are likely to play a pivotal role in regulating gene expres-
sion. Indeed, numerous studies have suggested that H1 is

QN intimate relationship exists between the transcrip-
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missing, reduced, or modified in genes undergoing active
transcription (reviewed by Garrard, 1991; Zlatanova and
van Holde, 1992; Wolffe, 1994). Moreover, specialized
forms of linker histones appear to keep entire genomes
transcriptionally inactive, such as in fowl erythrocyte nu-
clei, sperm, and Tetrahymena micronuclei (for review see
Roth and Allis, 1992). From these observations, H1 is gen-
erally thought to exert a negative influence on gene ex-
pression. Other data, however, have demonstrated that
this role of H1 in transcription cannot be generalized (Zla-
tanova and van Holde, 1992; Sandaltzopoulos et al., 1994),
and in some cases, a differential and highly selective role
in transcriptional regulation has been observed (Bouvet
et al., 1994; Shen and Gorovsky, 1996).

The functional role of linker histone phosphorylation is
poorly defined, even though it is well established that fluc-
tuations in the level and sites of phosphorylation change
dramatically during the cell cycle (for review see Brad-
bury, 1992). Hyperphosphorylation of H1 during mitosis,
for example, has led to the long-standing hypothesis that
H1 phosphorylation is required for condensation of mi-
totic chromosomes. However, the functional relationship,
if any, of H1 hyperphosphorylation to chromosome con-
densation remains unresolved (for references see Guo et al.,
1995). H1 is phosphorylated at other times during the cell
cycle and in nuclei that do not divide mitotically (Roth and
Allis, 1992). Mitotic chromosome condensation can occur
in vivo without linker histone (Shen et al., 1995) and in ex-
tracts lacking H1 (Ohsumi et al., 1993; Dasso et al., 1994),
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and it appears that other nonhistone proteins play an im-
portant, previously unrecognized role in this process (re-
viewed by Peterson, 1994; Hirano, 1995; Koshland, 1996).
Using antibodies highly selective for phosphorylated iso-
forms of H1 (Lu et al., 1994), enrichment of phosphory-
lated H1 in transcriptionally active chromatin has been
observed (Lu et al., 1995; Chadee et al., 1995), lending
support to the hypothesis that H1 phosphorylation actu-
ally causes chromatin decondensation.

The ciliated protozoan, Tetrahymena thermophila, pro-
vides an ideal model for unraveling relationships between
linker histone phosphorylation and gene activation. Each
vegetative cell contains two functionally distinct types of
nuclei, a germline micronucleus that is most often tran-
scriptionally silent (see below) and a somatic macronu-
cleus that is actively transcribed (for review see Gorovsky,
1980). The diploid micronucleus divides by a typical mito-
sis during vegetative growth, while the polyploid macronu-
cleus divides by an amitotic process that does not involve
spindle formation or chromosome condensation. While
the micronucleus is highly condensed and transcriptionally
inactive during most of the life cycle, a brief period of tran-
scriptional activity has been reported during the early
stages of conjugation corresponding to meiotic prophase
(Sugai and Hiwatashi, 1974; Martindale et al., 1985).

Both micro- and macronuclei contain a similar comple-
ment of core histones; however, the polypeptides associ-
ated with the linker region of these nuclei differ dramatically
(Gorovsky, 1986; van Holde, 1988). Although macronuclei
divide amitotically, they contain an H1 that resembles ver-
tebrate Hls in several properties, including phosphoryla-
tion by a Cdc2-like protein kinase (Roth et al., 1991). In
contrast, micronuclei do not contain a linker histone of the
type found in macronuclei, but instead, contain four dis-
tinct polypeptides, o, B, vy, and 8 (Allis et al., 1979, 1984)
that, like macronuclear H1, are extensively phosphor-
ylated during vegetative growth (Allis and Gorovsky, 1981).
Because micronuclei divide mitotically, it is surprising that
none of these micronuclear linker polypeptides contain a
recognition sequence for Cdc2 kinase (Wu et al., 1994),
and that none are phosphorylated by p34°4? in vitro under
conditions where macronuclear H1 is phosphorylated (Sweet
and Allis, 1993). However, all four of these polypeptides
contain at least one canonical phosphorylation site for
cAMP-dependent protein kinase (PKA)! (Wu et al., 1994),
and all are phosphorylated well by PKA in vitro (Sweet
and Allis, 1993).

In this report, we present data that cell-cell interactions
that are required for entry into the sexual pathway in Tet-
rahymena stimulate a cAMP/PKA signal transduction path-
way that leads to the hyperphosphorylation of the linker
histone, 8. The induction of 8 phosphorylation is rapid and
remains high throughout meiotic prophase. In situ immuno-
fluorescent analyses, using antibodies highly selective for
phosphorylated isoforms of 3, suggest that 8 phosphoryla-
tion colocalizes closely with decondensed regions of mi-
cronuclear chromatin that are active in transcription. These

1. Abbreviations used in this paper: AP, alkaline phosphatase; benzoyl-
cAMP, N6-benzoyladenosine 3':5’ cyclic monophosphate; DAPI, 4’ 6-diami-
dino-2-phenylindole; IBMX, isobutylmethylkanthine; PKA, cAMP-depen-
dent protein kinase.
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data lend strong support to the hypothesis that phosphory-
lation of linker histones acts as a first-step mechanism that
promotes chromatin decondensation and the establish-
ment of transcriptional competency.

Materials and Methods

Cell Culture

Tetrahymena thermophila strain CU428 (Chx/Chx-[cy-S]VII)} was grown
in 1% enriched protease peptone under standard conditions as described
previously (Gorovsky et al., 1975). Cells were starved by harvesting log-
phase vegetatively growing cells at ~500 g, washing with 10 mM Tris, pH
7.4, and incubating overnight in 10 mM Tris, pH 7.4, at a concentration of
250-500,000 cells/ml, unless otherwise indicated. Mating cells were pro-
duced by crossing 7. thermophila strains CU428 and CU427 (Mpr/Mpr [6
mp-s] VI) according to the method of Bruns and Brussard (1974) with
modifications described by Allis and Dennison (1982). In some cases, mat-
ing cells were treated with cycloheximide (10 pg/ml) immediately after
mixing cells of the opposite mating type.

Isotopic Labeling and Autoradiography

Mating cells were labeled for 5 min with 10 wnCi/ml (50 Ci/mmol) [*Hluri-
dine (New England Nuclear, Boston, MA), fixed in 50% methanol, and
spread onto slides. The slides were then processed for autoradiography as
described previously (Vavra et al.,, 1982), except that the slides were incu-
bated twice in 0.02% iodine in 70% ethanol before being dipped into
Kodak NTB-2 emulsion (Eastman Kodak Co., Rochester, NY). Cells
were finally stained with 1 mg 4',6-diamidino-2-phenylindole (DAPI)/ml
in 10 mM Tris, pH 7.5, and 150 mM NaCl (TBS).

Measurements of Total cAMP Levels in Starved and
Mating Tetrahymena

Total cAMP was analyzed by radioimmunoassay, as described by Pas-
quale and Goodenough (1987). Briefly, 2-5 X 10° cells were pelleted in a
clinical centrifuge, and all but 1 ml of Tris media was removed by aspira-
tion. The cells were frozen in a dry ice/ethanol bath for 10 min, and then
thawed by adding 60 pl of 100% TCA and vortexing. Insoluble debris was
pelleted, and the supernatant was removed and extracted five times with 1 mi
water-saturated ether. For the cAMP assay, extract from 6 X 10° cells,
12]-labeled succinylated cAMP tyrosine methy! ester, and highly specific
antiserum were used (New England Nuclear).

Preparation of Nuclei

Macronuclei and micronuclei were isolated from cells as described by
Gorovsky et al. (1975), except that the nucleus isolation buffer contained
10 mM Tris-HCI, pH 7.4, 1 mM iodoacetamide, 1 mM PMSF, and 10 mM
sodium butyrate, but not spermidine. To better retain proteins in their
most phosphorylated in vivo form, formaldehyde (final concentration =
1%) was added to the cells during homogenization. Alternatively, 0.1 mM
rho-chloromercuriphenylsulfonic acid (Sigma Chemical Co., St. Louis,
MO) was added to the nuclear isolation buffer; the same results were es-
sentially obtained with both treatments. Micronuclei were further purified
from contaminating macronuclei and cellular debris by sedimentation at
unit gravity (Allis and Dennison, 1982).

Isolation and Purification of &

Formaldehyde-fixed nuclei were boiled 30 min in 4 M guanidine HCI, 10
mM EDTA, and 0.5 M B-mercaptoethanol at a concentration of 1-6 X 108
nuclei/ml to reverse formaldehyde cross-links. After cooling to 4°C, sulfu-
ric acid was added to a final concentration of 0.4 N, and this mixture was
dialyzed overnight at 4°C against 0.4 N sulfuric acid with 1 mM PMSF.
Acid-soluble micronuclear proteins were then precipitated in 20% TCA
and washed sequentially with acidified acetone and acetone (Schulman
et al., 1987). Micronuclear linker histones (solubilized in 4 M urea and 5%
B-mercaptoethanol) were purified by HPLC using a reverse-phase C8 col-
umn with a linear gradient of 5-90% acetonitrile containing 0.1% trifluo-
roacetic acid (0.425% acetonitrile/min) with a flow rate of 1 mi/min (Sweet
and Allis, 1993). Fractions were lyophilized, solubilized in water, and
identified by SDS-PAGE.
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Preparation of Polyclonal Antibodies Against 8 and
Phosphorylated & Peptide

Rabbits (New Zealand white) were inoculated with two separate injec-
tions of HPLC-purified 5 (80-100 p.g) or 8 peptide (0.5-1.0 mg) synthe-
sized with a phosphorylated serine at one of the two known COOH-termi-
nal sites of in vivo phosphorylation [Thr-Lys-Arg-Lys-Asn-Ser(P)-Lys-Ser};
mapping of in vivo phosphorylation sites in 8 will be presented elsewhere
(Sweet et al., 1996). Primary injection of protein/peptide in Freund’s com-
plete adjuvant (Calbiochem/Novabiochem Corp., La Jolla, CA) was made
as an emulsion generated by sonication; 2 wk later, a second injection of
emulsified protein in Freund’s incomplete adjuvant was injected. Sera
were collected at weekly intervals.

General 8 antibodies were used without further purification. Antibod-
ies against the phosphorylated 3 peptide were affinity purified on a col-
umn containing peptide coupled with 1-ethyl-3-(3-dimethylaminopro-
pyl)carbodiimide hydrochloride (EDC) to diaminopropylamine (DAPA)
beads. Free amino groups on the peptide were protected before coupling,
and protection groups were removed after coupling, as described by Gold-
berger (1967). Ammonium sulfate (50% )-precipitated antibody was dis-
solved and bound to the column, and the unbound fraction was eluted
with 10 mM Tris, pH 7.5. Bound antibody was eluted with acidified gly-
cine into 1 mM Tris, pH 8, and then dialyzed overnight at 4°C against
TBS. The final concentration of antibody was ~30 mg/ml.

Alkaline Phosphatase Treatment

Protein from whole-cell SDS lysate was precipitated in 20% TCA. The
protein was pelleted by centrifugation and washed with acidified acetone
and acetone. The dried pellet was resuspended in 50 pl of 20 mM Tris, pH
8.0, and 0.5-1.0 ul of Escherichia coli alkaline phosphatase (Sigma Chemi-
cal Co.) was added. The reaction mixture was incubated at 37°C for 1-2 h,
boosted with another 0.5-1 pl of enzyme, and then the incubation contin-
ued for another 1-2 h. Five times concentrated Laemmli sample buffer
(Laemmli, 1970) was added to stop the reaction.

Electrophoresis and Immunoblotting .

SDS-PAGE has been described previously (Laemmli, 1970; Allis et al.,
1979). In cases where whole-cell SDS lysates were used, aliquots of 1-2 X
10 cells were removed from a mating cell culture and prepared as de-
scribed previously (Guttman et al., 1980). Approximately 2 X 10° cells
worth of cellular protein was electrophoresed per gel lane.

Immunoblot analyses were done as described previously (Lin et al.,
1989). Balanced protein loads of samples were ensured by staining paral-
lel gels of equivalently loaded samples and by staining immunoblots di-
rectly with Ponceau red stain. Blots that were to be probed with whole &
antibody were blocked with 5% nonfat dry milk and incubated with im-
mune sera at a dilution of 1:1,000. Blots that were probed with phospho-
delta antibody (diluted 1:100) were blocked with 3% BSA in TBS. Immu-
noreactivity was detected by alkaline phosphatase (AP)-conjugated
secondary antibodies (Pierce Chemical Co., Rockford, IL) or by autora-
diography after incubation with 50,000 dpm of %I protein A/ml TBS
(New England Nuclear).

Indirect Inmunofluorescence

Cells were fixed and processed for indirect immunofluorescence as de-
scribed previously (Wenkert and Allis, 1984). Primary antibodies, 8 and
phosphodelta antibodies diluted 1:250 and 1:25, respectively, were de-
tected by rhodamine-conjugated goat anti-rabbit secondary antibodies. In
cases where in situ 8 was competing with peptides for antibody immunore-
activity, the antibody was preincubated with an ~250 M excess of peptide
for 2 h at room temperature. DNA was finally stained with 1 mg DAPI/ml
in TBS.

Results
6 Is Hyperphosphorylated during Early Stages
of Conjugation

Micronuclei were isolated from vegetatively growing, starved,
and 2-h mating cells under conditions that minimize phos-
phatase activity. When total nuclear protein was examined
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directly on a 10% SDS-polyacrylamide gel, a prominent
band was observed immediately above & in 2-h mating
cells (indicated with an asterisk) that was only weakly visi-
ble in growing cells and was not detected in starved cells
(Fig. 1 A). Several lines of evidence suggested that the
slower migrating band might actually be a phosphorylated
isoform of &: (@) micronuclear linker histones, including 3,
are phosphorylated in vivo (Allis and Gorovsky, 1981;
Sweet and Allis, 1993); () micronuclear linker histones
are generally less phosphorylated in starved cells than in
growing cells (Allis and Gorovsky, 1981); and (c) the mo-
bility of phosphorylated macronuclear H1 is retarded
when compared to that of dephosphorylated H1 on SDS-
polyacrylamide gels (Glover et al., 1981). We reasoned
that, depending upon physiological conditions, & may be
posttranslationally modified, migrating as a “doublet” with
the slower species being more phosphorylated and the
faster form representing dephosphorylated 8.

To confirm that the slower migrating band of the “dou-
blet” was 3, immunoblotting analyses were conducted us-
ing polyclonal antibodies generated against reverse-phase
HPLC-purified 8. In whole-cell or whole nuclear immuno-
blots, this antiserum is highly selective for 8 and its precur-
sor polyproteins, a or MicLH (data not shown). With 2-h
mating cells, both bands of the 8 “doublet” react strongly
with the anti-8 antibody (Fig. 1 B). Phosphorylation of the
slower band (indicated by an asterisk in Fig. 1 B, left) was
confirmed by treating an identical sample with AP. Upon
this treatment, the “doublet” visible in the untreated sam-
ple (—AP) collapses to a single, faster migrating band
(+AP, right). Therefore, analogous to macronuclear H1,
the slower migrating band of the doublet appears to be a
phosphorylated isoform of 8.

Similar immunoblots were done to determine the state
of & phosphorylation throughout various time points of
conjugation, the sexual pathway of Tetrahymena (Fig. 1 C).
A single, fast-migrating 8-positive band is observed in
starved and early mating cells, up to 45 min after mixing
cells of opposite mating types. A 8 doublet is first observed
in ~1-h mating cells and is maintained for up to 4 h after
mixing cells of opposite mating types. After 5-6 h, most of
the & is converted back to a faster migrating (presumably
dephosphorylated) isoform. 8 is maintained in this state
from 7 up to 25 h (data not shown).

6 Phosphorylation Requires Pair Formation

During the first hour after mixing cells of opposite mating
types, Tetrahymena undergo a defined series of cell—cell
interactions that lead to pair formation (Bruns and Brus-
sard, 1974), and it is during this interval that 3 phosphory-
lation is first observed. Entry into the sexual pathway in
Tetrahymena requires the following: (@) sexually mature
cells must be “initiated” by starvation under appropriate
ionic conditions. 10 mM Tris was used in these experi-
ments; higher ionic strengths (>50 mM) block the initia-
tion process. (b) Cellcell interactions between initiated
cells of opposite mating types must take place in a process
referred to as costimulation. Cell—cell interaction is opti-
mal in stationary cultures and is operationally blocked by
fast shaking. After both conditions (initiation and costimu-
lation) are met, pair formation takes place.
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Figure 1. Micronuclear linker histone 8 is hyperphosphorylated
during meiotic prophase. (A) Acid-soluble micronuclear proteins
from 2-h mating, starved, and vegetatively growing cells were re-
solved on a 10% SDS-polyacrylamide gel and stained with Coo-
massie blue. Only the region of the gel corresponding to the mo-
bility of linker histones y and 8 is shown. (B) Whole-cell lysates
from 2-h mating cells were TCA precipitated and incubated in
the presence or absence of AP (= AP). An immunoblot of these
samples is shown after probing with general & antibodies. (C)
Whole-cell lysates of cells collected at intervals during conjuga-
tion were subjected to immunoblot analysis using general & anti-
bodies. Stars indicate the position of a phosphorylated isoform of
8, which has a decreased mobility relative to the dephosphory-
lated form of the protein.

To determine whether induction of 8 phosphorylation
requires the steps that lead to pair formation, initiation
and costimulation were blocked experimentally (Fig. 2).
Initiation was blocked by starving cells in 60 mM Tris, pH
7.4 (Bruns and Brussard, 1974), after which equal numbers
of cells of opposite mating types were mixed and allowed
to conjugate for up to 4 h. After this treatment, no pairs
are detected, and 3 is not phosphorylated (Fig. 2, B and C,
lanes 5-7, respectively). Costimulation was obstructed by
physical means, fast shaking (200 rpm) initiated cells of
opposite mating types. When costimulation is blocked in
this fashion, cells are unable to form pairs (Fig. 2 B), and §
is not phosphorylated (Fig. 2 C). However, when these
cells are then allowed to sit undisturbed after the 4 h of
shaking, pair formation and & phosphorylation are ob-
served (Fig. 2, B and C). Taken together, these results
demonstrate that proper initiation and costimulation are
required for the induction of & phosphorylation.

Pair formation also requires protein synthesis, and the
protein synthesis inhibitor, cycloheximide, has previously
been shown to inhibit pair formation and possibly costim-
ulation in Tetrahymena (Allewell et al., 1976). Cyclohex-
imide (10 pg/ml) was added to cells that were initiated in
10 mM Tris, mixed, and allowed to remain stationary for
up to 4 h. Cells under these conditions do not form pairs
and 3 does not undergo phosphorylation (Fig. 2, B and C).
From these results, we suggest that celi—cell interactions
between initiated cells of opposite mating types trigger an
increase in an intracellular second messenger that leads to
the phosphorylation of 3.

The Journal of Cell Biology, Volume 135, 1996

& Phosphorylation Is Induced by Addition
of a cAMP Analogue

Previous studies have indicated that PKA or a PKA-like
activity is responsible for the phosphorylation of 8 in vivo
(Sweet and Allis, 1993). If so, an increase in cAMP level
might be expected to activate PKA early in the sexual
pathway. Direct measurement of the total intracellular
level of cAMP confirmed that a modest but reproducible
increase in cAMP occurs during costimulation. Roughly 1 h
after mixing cells of opposite mating types, a statistically
significant increase (average increase is ~25% for three
separate matings) in the cAMP level was observed relative
to starved, nonmated cells. cAMP levels decline to basal
levels as stable pairs form (data not shown).

The above results suggest the involvement of cAMP as a
second messenger in a conjugation-induced signal trans-
duction pathway that leads to the phosphorylation of 8.
We reasoned that phosphorylation of 8 might be induced
in nonmating cells by reagents that increase intracellular
cAMP levels or by cAMP analogues. The plasma mem-
brane of a related ciliate Paramecium is permeable to the
cAMP analogue N6-benzoyladenosine 3':5’ cyclic mono-
phosphate (benzoyl-cAMP), and addition of this com-
pound leads to increased phosphorylation of ciliary pro-
teins, as well as increased ciliary motion and cell motility
(Bonini et al., 1986).

In agreement with the above results, motility (data not
shown) and 3 phosphorylation increase reproducibly upon
addition of benzoyl-cAMP to Tetrahymena starved in 10 mM
Tris, pH 7.5 (Fig. 3). Time course analyses at an optimal
concentration of benzoyl-cAMP (1-2 mM) indicate that
phosphorylation of § is maximal between 1/2 to 1 h of in-
cubation, after which & phosphorylation begins to decrease
(data not shown). In these experiments, N2-benzoylgua-
nosine 5'-monophosphate (benzoyl-GMP) was used as a
negative control. When used under identical conditions as
for benzoyl-cAMP, benzoyl-GMP does not increase cell
motility or influence the level of 8 phosphorylation.

The level of 8 phosphorylation induced by benzoyl-
cAMP is not as high, however, as that observed in 2-h mat-
ing cells. The inability of benzoyl-cAMP to produce a
strong upper band in the 8§ “doublet” may have been
caused by metabolic degradation of the analogue by en-
dogenous phosphodiesterases. To test this possibility, the
cAMP phosphodiesterase inhibitor isobutylmethylxanthine
(IBMX) was used. IBMX alone does not stimulate 8 phos-
phorylation, but an increase in cell motility is observed.
When IBMX is combined with benzoyl-cAMP, however, 3
phosphorylation reproducibly increases over that of ben-
zoyl-cAMP alone (Fig. 3). Although the cAMP analogue
and phosphodiesterase inhibitor combination does not
produce as strong an upper band in the 3 doublet as ob-
served in mating cells, these results suggest that 8 phos-
phorylation depends on an increase in intracellular cAMP.

Measurement of total intracellular cAMP may not re-
flect the relevant pool of cAMP levels as it applies to the
induction of PKA and 8 phosphorylation. Tetrahymena
motility, like that of Paramecium (Bonini et al., 1986), is
dramatically affected by both benzoyl-cAMP and IBMX.
However, only benzoyl-cAMP and IBMX plus benzoyl-
cAMP, but not IBMX alone, causes a modest increase in &
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Figure 2. Phosphorylation of &
requires initiation and costimu-
lation, two steps required for
pair formation in Tetrahymena.
(A) Schematic drawing of early
events that inhibit or promote
pair formation in Tetrahymena
(Bruns and Brussard, 1974). Fol-
lowing this scheme, cells were
either induced to form pairs
(control) or manipulated to
block pair formation (60 mM
Tris, cycloheximide, or fast
shaking; see text for details). Af-
ter 4 h of fast shaking, cells were
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phosphorylation in the absence of cell—cell interactions.
Protein synthesis is required for early events in conjuga-
tion (Allewell et al., 1976), regulation of PKA activity in
Tetrahymena (Majumder et al., 1975), and induction of &
phosphorylation seen early in conjugation (Fig. 2). We
suspect, therefore, that other factors, perhaps newly syn-
thesized, as well as compartmentalization of cAMP/PKA,
play an important role in the conjugation-induced phos-
phorylation of 8.

Generation and Characterization of an Antibody
against Phosphorylated &

Previous studies have shown that 3 is phosphorylated ex-
clusively on serine residues contained within a COOH-ter-
minal, cyanogen bromide-generated peptide (Sweet and
Allis, 1993). Two optimal consensus sequences for cAMP-
dependent phosphorylation exist in this fragment (Wu et al.,
1994), and we recently mapped both of the in vivo phos-
phorylation sites (Sweet et al., 1996). Antibodies highly se-
lective for phosphorylated H1 isoforms have been gener-

St

2hr
mating

St. 2hr

mating

Benzoyl- Benzoyl- IBMX Benzoyl-
cGMP cAMP cAMP +
IBMX

Figure 3. The cyclic AMP analogue, benzoyl-cAMP, induces &
phosphorylation in starved, nonmating cells. Starved cells were
incubated with cGMP or cAMP analogues and/or IBMX for 45
min, after which whole-cell lysates were prepared and analyzed
by immunoblotting using general 8 antiserum.
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ated and localized in situ to regions of decondensed
macronuclear chromatin (Lu et al., 1994, 1995). An at-
tempt was made to produce a comparable antibody to the
phosphorylated isoforms of 8.

The sequence of one in vivo phosphorylation site in §
[Thr-Lys-Arg-Lys-Asn-Ser(P)-Lys-Ser] was used to syn-
thesize a phosphopeptide, and this peptide was used to
generate and affinity purify antibodies specific for phos-
phorylated 8 isoforms. Immunoblotting analyses demon-
strate that the resultant antibodies react specifically with &
in total micronuclear extracts (Fig. 4, lane 2); none of the
proteins in macronuclei react with the phosphodelta anti-
body (Fig. 4, lane I). Immunoreactivity was abolished by
preincubating the antibody with the phosphorylated §
peptide, but not with a nonphosphorylated peptide that
contains the same amino acid sequence (compare Fig. 4, B
and C, respectively). 8 identity was confirmed by probing a
parallel blot with HPLC-purified 8 with general 8 antibod-
ies (Fig. 4 D).

The phosphodelta antibody is specific for the phosphor-
ylated isoforms of & (Fig. 5, phosphodelta is identified by
stars). As expected, d from 2-h mating cells reacts strongly
with the phosphodelta antibody, while § from starved cells
does not (Fig. 5 B). In addition, this antibody fails to rec-
ognize & from 2-h mating cells when the protein is treated
with AP (Fig. 5 B, +AP). & identity was again confirmed
by reprobing the membrane with antibody against general
3 (data not shown).

Phosphodelta Is Enriched in Transcriptionally Active
Chromatin in Micronuclei

Given the immunoblotting analyses shown in Fig. 1, strong
staining of micronuclei is expected with the phosphodelta
antibodies during the early stages of conjugation corre-
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Figure 4. Generation of antibodies highly selective for phosphor-
ylated isoforms of 8. (4) Coomassie stain of acid-soluble nuclear
protein from highly purified preparations of micro- and macronu-
clei isolated from 2.5-h mating cells that were resolved on a 12%
SDS-acrylamide gel. Lanes: ], total macronuclear protein; 2, total
micronuclear protein. (B—D) Immunoblot analyses of nuclear
proteins using an affinity-purified antibody against a synthetic
phosphorylated 8 peptide [Thr-Lys-Arg-Lys-Asn-Ser(P)-Lys-
Ser]. Phosphodelta antibody was incubated with either a 250-M
excess of either nonphosphorylated peptide (B) or phosphory-
lated peptide (C) for 2 h at room temperature before incubation
with the blot. To confirm the identity/mobility of 3, a parallel blot
of HPLC-purified 3 (lane 3) was probed with general 8 antiserum
(D). All immune reactions were detected with AP-conjugated
secondary antibody. Each of the micronuclear-specific polypep-
tides o, B, v, and 8 are labeled. Bracket denotes core histones.

sponding to meiotic prophase (14 h). As shown in Fig. 6,
affinity-purified phosphodelta antibodies consistently stain
the periphery of micronuclei weakly in starved cells (left),
while micronuclei in 2-h mating cells are brightly stained
(center left). Consistent with our immunoblotting analyses
(Fig. 4), preincubating the phosphodelta antibody with
phosphorylated peptide blocks essentially all immunore-
activity (Fig. 6, center right), while preincubation with non-
phosphorylated peptide has no effect (data not shown). As
expected, the general 3 antibody stains starved and 2-h
mating micronuclei more or less equally (Fig. 6, right).
Thus, in agreement with our immunoblotting data (Fig. 1),
the immunofluorescence data shown in Fig. 6 demonstrate
that a significant increase in the phosphorylation of & oc-
curs during the early stages of conjugation.

While the micronucleus is highly condensed and tran-
scriptionally inactive during most of the life cycle, a brief
period of transcriptional activity has been reported during
the early stages of conjugation corresponding to meiotic
prophase (Sugai and Hiwatashi, 1974; Martindale et al.,
1985). We were curious if phosphorylation of 3 could be
positively correlated with transcriptional activation in mi-
cronuclei during this period. To investigate this issue, 2-h
mating cells were pulse labeled with [*H]uridine for 5 min,
processed for autoradiography, and stained with DAPI
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Figure 5. Antibodies against the phosphodelta peptide recognize
only the phosphorylated isoform of 8. 8 from micronuclei isolated
from starved or 2-h mating cells was purified by reverse-phase
HPLC and, where indicated (2-h mating cells), was additionally
incubated with (+) or without (—) AP. Proteins were resolved on
a 10% SDS-polyacrylamide gel and either stained (A) or sub-
jected to immunoblot analysis using the phosphodelta antibody
(B). As in Fig. 4, reprobing of the blot shown in B with general &
antibodies confirmed the evenness of sample loading and transfer
(not shown). Stars indicate the slow migrating, phosphorylated 3
isoform.

(Fig. 7, middle row). In agreement with the results first re-
ported by Sugai and Hiwatashi (1974), we find that micro-
nuclei in specific stages of meiotic prophase (primarily
stages II and III, Martindale et al., 1982) are transcription-
ally active. Unlike the previous study, however, our results
indicate that transcriptional activity is not uniform through-
out appropriately staged micronuclei. We have consis-
tently observed that the area of more intense DAPI stain-
ing (indicative of more condensed DNA, see arrows in
Fig. 7) is relatively devoid of silver grains, while in con-
trast, the more extended regions of lighter DAPI staining
(indicative of less condensed DNA) contain essentially all
of the 3H-uridine radiolabel observed in 2-h mating micro-
nuclei. These data strongly suggest that more decondensed
DNA of micronuclei is transcribed during this time. In
parallel, micronuclei in similar stages of meiotic prophase
were stained with affinity-purified antibodies against phos-
phorylated 8 (Fig. 7, top row). Strong immunoreactivity is
consistently observed over extended, less condensed re-
gions of micronuclei during the meiotic stages. In contrast,
little, if any, staining is observed over the more condensed
“center” of the micronuclear chromatin (see arrows in Fig.
7). The absence of immunoreactivity of phosphodelta anti-
bodies in the more condensed region of meiotic micronu-
clei is not a trivial artifact of antibody inaccessibility, since
general § antibodies stain these regions well, closely mir-
roring the DAPI staining (Fig. 7, bottom row).

As predicted, if the phosphorylation of linker histone is
a necessary prerequisite for chromatin decondensation
(Roth and Allis, 1992), the onset of micronuclear staining
with phosphodelta antibodies (stage I) precedes the onset
of transcriptional activity in these nuclei, which becomes
evident as soon as the micronuclei begin to elongate. De-
tectable levels of transcription cease largely by the time
micronuclei are fully elongated (stage IV), after which the
staining of micronuclei by phosphodelta antibodies is rap-
idly lost (data not shown). From these data, we argue that
phosphorylation of 8 and perhaps other micronuclear
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Figure 6. Antibodies against phosphorylated 8 strongly stain micronuclei in meiotic prophase. (Top) Starved or 2-h mating cells were
fixed and incubated with phosphodelta antibodies (/eft) or, where indicated, with antibodies against general 8 (right). As an additional
specificity control, phosphodelta antibodies were preincubated in the presence (center right) or absence (center left) of phosphorylated
peptide, as described in Fig. 4. (Bottom) Corresponding DAPI staining. Bar, 1 pm.

linker histones functions in establishing a decondensed,
transcriptionally competent state of micronuclear chroma-
tin in this unique stage of the life cycle.

Discussion

cAMPIPKA Signal Transduction Induces Early Events
in Conjugating Tetrahymena

The cAMP/PK A signal transduction pathway is composed
of an elaborate cascade of regulatory proteins that func-
tions as one of several second messenger—-dependent sys-
tems for generating intracellular responses to extracellular
signals (for review see Beebe, 1994). In this report, we pro-
vide evidence that this signaling pathway is initiated upon
cell—cell interactions made early in the sexual pathway in
Tetrahymena. Our data demonstrate that a modest, but re-
producible, increase in total intracellular cAMP (second
messenger) occurs during costimulation of properly initi-
ated cells. It is likely that this increase in cAMP, perhaps
in a compartmentalized form, activates one or more PKA
isoforms that, in turn, lead to the hyperphosphorylation of
micronuclear linker histone 8. In general, the physiological
substrates of the cAMP/PKA signaling cascade are only
beginning to be recognized (Beebe, 1994), and have not
been well studied in ciliates. As far as we are aware, the
cAMP/PKA-mediated induction of 8 phosphorylation in
micronuclei provides one of the first clear indications that
this pathway stimulates the phosphorylation of a linker his-
tone, an event that correlates spatially and temporally with
remodeling the chromatin into a transcriptionally compe-
tent form.

Our data suggest, however, that the magnitude and ex-
tent of the signaling events in Tetrahymena differ consid-

Sweet et al. H1 Phosphorylation Is Linked to Gene Activation

erably from the events in Chlamydomonas, where gametes
make sex-specific adhesive contacts, triggering a rapid but
transient 10-fold elevation in intracellular levels of cAMP
(Pasquale and Goodenough, 1987). The magnitude of the
cAMP increase in mating Tetrahymena differs significantly
from that seen in Chlamydomonas, and is probably caused
by differences in mating characteristics between the two
organisms. Initial mating events in Chlamydomonas occur
rapidly and synchronously, such that within 10 min, ~80%
of the cells have formed stable pairs (Pasquale and Good-
enough, 1987); cAMP levels then decline rapidly to a basal
level after pair formation. In Tetrahymena, on the other
hand, typically 50% of the cells have formed pairs 1 h after
mixing opposite mating types (Martindale et al., 1982),
and often pairing kinetics differ considerably from one
mating to the next. cAMP levels decline to basal levels as
stable pairs form (data not shown).

Phosphorylation of Linker Histone Is
Associated with Chromatin Decondensation and
Transcriptional Activation

We have proposed that linker histone phosphorylation
acts as a first-step mechanism to decondense chromatin,
which in turn increases the accessibility of trans-acting fac-
tors to target DNA sequences (Roth and Allis, 1992), and
in this report, we have focused our attention on the phos-
phorylation of the micronuclear linker histone 3. Although
8 is largely dephosphorylated during much of the Tetrahy-
mena life cycle, d is hyperphosphorylated during stages of
meiotic prophase, when micronuclei decondense and be-
come transcriptionally active, showing a strong temporal
correlation with micronuclear transcription. Interestingly,
the period of maximal 8 phosphorylation (~1-4 h, Fig. 1)
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Figure 7. Staining with phosphodelta antibody is localized to regions of decondensed, transcriptionally active chromatin in micronuclei.
A schematic drawing of micronuclei in stages corresponding to meiotic prophase I (left) and II (center and right) is shown (for details see
Sugai and Hiwatashi, 1974; Martindale et al., 1985). Darker areas correspond to areas of more condensed chromatin (more intense
DAPI staining). Cells were fixed and incubated with antibodies against general 8 (bottom) or phosphodelta (top). In parallel, cells were
pulse-labeled with [*H]uridine for 5 min and prepared for conventional autoradiography, followed by DAPI staining (middle). Note that
essentially all of the [*H]uridine label is associated with the less condensed chromatin corresponding to the extended micronuclear
“tails”; few, if any, silver grains are found over the more condensed DAPI staining “center” of each micronucleus (arrows). Bar, 2 um.

corresponds closely with the period for optimal efficiency
of germline (micronuclear) transformation in Tetrahymena
(Bruns, P.J., and M.A. Gorovsky, personal communica-
tion). It is not clear whether the decondensation of micro-
nuclear chromatin, potentially triggered by 8 hyperphos-
phorylation or another factor(s), is responsible for these
effects.

The subnuclear localization of phosphorylated 8 in mei-
otic micronuclei was determined by fluorescent micros-
copy using phosphodelta antibodies (generated against a
phosphopeptide mimicking an in vivo phosphorylation site
within 8). As expected from our immunoblotting analyses,
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transcriptionally inert micronuclei did not stain well during
starvation, but stained strongly during the early stages of
meiotic prophase. During this period, micronuclei swell,
and the highly condensed chromatin normally observed in
nonconjugating cells is transformed into a “halo” of less
condensed chromatin (Wolfe et al., 1976). Consistent with
a change in chromatin structure attributable to the hyper-
phosphorylation of 3, less condensed regions of micronu-
clear chromatin stain strongly with phosphodelta 8 anti-
bodies while, in contrast, the more condensed chromatin
stains well with general 8 antibodies. Micronuclei then be-
gin an extended period of elongation and further decon-
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densation marked by the onset of transcriptional activity
in the early crescent stage (Fig. 7; Sugai and Hiwatashi,
1974; Martindale et al., 1985). The detection of hyperphos-
phorylated 3 in micronuclei precedes the period of tran-
scription, and is rapidly lost during subsequent chromo-
some condensation and entry into the first meiotic division.
Collectively, these data suggest that phosphorylation of 3
is more a requirement for establishing transcriptionally
competent chromatin than a result of transcription per se.

The hypothesis that phosphorylation of 8 in micronuclei
is associated with transcriptional activation is supported
by reports that TATA-binding protein and an evolution-
arily conserved H2A variant, hvl, are detected in micro-
nuclei at or before activation (Stargell et al., 1993; Stargell
and Gorovsky, 1994). The Roth-Allis model (Roth and
Allis, 1992) predicts that decondensed chromatin is closely
associated with phosphorylated linker histone. Lu et al.
(1995) have recently shown that phosphorylated H1 is as-
sociated with decondensed regions of macronuclear chro-
matin in close association with hvl. These results are ex-
tended here by showing that the phosphorylation of 8 is
also associated with decondensed chromatin and tran-
scriptional competence in micronuclei. We speculate that
the phosphorylation of 8 is required to allow for the bind-
ing of hvl and TATA-binding protein during this period
of dynamic chromatin reorganization. With the develop-
ment of techniques for gene replacement and mass trans-
formation (Gaertig and Gorovsky, 1995), along with the
mapping of in vivo phosphorylation sites in macro- and
micronuclear linker histones (Sweet, M.T., C. Mizzen, and
C.D. Allis, unpublished observations), we look forward to
a direct test of some of these predictions.
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