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Histone H1 Expressed in Saccharomyces cerevisiae Binds to Chromatin
and Affects Survival, Growth, Transcription, and Plasmid Stability

but Does Not Change Nucleosomal Spacing
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Histone H1 is proposed to serve a structural role in nucleosomes and chromatin fibers, to affect the spacing
of nucleosomes, and to act as a general repressor of transcription. To test these hypotheses, a gene coding for
a sea urchin histone H1 was expressed from the inducible GALI promoter in Saccharomyces cerevisiae by use
of a YEp vector for high expression levels (strain YCL7) and a centromere vector for low expression levels
(strain YCL1). The H1 protein was identified by its inducibility in galactose, its apparent molecular weight, and
its solubility in 5% perchloric acid. When YCL7 was shifted from glucose to galactose for more than 40 h to
achieve maximal levels of H1, H1 could be copurified in approximately stoichiometric amounts with core
histones of Nonidet P-40-washed nuclei and with soluble chromatin fractionated on sucrose gradients. While
S. cerevisiae tolerated the expression of low levels of H1 in YCL1 without an obvious phenotype, the expression
of high levels of H1 correlated with greatly reduced survival, inhibition of growth, and increased plasmid loss
but no obvious change in the nucleosomal repeat length. After an initial induction, RNA levels for GAL1 and
H1 were drastically reduced, suggesting that H1 acts by the repression of galactose-induced genes. Similar

effects, but to a lower extent, were observed when the C-terminal tail of H1 was expressed.

Most of the eukaryotic genome is packaged by histone
proteins into nucleosomes, 30-nm chromatin fibers, and high-
er-order structures. The H1 class of histones includes a variety
of subtypes or variants of lysine-rich proteins with a short
N-terminal tail, a central globular domain, and a long, highly
charged C-terminal tail. H1 is proposed to serve different roles
(for a review, see reference 62). (i) At the nucleosome level,
DNA is wrapped in two superhelical turns around an octamer
of core histones (two each of H2A, H2B, H3, and H4). Our
current view is that on the average, one histone H1 molecule
binds from the outside at the entry and exit site of the linker
DNA and stabilizes two turns of DNA in the nucleosome. This
view is supported by electron microscopy (16, 57), protein-
protein cross-linking (8) and, in particular, by the observation
of a transient stop at about 160 bp during chromatin digestion
with micrococcal nuclease (38) and the subsequent isolation of
the corresponding particle, the chromatosome (47). More
recent reports indicated 168 bp for the chromatosome stop (1).
However, there are additional binding sites for H1 (39, 53)
since, for example, chicken erythrocyte chromatin was shown
to accommodate 1.3 H1 proteins per nucleosome (H1 plus
HS), indicating that some nucleosomes must have two mole-
cules of H1 proteins (5). The fraction of nucleosomes that bind
H1 at the entry and exit site is unknown and might vary in
different organisms or tissues (53). (ii) Histone H1 might affect
the spacing of nucleosomes. This role was suggested by in vitro
reconstitution experiments (25, 61) and by the observation that
changes in histones, in particular linker histone H1, during the
development of the sea urchin correlated with a change in the
nucleosomal repeat length (2). (iii) Histone H1 stabilizes and
organizes the folding of nucleosomes into 30-nm chromatin
fibers (57). (iv) Histone H1 is regarded as a repressor of
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transcription both in vivo and in vitro. As a prominent exam-
ple, partial replacement of histone H1 by histone HS, a variant
of HI1, during the maturation of avian erythrocytes might
repress transcriptional activity, possibly by the formation of
more stable nucleosomes and higher-order structures (4, 37,
58). The structural and functional roles of the individual
domains of H1 are less clear. The globular region appears to be
sufficient for sealing the nucleosome in vitro (1) and was
suggested to organize the 30-nm fibers (33, 58). The N-
terminal tail and, in particular, the positively charged C-
terminal tail might bind to linker DNA or adjacent nucleo-
somes and thereby contribute to the condensation of
chromatin fibers (27, 58). This description of the roles of H1 is
based largely on in vitro experiments.

A direct approach to testing the roles of histone H1 involves
the expression of H1 genes in living cells. The expression of an
inducible transfected H5 gene in rat sarcoma cells resulted in
the arrest of cell proliferation and changes in gene expression
but not in an altered nucleosomal repeat length (50, 51). In
these experiments, however, the additional H5 protein had to
compete with the endogenous H1 proteins. To test the possible
roles of histone H1 in the absence of other H1 proteins, we
expressed a sea urchin H1 in the yeast Saccharomyces cerevi-
siae. S. cerevisiae has no endogenous histone H1. While the
composition and structure of the yeast nucleosome core are
very similar to those of higher eukaryotes (6), the nucleosomal
repeat is only about 160 bp long (7, 30, 59) and therefore is too
small to represent an octamer of core histones plus histone H1.
However, mapping of nucleosome positions showed that indi-
vidual nucleosomes can be tightly packed while others can be
well spaced and accommodate more than 170 bp (52, 54). We
showed that a sea urchin H1 could be expressed at low and
high levels (in amounts similar to those of core histones) and
that it copurified with nuclei and bound to chromatin. While
low levels of H1 were tolerated, high levels affected survival,
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growth, transcription, and plasmid stability, but the nucleoso-
mal repeat was not altered.

MATERIALS AND METHODS

Enzymes and chemicals. Restriction enzymes, micrococcal
nuclease, leupeptin, and pepstatin were from Boehringer.
Phenylmethylsulfonyl fluoride (PMSF) was from Merck, per-
chloric acid (PCA, 70%) and Ficoll 400 were from Fluka AG,
Nonidet P-40 (NP-40) was from Sigma, Zymolyase 100T was
from Seikagaku Kogyo Co. Ltd., and [5,6-*H]uracil was from
Amersham.

Plasmids. The H1 gene was isolated as an Hpal-HindIII
fragment (1,130 bp) from the cloned early histone gene cluster
h22 of the sea urchin Psammechinus miliaris (43) (a gift from
M. L. Birnstiel and M. Busslinger, Institute of Molecular
Pathology, Vienna, Austria). pCL1 is a pUCS8 derivative which
contains the GALI-GALI0 promoter as an EcoRI-BamHI
fragment (678 bp) from pBM150 (23) inserted between the
EcoRI and BamHI sites and the H1 gene (Hpal-HindIIl
fragment) inserted between the Hincll and HindlIII sites. The
EcoRI-HindIIl fragment of pCL1 containing the GALI-
GAL10 promoter and the H1 gene was used to replace the
EcoRI-HindIII fragment of pBM272 (containing the GALI-
GALI10 promoter) to yield YCpCL2 (Fig. 1). (pBM272 is a
derivative of pPBM150 containing an additional HindIII site and
was kindly provided by M. Johnston.) The same EcoRI-
HindlIlI fragment of pCL1 was inserted between the HindIII
and EcoRlI sites of YEp352 (20) to yield the 2u.m yeast plasmid
YEpCL11. YEpCL12 is YEpCL11 from which the BamHI-Pst1
fragment was removed to delete the H1 gene. YEpCL13 is
YEpCL11 from which the BamHI fragment was deleted to
result in expression of the C-terminal tail (from amino acids 89
to 206; see Fig. 10).

Yeast strains and media. The yeast strains used in this study
are listed in Table 1. YM262 (MATa ura3-52 his3-200 ade2-101
lys2-801 tyrl-501) was used as a host strain (23) (kindly
provided by M. Johnston). YM262 was transformed by the
lithium acetate method (21), and clones were selected on
minimal media containing glucose. Yeast media were made as
described previously (45). The complex medium (YPD) con-
tained 1% Bacto Yeast Extract, 2% Bacto Peptone, 2%
glucose, and 0.003% adenine sulfate. The synthetic minimal
medium contained 0.67% Bacto Yeast Nitrogen Base without

FIG. 1. Constructs. (a) YCpCL2 contains a sea urchin histone H1
gene linked to the GALI promoter of host vector pBM272. The
plasmid occurs at low copy numbers and allows the expression of H1 at
low levels in galactose-containing media. (b) YEpCL11 contains a sea
urchin histone H1 gene linked to the GALI promoter of vector
YEp352. The plasmid occurs at high copy numbers and allows high
levels of H1 expression in galactose-containing media. ARS 1 and 2
indicate origins of replication; URA 3 and Amp are the marker genes
for selection in S. cerevisiae and in Escherichia coli, respectively.
Relevant restriction sites are indicated.

H1 EXPRESSION IN S. CEREVISIAE 2823

TABLE 1. Strains and plasmids used in this study”

Yeast strain Plasmid Property
YCL1 YCpCL2  Expression of H1 at low levels
YCL7 YEpCL11  Expression of H1 at high levels
YM262/pBM272 pBM272 Control strain with host plasmid
YM262/YEp352 YEp352 Control strain with host plasmid
YCL21 YEpCL12 Control strain with GALI-GAL10

promoter plasmid

YCL22 YEpCL13  Expression of C-terminal tail of

H1 at high levels

“The host strain was YM262 (MATo ura3-52 his3-200 ade2-101 lys2-801
tyr1-501) (23).

amino acids but supplemented with adenine at 20 mg/liter,
L-histidine at 20 mg/liter, L-lysine HCl at 30 mg/liter, and
L-tyrosine at 30 mg/liter. As a carbon source, 2% glucose (SD),
2% galactose (SG), or a mixture consisting of 3% glycerol with
2% lactate (glycerol-lactate) or of 3% glycerol with 2% lactate
and 2% galactose (glycerol-lactate-galactose) was added. For
plates, 2% Bacto Agar was added before autoclaving.

Galactose induction. For shifting cells from glucose to
galactose, yeast cultures were grown in SD medium (30°C),
harvested by centrifugation, washed in water (at room temper-
ature), resuspended in the same volume of prewarmed SG
medium, and further incubated at 30°C. For galactose induc-
tion in glycerol-lactate, galactose was added directly to yeast
cultures grown in glycerol-lactate.

Cell survival and mitotic plasmid stability assays. The cell
density was determined by counting cells in a hemocytometer.
A given number of cells was plated in triplicate on YPD and
SD plates (100 to 200 cells per plate) and incubated at 30°C.
Survival was calculated as the number of colonies counted on
YPD plates as a percentage of the number of cells plated
(100%). Mitotic plasmid stability was calculated as the number
of colonies growing on selective SD plates as a percentage of
the number of colonies growing on YPD plates (100%). Cells
that lose the expression plasmid and hence the selection
marker URA3 during mitotic growth cannot grow on selective
plates but can grow on YPD plates.

Preparation of crude NP-40-washed nuclei (NP-40 nuclei).
Nuclei were prepared by the protocol of Davie et al. (13) with
modifications (37a). One-liter cultures of yeast cells were
grown in SD medium to 1.6 X 107 to 2.0 X 107 cells per ml or
grown in SD medium to 1.6 X 107 to 2.0 X 107 cells per ml and
transferred into the same volume of SG medium. The cells
were harvested by centrifugation in a GSA3 rotor (Sorvall, Du
Pont Instruments) (5 min, 4,000 rpm, room temperature),
washed twice in H,O by resuspension and centrifugation, and
collected in a 50-ml Falcon tube to yield about 1.5 to 1.8 g (wet
weight) and a volume of 1 to 1.5 ml (1 volume). The cells were
resuspended in 3 volumes of prewarmed (30°C) 20 mM EDTA
(pH 8)-7 mM B-mercaptoethanol, incubated with mild agita-
tion (60 rpm) at 30°C for 15 min, collected by centrifugation in
a Sorvall RC5-B centrifuge (Du Pont Instruments) (3 min,
3,000 rpm, room temperature), washed in 2 volumes of pre-
warmed (30°C) 1 M sorbitol, collected by centrifugation, and
resuspended in 3 volumes of prewarmed (30°C) spheroplasting
solution (1 M sorbitol, 5 mM B-mercaptoethanol). Zymolyase
100T (4 mg) was added, and the cell suspension was agitated
(60 rpm) at 30°C for 10 to 20 min (for cultures grown in SD
medium) or for 20 to 30 min (for cultures grown in SG
medium). Spheroplasting was monitored by microscopy and
considered to be complete when 90 to 95% of one aliquot of
the cells could be lysed by the addition of 1% sodium dodecyl
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sulfate (SDS) (visible as a transparent “ghost”). The following
steps were done on ice, and all materials and solutions were
precooled to 4°C. Spheroplasts were harvested by centrifuga-
tion (3 min, 3,000 rpm), washed with 3 volumes of 1 M sorbitol,
recollected, and lysed in 16 ml of lysis buffer [18% Ficoll
(wtfvol), 20 mM KPO,, 1 mM MgCl,, 0.25 mM EDTA, 0.25
mM ethylene glycol-bis(B-aminoethylether)-N,N,N',N'-tetra-
acetic acid (EGTA), 1 mM PMSF, 1 pg of pepstatin per ml, 1
g of leupeptin per ml; protease inhibitors were added imme-
diately before use] by vortexing and shaking twice each for 1
min and then by four strokes in a 60-ml Dounce homogenizer.
Lysed spheroplasts were centrifuged in an SS-34 rotor (Sorvall,
Du Pont Instruments) (5 min, 5,700 rpm), the turbid superna-
tant containing crude nuclei was transferred to an SS-34 tube
by decantation (the loosely packed upper part of the pellet was
partly transferred), and the nuclei were pelleted in a Sorvall
RC5-B centrifuge (20 min, 16,000 rpm). The crude nuclear
pellets were homogeneously resuspended by pipetting into 1.5
ml of NP-40 solution (10 mM Tris-HCI [pH 8], 75 mM Na(l,
0.5% NP-40, 1 mM PMSF, 1 ug of pepstatin per ml, 1 ug of
leupeptin per ml; NP-40 and protease inhibitors were added
immediately before use) and incubated for 30 min. Spectra run
in 1% SDS (100 times the dilution of the suspension) showed
a clear peak at 260 nm (the A,¢, was ~50). The nuclei were
collected by centrifugation in an SS-34 rotor (10 min, 16,000
rpm), and the supernatants were discarded. The NP-40 wash
was repeated twice, but the pellets were only partially resus-
pended, incubated for 15 min, and collected by centrifugation
at 10,000 rpm (10 min). The pellet containing crude NP-40
nuclei was resuspended in 1.0 ml of TE (10 mM Tris, 1 mM
EDTA [pH 8]) and immediately used for further experiments.

Histone H1 extraction from crude NP-40 nuclei with 5%
PCA. PCA extraction was done as described previously (41).
All steps were done on ice, and materials and solutions were
precooled to 4°C. Crude NP-40 nuclei were transferred to a
13-ml Falcon tube. One volume of 10% PCA (prepared
immediately before use) was added. The suspension was
vortexed for 10 s, incubated for 30 min, and pelleted by
centrifugation in an HB-4 rotor (Sorvall, Du Pont Instruments)
(20 min, 10,000 rpm), and the supernatant containing histone
H1 protein was transferred to a 15-ml Corex tube. The pellet
was resuspended in 5% PCA, incubated for 15 min, and
repelleted (15 min, 10,000 rpm). The second supernatant was
pooled with the first supernatant. To precipitate the soluble
histone H1 protein, 3.5 volumes of acetone (—20°C) and HCI
(37%) were added (28.5 pl/ml of supernatant). The suspension
was mixed by vortexing and incubated at —20°C overnight.
The precipitate was collected by centrifugation in an HB-4
rotor (30 min, 10,000 rpm). The pellet was washed with
acetone (—20°C) and dried under vacuum. The H1 precipitate
was resuspended in 1X SDS sample buffer (see below) for
protein gel electrophoresis.

Protein gel electrophoresis. Proteins were analyzed on SDS-
15% polyacrylamide gels as described previously (26) but with
modifications (57). Samples were dissolved in SDS sample
buffer (0.0625 M Tris-HCI [pH 6.8], 2% SDS, 10% glycerol,
2.5% B-mercaptoethanol, traces of bromphenol blue) and heat
denatured. Silver staining of the gels was done as described
previously (64).

Extraction of soluble chromatin. The following steps were
done on ice, and materials and solutions were precooled to
4°C. NP-40 nuclei were prepared as described above but
resuspended in buffer A (20 mM Tris-HCl [pH 8], 150 mM
NaCl, 5 mM KCl, 1 mM EDTA, 1 mM PMSF [54]) to yield an
Ao 0f 0.6 to 0.7. The nuclei were adjusted to 5 mM CaCl, and
incubated with 180 U of micrococcal nuclease for 2.5 or 1 min
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at 37°C. The digestion was terminated by the addition of
EDTA (pH 8) to a final concentration of 8 mM, and the
suspension was centrifuged in an HB-4 rotor (10 min, 10,000
rpm) to yield a pellet, designated pellet 1, and a supernatant,
designated supernatant 1, containing soluble chromatin. Fur-
ther incubation of pellet 1 in 10 mM Tris (pH 8)-1 mM
EDTA-10 mM NaCl for 12 h did not release more soluble
chromatin. Supernatant 1 (1.8 ml) was fractionated on a linear
5 to 15% (wt/vol) sucrose gradient (in 10 mM Tris [pH 8]-1
mM EDTA-10 mM NaCl) with an SW-41 rotor (Beckman) at
20,000 rpm for 14 h (4°C) in a Beckman L70 ultracentrifuge.
Fractions of 1.2 ml were collected. Half of the fractions were
used for either protein or DNA analysis. The proteins were
precipitated with 25% trichloroacetic acid (TCA) for 30 min
and collected with a microcentrifuge. The pellet was washed
with 200 pl of acetone (—20°C), recollected by centrifugation,
vacuum dried, and finally resuspended in 25 wl of SDS sample
buffer. For DNA analysis, chromatin was precipitated by the
addition of 66 pl of 3 M sodium acetate and 2.5 volumes of
ethyl alcohol (—20°C), incubation overnight at —20°C, and
centrifugation in a microcentrifuge (30 min). The pellet was
washed with 200 pl of 80% ethyl alcohol, recollected, and
vacuum dried. The pellet was resuspended in 20 pl of 10 mM
Tris-1 mM EDTA and adjusted with TBE loading buffer (89
mM Tris, 89 mM boric acid, 20 mM EDTA, 8% glycerol, 0.1%
bromphenol blue, 0.1% xylene cyanol) containing 1% SDS.
The samples were incubated at 37°C for 10 min before being
loaded on a 1.5% agarose gel.

Chromatin analysis with micrococcal nuclease. Preparation
of genomic chromatin, digestion with micrococcal nuclease,
DNA extractions, and agarose gel electrophoresis were carried
out as described previously (7), with the exception that 0, 7, 15,
22, 37, 45, 52, and 105 U of micrococcal nuclease per ml was
used.

Determination of RNA synthesis rates. The rates of RNA
sgnthesis were determined by pulse labelling the RNA with
[PH]uracil as described previously (10). Aliquots of 2 x 107
cells were taken 0, 16, 20, 24, 28, 40, and 45 h after shifting of
the cells from SD to SG medium or 0, 3, 6, and 9 h after
galactose induction in glycerol-lactate. The cells were incu-
bated in the presence of 5 wCi of [*H]uracil for 10 min at 30°C,
and incorporated radioactivity was counted after precipitation
with TCA.

RNA analysis. Cells were grown and harvested as described
below (see the legend to Fig. 8). Total RNA was extracted (22),
run on 1% agarose gels containing formaldehyde (60), blotted
on Biodyne A membranes according to manufacturer instruc-
tions (Pall), and hybridized to the appropriate probes. The
membranes were exposed on Fuji RX films with one intensi-
fying screen. The following DNAs were used to generate
probes: a Clal fragment of pYA301 for ACTI (kindly provided
by D. Gallwitz), an EcoRI fragment of pNN77 for GALI
(kindly provided by R. Davis), an Avall-Sau3A fragment of the
URA3 gene, and a pBR322 derivative containing sequences
that hybridize to Ty elements (kindly provided by P. Phil-
ippsen). DNA was radioactively labelled by use of a random
priming kit (Pharmacia).

RESULTS

To investigate the roles of histone H1 in S. cerevisiae, we
attempted to express sufficient histone H1 proteins to yield
approximately one H1 molecule per nucleosome. For this
study, the H1 gene isolated from the cloned early histone gene
cluster (h22) of P. miliaris (43) was used. For brevity, this gene
is called the h22-H1 gene. Since the expression of H1 was
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FIG. 2. Expressed H1 is copurified with NP-40 nuclei. NP-40 nuclei were prepared from YCL?7 cells (a and c) and YCLI1 cells (b) grown in
selective media containing glucose (SD) or galactose (SG). YCL7 was incubated in SG for 40 h. YCL1 was grown on to an A4y, of 0.8. Total
proteins (tot) and 5% PCA-extracted proteins (PCA) were visualized by SDS-polyacrylamide gel electrophoresis and silver staining. A comparison
of YCLY7 proteins with sea urchin histones (SU) is shown in panel c. Rat liver histones (H1, H3, H2B, H2A, and H4) were used as markers (M).
Hla is the product of the sea urchin h22-H1 gene (7a). The arrowhead marks the position of expressed H1. Lanes contained the following
approximate amounts of DNA, in micrograms (assuming 1.6 pg of DNA per 10® haploid yeast cells and no loss during nucleus preparation): (a)
2 (lanes 2 and 3), 3 (lane 4), 14 (lane 5), and 28 (lanes 6 and 7); (b) 0.4 (lanes 2 and 3) and 200 (lanes 4 and 5); (c) 2 (lane 1) and 20 of an old
sample (lane 2). Rat liver histones were used at 0.75 pg (a, lane 1) and 0.5 pg (b, lane 1). Two micrograms of sea urchin histones was used (c, lane

3).

expected to be deleterious for the cells, the sea urchin histone
H1 gene (h22) was fused to the inducible GALI promoter.
This promoter allows the cells to be cloned and grown in
glucose, in which transcription is repressed, and allows the
expression of H1 after shifting of the cells to galactose-
containing medium. Two constructs and the corresponding
yeast strains and control strains are shown in Fig. 1 and Table
1. YCpCL2 is based on the centromeric expression vector
pBM272, which occurs in low copy numbers. YEpCLI11 is
based on the 2pm vector YEp352 which, in the presence of
2pm circles, occurs at high copy numbers. YCpCL2 and
YEpCLI11 were used to transform S. cerevisiae YM262 to yield
strains YCL1 and YCL7, respectively. The copy numbers
determined by Southern blotting were about 1 to 2 for
YCpCL2 and approximately 50 for YEpCL11 (data not
shown). YM262/pBM272 and YM262/YEp352 are the appro-
priate control strains containing the host vectors. YCL21 is an
additional control strain used to test for possible effects of
transcription factor titration and transcriptional interference
during growth in galactose. It contains YEpCL12, a derivative
of YEpCL11 from which the H1 gene has been deleted
(BamHI-PstI).

H1 is expressed, is not degraded, and copurifies with nuclei.
To investigate whether the H1 protein was expressed and
transported into nuclei, crude nuclear pellets were prepared
from spheroplasts lysed in Ficoll. To visualize the histone
proteins in the nuclei by gel electrophoresis, loosely associated
proteins (ribosomes and putative cytoplasmic contaminants)
were removed by three washes of the nuclei with NP-40 (29)
(NP-40 nuclei). The total protein pattern of NP-40 nuclei
extracted from YCL1 and YCL7 cells grown in glucose or
shifted to galactose showed the expected low-molecular-weight
bands characteristic of the core histones (H2A, H2B, H3, and
H4; Fig. 2; see also Fig. 6) (29, 59). When YCL7 cells were
shifted for 40 h to galactose to produce maximal amounts of
H1 (for detailed kinetics, see below), the protein pattern of
NP-40 nuclei revealed one additional, strong band (Fig. 2a,
compare SG and SD). This additional band was identified as

the expressed sea urchin H1 histone on the basis of the
following criteria. (i) This band was visible in YCL7 cells grown
in galactose, in which the GALI promoter is active, and not in
glucose. (ii) As characteristic for an H1 protein, the induced
h22-H1 gene product was soluble in 5% PCA (Fig. 2a, lanes 4
to 6). (iii) The apparent molecular weight of the H1 band was
indistinguishable from that of the Hla band of sea urchin
histones (Fig. 2c). Hla is the product of the h22-H1 gene in the
sea urchin. The induced protein was shorter than rat liver
histone H1, consistent with a shorter open reading frame of
206 amino acids in the h22-H1 gene (7a). Hence, the sea urchin
H1 histone expressed in S. cerevisiae remains intact and is not
degraded. Some degradation was observed only in old cultures
(see below).

On the basis of the silver staining of the protein gel, the
amount of histone H1 that was copurified with NP-40 nuclei
from YCL?7 cells was similar to the amounts of the individual
core histones. Core histones and H1 stained similarly, as shown
by the marker lanes containing sea urchin and rat liver
histones. This result suggests that large amounts of sea urchin
H1 were expressed in YCL7 cells and transported into nuclei.
In contrast, significantly less protein was produced when we
used a centromere vector in YCLI1 cells grown in galactose. In
NP-40 nuclei of YCL1, no H1 band was detectable by silver
staining of the protein gel (Fig. 2b). PCA extraction of NP-40
nuclei and a roughly 100-fold concentration were required in
order to detect the expression of H1. Gene dosage-dependent
expression levels—high in YCL7 and low in YCL1—can be
considered a fourth criterion for identifying histone H1.

Expressed H1 binds to chromatin. To investigate whether
expressed H1 enters the nuclei and binds to chromatin, the
NP-40 nuclei of galactose-induced YCL7 cells were digested
with micrococcal nuclease for 2.5 min and for 1 min to yield
short and long soluble chromatin fragments, respectively. The
insoluble material was pelleted by centrifugation; the superna-
tant contained the released soluble chromatin fragments.
Further incubation of the pellet in low-ionic-strength buffer
(10 mM Tris, 1 mM EDTA) did not solubilize more chromatin
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FIG. 3. H1 is bound to soluble chromatin. YCL7 cells were grown in galactose for 41 h (a, c, e, and f) or in glucose (b and d), and NP-40 nuclei
were digested with micrococcal nuclease for 2.5 min (a, b, ¢, and d) or 1 min (e and f) to yield short and long chromatin fragments, respectively.
Chromatin was fractionated on a 5 to 15% glucose gradient. The protein composition and DNA content of individual fractions were visualized by
SDS-polyacrylamide gel electrophoresis and silver staining (a, b, and ¢) and agarose gel electrophoresis and ethidium bromide staining (c, d, and
f), respectively. Numbers (1 to 9) indicate gradient fractions from top to bottom. The arrow indicates H1. Rat liver histones were used as markers
for protein gels (M). pBR328 DNA digested with Bgll and pBR328 DNA digested with Hinfl were used as size markers for the DNA gels (M).
Only a small amount of chromatin was present in fraction 5 of the galactose preparation. Lane 5* shows stronger staining of lane 5 (panel a). The
optical density profiles of the gradients at 254 nm (data not shown) were dominated by RNAs and their digestion products in the top fractions,

as indicated by RNA smears in fraction 1 (panels c, d, and f).

fragments. The chromatin fragments (in the supernatant) were
fractionated according to size on a shallow sucrose gradient,
and the fractions were analyzed for protein composition and
DNA content (Fig. 3). Indeed, no soluble H1 was found on top
of the gradient (Fig. 3a and e, lanes 1), but all fractions
containing DNA also contained core histone proteins and H1
(Fig. 3a and e, lanes 3 to 9). No H1 was detected in soluble
chromatin fractions of YCL7 cells grown in glucose (Fig. 3b).
We conclude that the expressed H1 protein was bound to
chromatin.

With respect to the Hl-core histone stoichiometry, two
points need to be discussed. (i) The H1/core histone ratio was
somewhat lower in the fractions containing chromatin than in
NP-40 nuclei. Since the amount of H1 expression is time
dependent (see also Fig. 6), it is possible that a nonmaximal
amount of H1 was produced at the time of harvest 41 h after
induction. Alternatively, small fragments of chromatin may
have been partially depleted of histone H1 during preparation
(40). (ii) The H1 content of long chromatin appeared to be
lower than the H1 content of short chromatin (compare
fraction 5 [lane 5*] with fraction 3 [lane 3] in Fig. 3a or fraction
5 with fraction 3 in Fig. 3e). One reason might be inappropri-
ate recovery and staining of fractions containing only very little
material (e.g., fraction 5 in Fig. 3a). Alternatively, it should
also be considered that longer chromatin fragments with a
higher H1 content might not have been soluble under the
conditions used and might have been precipitated in the pellet
fraction.

Despite the low temperature and the presence of proteinase
inhibitors during the preparation of nuclei, some degradation
of core histones could not be avoided. For example, in fraction
5 of the glucose preparation, H3 was cleaved to yield an
additional band between H4 and H2A, while in fraction 3, the
cutting of H3 was almost complete, indicating that some
proteinase activity accumulates toward the top of the gradient.

H1 expression affects growth, survival, and plasmid stabil-
ity. To test for growth properties, YCL1 and YCL7 and control
strains YM262/pBM272, YM262/YEp352, and YCL21 were
spotted on selective plates containing glucose or galactose as

the carbon source (Fig. 4). All strains grew on glucose within 3
days. On galactose, however, only YCL1 and the control
strains grew within 4 days, while the growth of YCL7 was
severely retarded. Only after 7 days of incubation were some
YCLY7 colonies visible (slowly growing colonies). There were
too many colonies for the colonies to be considered revertants
or mutants in the expression system. A similar retardation of
YCLY7 growth in the presence of galactose was observed when
cells were spotted on selective plates containing either glycer-
ol-lactate or glycerol-lactate plus galactose, except that longer

glucose
3 days

galactose
4 days

galactose
7 days

YCL?

YCL1
YM262/YEp352

YCL21
YM262/pBM272

glycerol-lactate glycerol-lactate glycerol-lactate
galactose galactose
5 days

8 days 10 days

YCL7
YCL1
YM262/YEp352 :
YCL21
YM262/pBM272

FIG. 4. H1 expression affects growth on plates. YCL7, YCL1, and
control strains YM262/YEp352, YCL21, and YM262/pBM272 were
grown in glucose or glycerol-lactate, and aliquots were spotted on
synthetic media containing glucose, galactose, glycerol-lactate, and
glycerol-lactate plus galactose. Incubation was done at 30°C. Approx-
imate cell numbers spotted were, from left to right, 900, 180, 90, 18,
and 9. The growth of YCL7 on galactose was severely retarded.
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FIG. 5. H1 expression affects growth, survival, and plasmid stability. YCL1 (M), YCL7 (@), and control strains YM262/pBM272 (OJ) and
YM262/YEp352 (O) were grown in selective media containing glucose to an Ay of 0.2, pelleted, and resuspended in selective media containing
galactose (a, ¢, and e). Alternatively, galactose was added to YCL7 and YM262/YEp352 cells grown in glycerol-lactate to an Agq of 0.1 (b, d, and
f). Growth was recorded as a function of time (44g0; @ and b). Survival was monitored by spreading given numbers of cells (counted; 100%) on
YPD plates and counting the colonies after 3 days (c and d). The mitotic stability of the plasmids was recorded by spreading equal amounts of cells
on selective glucose plates (lacking uracil) and on YPD plates (e and f); the number of colonies on selective plates relative to the number of
colonies on YPD plates (100%) is shown as the percentage of surviving cells containing the URA3 marker gene and therefore the expression

plasmid.

incubation times were required for the development of colo-
nies. Inhibition of YCL7 growth was also apparent in liquid
galactose-containing medium (Fig. 5a). While control strains
and YCL1 resumed growing approximately 20 h after a shift
from glucose to galactose, YCL7 started growing about 40 h
after the shift. A reduced growth rate for YCL7 cultures was
also observed when galactose was added to a glycerol-lactate-
containing medium (Fig. 5b). It could be argued that high copy
numbers of YEpCL11 might titrate transcription factors for
galactose-regulated genes and thereby affect growth or that
transcription from the GAL1-GAL10 promoter might interfere

with transcription of the marker gene URA3. This, however, is
not the case, since control strain YCL21, which hosts the
control plasmid YEpCL12 containing the GAL1-GALI0 pro-
moter but not the H1 gene, grew normally (Fig. 4; see also Fig.
10d). The results obtained on plates and in liquid media
strongly suggested that high levels of H1 are deleterious
(YCLT7 cells), while low levels of H1 are tolerated (YCLI1
cells).

A detailed time course of H1 expression for YCL7 cells is
shown in Fig. 6. The proteins found in NP-40 nuclei at different
times after galactose induction are shown. Little H1 was
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FIG. 6. Time course of H1 expression and accumulation in NP-40
nuclei. YCL7 cells were grown in SD to an Ay, of 0.6 and shifted to
SG (a and b). Alternatively, YCL7 was grown in glycerol-lactate to an
Agpo of 0.25, and galactose was added (c and d). NP-40 nuclei were
prepared at several time points after induction (0 to 70 h) (indicated
above lanes). Total proteins in NP-40 nuclei (a and c) and proteins
soluble in 5% PCA (b and d) were visualized by SDS-polyacrylamide
gel electrophoresis and silver staining. Panels contained the following
approximate amounts of DNA, in micrograms (assuming no loss
during nucleus preparation): (a) 1.6, (b) 42, (c) 1.3, and (d) 8. The
position of expressed H1 is marked by an arrow. M, markers.

detected 22 h after a shift from glucose to galactose (Fig. 6b),
at the time when control cells started to grow but the growth of
YCLY7 cells was inhibited (Fig. 5a). A maximal amount of H1
with respect to the amounts of core histones was observed
approximately 45 h after the shift from glucose to galactose.
This slow H1 production is consistent with the reduced H1
RNA levels (see below). After longer incubations, some deg-
radation of core histones and of histone H1 was observed,
indicating that at those times, some cells were dead. When
YCL7 cultures were induced in glycerol-lactate, a similar
amount of H1 with respect to the amounts of core histones was

O ‘lwsied

Rate of RNA synthesis
Rate of RNA synthesis

10

20 30 40
time (h)
a

MoL. CELL. BioL.

observed after 3 h of induction, but significantly more histone
H1 than core histones was seen after 14 h, and degradation in
particular of core histones occurred after about 20 h (Fig. 6¢
and d).

We tested the percentage of cells that recover after H1
expression and survive by plating given numbers of cells
(counted; 100%) on a complex medium (YPD) and counting
colonies that appeared (Fig. 5c and d). While control and
YCL1 cells showed about 90% survival throughout the time
course after a shift from glucose to galactose, the survival of
YCL7 cells dramatically dropped after 40 to 45 h (Fig. 5c).
After a shift from glycerol-lactate to glycerol-lactate plus
galactose, the survival of control cells remained high (about
80%), while the survival of YCL7 cells dropped immediately,
consistent with H1 expression without a lag phase and the
reduced growth rate. These results show that H1 expression at
high levels severely affects the survival of yeast cells, while low
levels are tolerated.

Since H1 binds to chromatin and since an unbalanced
overexpression of histones was shown to promote chromosome
loss (35), the effect of H1 expression on plasmid stability was
investigated (Fig. 5e and f). During the time course of H1
expression, one aliquot of cells was plated on nonselective
plates containing glucose to yield colonies of surviving cells
independent of the presence or absence of the expression
plasmid (100%). Another aliquot was plated on selective plates
containing glucose to yield colonies of cells that maintained the
plasmid and recovered from H1 expression. While control and
YCL1 cells maintained the expression plasmid throughout the
time course of incubation in galactose (Fig. Se and f), YCL7
cells showed a dramatic loss of the plasmids 40 to 45 h after a
shift from glucose or immediately after a shift from glycerol-
lactate. We conclude that H1 expression at high levels severely
affects plasmid stability and maintenance.

H1 expression and transcription. Since H1 was postulated
to serve as a general repressor of transcription, the incorpora-
tion of radioactive uracil into RNA was measured in 10-min
pulses at different time points of incubation in galactose (Fig.
7). RNA synthesis was high in exponentially growing control
cells and low when control cells entered stationary phase. In
H1-expressing YCL7 cells, RNA synthesis was low after a shift
of the culture from glucose to galactose and resumed higher
rates at about 24 h, somewhat before the increase in cell
numbers was observed. Similarly reduced RNA synthesis rates
were observed when HI1 synthesis in YCL7 cultures was
induced in glycerol-lactate-containing medium. Hence, there
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FIG. 7. Rates of transcription and H1 expression. YCL7 and a control strain, YM262/YEp352, were grown in SD to 107 cells per ml and shifted
to SG (a). Alternatively, galactose was added to both strains grown in glycerol-lactate to 10° cells per ml (b). Growth was monitored by cell counting
(cells per milliliter; @, YCL7; O, YM262/YEp352). Transcription rates were assessed in triplicate by measuring the incorporation of [*H]JUTP into
RNA (10-min pulses) and counting the TCA-precipitable radioactivity (rates are reported as thousands of counts per minute for 10-min pulses;

A, YCL7; A, YM262/YEp352).
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FIG. 8. Northern analysis. YCL7 and control strain YCL21 were grown in SD to an Ay, of 0.3 and shifted to SG. Growth was monitored (a
and b), and RNA was extracted at the times indicated (0, 2, 5, 10, 16, 20, 24, 28, and 45 h). RNA extracted from a fixed number of cells (2 X 107)
was loaded per slot, fractionated in agarose, transferred to membranes, and hybridized to various probes (4CT1, URA3, GAL1, Ty elements, and
H1). To estimate correct extraction of RNA and loading, coextracted plasmid DNA which hybridized to the URA3 probe was quantified with a
PhosphorImager (for YCL?7, in arbitrary units: 1,230 [SD], 1,210 [0 h], 1,142 [2 h], 945 [5 h], 951 [10 h], 875 [16 h], 1,364 [20 h], 1,524 [24 h], 1,075
[28 h], and 275 [45 h]). Autoradiograms are shown for YCL7 (c) and YCL21 (d). The coextracted rRNA was visualized by staining with ethidium
bromide (rRNA). Transcripts induced by the GAL1 promoter and transcribed through URA3 on the plasmids are indicated by “i”.

was a correlation between growth and RNA synthesis. It is
possible that H1 expression affects transcription by binding to
chromatin and thereby affects growth.

Since [*H]uracil incorporation into cold TCA-precipitable
material measures primarily rRNA synthesis by RNA poly-
merase 1 (approximately 80%) and only 20% of RNA poly-
merase II transcription (42), Northern (RNA) blot analysis was
used to monitor the fate of a few transcripts produced by RNA
polymerase II (Fig. 8). RNAs of ACTI, Ty elements, and a
galactose-inducible gene (GALI) were selected as chromo-
somal transcripts, and URA3 RNA was tested as the product of
the marker gene of the expression vector and control plasmid.
In these experiments, strain YCL7 was compared with strain
YCL21, which contains the control plasmid with the GALI-
GALI10 promoter. The strains were shifted from glucose to
galactose as indicated in the legend to Fig. 8. While YCL21
resumed growth at between 10 and 16 h after the shift, YCL7

remained blocked for over 30 h, as described above (Fig. 8a
and b). RNA was extracted and analyzed at various times after
the shift. RNA of a fixed number of cells was loaded on gels.
The efficiency of extraction and loading was checked by
quantification of coextracted plasmid DNA with a Phosphor-
imager (as indicated in the legend to Fig. 8). Plasmid DNA
hybridizes with the URA3 probe. With the exception of that for
stationary-phase cells (45 h), extraction efficiencies were simi-
lar.

Ethidium bromide staining showed reduced levels of rRNA
in YCL7 after 20 h of induction. This result is consistent with
the reduced rRNA synthesis inferred from the [*H]uracil
incorporation experiments (Fig. 7).

While in YCL21 high levels of ACTI RNA were present in
glucose-containing medium (Fig. 8d, lane SD), and immedi-
ately after the shift to galactose-containing medium (lane 0),
ACTI RNA levels declined for about 10 h after the shift and
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increased again in the growing culture (16, 20, and 24 h).
Similarly, URA3 RNA levels declined after the galactose shift,
showing that ACT! and URA3 RNA levels are affected by
growth conditions. In contrast, Ty transcript levels were less
affected immediately after the shift from glucose to galactose
but declined when YCL21 cells were growing (20 and 24 h).
GAL1 RNA was detectable after 5 h, and its levels increased
dramatically, as expected for a galactose-regulated gene. The
URA3 probe detected a transcript which was induced like
GALI RNA (band i in Fig. 8d). This transcript was initiated
from the GALI promoter in the vector and was transcribed
through URA3, which might be the reason why UR43 RNA
levels did not increase like ACT1 RNA levels at 16 to 24 h.
However, growth was not affected by transcriptional interfer-
ence or by antisense URA3 RNA.

In contrast to those in YCL21 cells, ACTI RNA levels in
YCLY7 cells remained low for 28 h after the shift and were high
again after 45 h, when the YCL7 culture resumed late growth.
URA3 levels were also reduced at between 20 and 28 h. No
dramatic effect on the levels of Ty transcripts was observed.
Most interestingly, however, GALI RNA, the GAL1-inducible
transcript of the expression plasmid, and H1 RNA were
induced at between 5 and 16 h but showed dramatically
reduced levels at between 20 and 28 h (GALI, H1, and band i
in Fig. 8c). In summary, the results show that the RNA levels
of some polymerase II-transcribed genes were affected to
different extents. It is suggested that H1 expression affects
galactose-regulated genes and thereby inhibits growth. Re-
duced ACTI and URA3 RNA levels may be a secondary effect
of growth inhibition. Other polymerase II-transcribed genes
(Ty elements) are not obviously affected.

H1 expression does not alter the nucleosomal repeat length
in S. cerevisiae. The H1a histone produced by the h22-H1 gene
represents a histone variant which is expressed in the early
development (blastulas) of sea urchins (7a). The nucleosomal
repeat lengths in blastulas from different sea urchin species are
about 213 bp (2, 44). To investigate whether the binding of H1
might affect chromatin structure and lead to a larger nucleo-
some spacing, genomic chromatin of YCL7 and control cells
was digested with micrococcal nuclease, and the nucleosomal
DNA was analyzed by gel electrophoresis (Fig. 9). YCL7 cells
that were incubated for 37 h after a shift from glucose to
galactose and did not grow had a nucleosomal repeat pattern
similar to that of control cells grown in galactose (YM262/
YEp352; compare Fig. 9a and b). The repeat lengths were
about 160 bp, well within the range of previous observations (7,
30, 59). The differences in repeat lengths indicated in the
legend to Fig. 9 were not significant and were related to
differences in gels and digestion conditions. Most importantly,
there was no indication of a longer repeat length. In that
preparation (Fig. 9b), 83% of the cells survived the galactose
treatment and 82% of the surviving cells maintained the
expression plasmid.

After longer incubation times in galactose, YCL7 cells
started to grow slowly but showed reduced survival and a loss
of the expression plasmid. To test whether such a growing
culture might reveal a change in repeat length by replication of
chromatin, YCL7 cells were shifted from glucose to galactose
at an Agy, of 0.5, and a slowly growing culture was harvested
after 44 h, at an A4, of 1.1. In this particular experiment, 60%
of the cells survived the galactose treatment and 50% of the
surviving cells lost the plasmid. Chromatin analysis did not
reveal a change in the nucleosomal repeat length or additional
bands that would indicate the presence of a different repeat in
a subpopulation of the culture (Fig. 9c). Although the repeat
pattern was somewhat more smeared, we do not yet know
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FIG. 9. Nucleosomal repeats. Genomic chromatin was prepared
after shifting of YCL7 cells (A of 0.6) from glucose to galactose for
37 h without growth (b) or for 44 h with growth (from an A, of 0.5 to
an A of 1.1) (c). A control strain (YM262/YEp352) was shifted for
30 h (a). Genomic chromatin of YCL7 was prepared 0 h (d) and 6 h (e)
after the addition of galactose to glycerol-lactate-containing medium.
Chromatin was digested with micrococcal nuclease at different levels
(< and >), and the DNA fragments were visualized by agarose gel
electrophoresis and ethidium bromide staining. The repeat lengths
were measured on separate gels by plotting the lengths of nucleosomal
bands (mononucleosomes to hexanucleosomes) averaged over all
digestion conditions versus the numbers of nucleosomes. Repeat
lengths were 158 bp (a), 153 bp (b), 160 bp (c and d), and 163 bp (e).
The differences were not significant.

whether this characteristic is significant and may reflect a
subpopulation of chromatin with a disturbed structure. How-
ever, the protein patterns of these cultures did not reveal a
significant degradation of histone proteins (data not shown),
indicating that at the time of harvest, chromatin was essentially
intact.

To further test whether some growth during H1 expression
might disturb the overall chromatin structure, YCL7 cultures
were grown in glycerol-lactate and induced in glycerol-lactate
plus galactose for 6 h (Fig. 9 d and e). During incubation in
galactose, the cultures grew from an A4y, of 0.25 to an Agy, of
0.5. The fraction of cells surviving the galactose treatment
dropped to 40%, and only 55% of the surviving cells main-
tained the expression plasmid. For the control chromatin
preparation in glycerol-lactate (Fig. 9d), the cultures were
harvested at an A, of 0.5. These cultures had a survival rate
of 70%, and 86% of the surviving cells contained the expres-
sion plasmid. Despite the slow growth in galactose, no obvious
disruption of the nucleosomal repeat pattern or an altered
repeat length was observed, confirming the observations made
when cells were shifted from glucose to galactose.

Expression of the C-terminal tail of histone H1. Deletion of
a BamHI fragment of YEpCL11 leads to a construct,
YEpCL13, that promotes the expression of amino acids 89 to
206 of h22-H1 (Fig. 10a). This peptide contains one end of the
globular domain and the whole C-terminal tail (62). YEpCL13
was used to transform YM262 to yield YCL22. When expres-
sion was induced on selective media containing galactose, the
C-terminal tail of H1 was detected as an additional protein in
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FIG. 10. Expression of the C-terminal tail of H1. (a) YEpCL13 allows the expression of the C-terminal tail (amino acids 89 to 206). (b) Total
proteins of NP-40 nuclei were prepared from cells grown in galactose for 42 h and visualized by SDS-polyacrylamide gel electrophoresis and silver
staining (tot). Strains tested were YCL22 (containing YEpCL13) (lane 4), YM262/YEp352 (lane 2), and YCL21 (lane 3). Lanes contained
approximately 1.4 pg of DNA (lanes 2, 3, and 4) and 0.75 pg of DNA (lane 1; rat liver histone marker [M]). The arrowheads indicate the position
of the C-terminal tail. (c) PCA (5%) extracts of NP-40 nuclei of YCL22 cells grown in galactose for 22 (lane 1), 31 (lane 2), and 45 (lane 3) h.
(d) Growth curves for cultures after a shift from glucose to galactose. Symbols: H, YCL22; @, YCL7; O, YM262/YEp352; O, YCL21. (e) Survival
(®) and plasmid stability (&) of YCL22 after a shift from glucose to galactose.

NP-40 nuclei (Fig. 10b). It was soluble in 5% PCA extracts of
NP-40 nuclei and showed an apparent molecular weight com-
parable to that of the C-terminal tail of rat liver histone H1
(58) or sea urchin sperm histone H1 (19). The C-terminal tail
was expressed in amounts roughly similar to those of core
histones. Expression of the C-terminal tail correlated with
growth inhibition on plates (data not shown) and in liquid
media, with reduced survival and increased plasmid loss (Fig.
10d and e). These effects, however, were weaker than the
effects on the expression of whole H1.

DISCUSSION

Recently, the expression of Xenopus laevis histone H5 in S.
cerevisiae was shown to yield a product which was proteolyti-
cally processed (27% smaller), and no effect on growth was
observed (46). In contrast to that report, we show that the
histone H1 gene of the sea urchin early histone gene cluster
could be expressed in S. cerevisiae at different levels. The
protein had the same apparent molecular weight as the
corresponding protein in sea urchins (H1la; 7a) and, hence, was
not significantly degraded, except in old cultures. We show that
H1 was copurified with chromatin fragments solubilized from
NP-40 nuclei and conclude that H1 was bound to chromatin.

Furthermore, effects on growth as well as effects on transcrip-
tion, survival, and plasmid loss correlated with the expression
of relatively large amounts of H1, while low levels of H1 were
tolerated. Expression of the C-terminal tail had similar effects,
but at a reduced level. We infer that the effects are related to
histone H1 binding to chromatin, an inference that opens
several questions.

Localization of H1 in nuclei. How does H1 or the C-terminal
tail end up in nuclei? Although the possibility that H1 and the
C-terminal tail were associated with chromatin during lysis of
spheroplasts and not in living cells cannot be formally ex-
cluded, NP-40 washes, which were used to remove potential
contaminants, such as cytoplasmic material and ribosomes
(29), did not remove the expressed proteins. In addition, the
correlation of H1 expression at high levels with effects on
growth, transcription, plasmid loss, and survival argue in favor
of a direct effect of H1 at the chromatin level. Although
histones are small enough to diffuse into nuclei, injection of
histone H1 and its carboxy-terminal domain into the cytoplasm
of Xenopus oocytes or cell cultures suggested that H1 was
transported by a receptor-mediated process rather than by
passive diffusion (9, 14). No proper nuclear localization signals
are known for H1 proteins (9), but H1 and the C-terminal tail
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are rich in lysines and prolines, amino acids that are common
to many nuclear localization signals (17). Since no natural H1
protein was detected in the yeast S. cerevisiae (59), the
expressed H1 is unlikely to have its own transport system but
may use other receptors. Alternatively, H1 may be cotrans-
ported through an association with a nuclear localization
signal-containing factor, as suggested for the transport of a
histone H2B—B-galactosidase fusion protein with a mutated
nuclear localization domain (36). Apparently, H1 is also
capable of diffusing across the nuclear envelope when injected
in high concentrations, possibly by titration of a limiting factor
that prevents diffusion through the nuclear pores (9). It
therefore seems possible that H1 and the C-terminal tail, at
least when expressed at high levels, accumulate in yeast nuclei
by diffusion. Whether low levels (in YCL1) are indeed im-
ported or whether they just associate with nuclei and therefore
are copurified was not investigated.

H1 binding to chromatin. We demonstrated that H1 was
copurified with NP-40 nuclei and with soluble chromatin
fragments fractionated on sucrose gradients. A central ques-
tion is how H1 binds to yeast chromatin. As pointed out early
in this paper, our current view on the location of histone H1 in
higher eukaryotes supports preferential binding to the entry
and exit site of the linker DNA in nucleosomes. Two major
lines of evidence in support of this view are a stop at 168 bp
during micrococcal nuclease digestion (the chromatosome stop
[1, 38, 47]) and electron microscopy at a low ionic strength,
showing an open “zigzag” nucleosome filament (57). When
chromatin of Hl-expressing YCL7 cultures was digested with
micrococcal nuclease, a nucleosomal repeat of roughly 160 bp
was observed; by direct comparison, this repeat was essentially
indistinguishable from that in nonexpressing cells. There was
no indication of a 168-bp chromatosome stop or of a more
stable mononucleosome population. However, we must con-
sider that the chromatosome stop in higher eukaryotes is a
transient state and can only be observed when the repeat
length is significantly longer, e.g., close to 200 bp, as in rat liver
or chicken erythrocytes. As long as the yeast rgpeat is too close
to the chromatosome stop, it might be very difficult to detect a
subpopulation with a defined 168-bp stop. We also considered
the possibility that H1 deposition might affect the kinetics of
micrococcal nuclease digestion. However, since this enzyme
cuts DNA and RNA and since S. cerevisiae contains a large
quantity RNA subtle kinetic experiments with this enzyme
were not appropriate. On the basis of our experience (55-57),
we strongly considered using electron microscopy as an ap-
proach for estimating proper H1 binding. However, electron
microscopy of soluble chromatin was not the approach for the
following reasons. (i) The zigzag phenotype of nucleosome
filaments is characteristic of H1-containing chromatin but does
not allow quantitation of the correct binding of H1. Because of
plasmid loss and time-dependent H1 expression, individual
cells of the YCL7 strain might show different amounts of H1,
which would result in a very heterologous population of
chromatin fragments. Furthermore, the preparation of soluble
chromatin fragments contained significant amounts of ribonu-
cleoprotein contamination, and the solubilized fragments were
relatively short for electron microscopy and apparently had a
lower content of H1 than the NP-40 nuclei (see Results).

Although the average nucleosomal spacing is small, it must
be considered that individual nucleosomes can be fairly well
spaced, e.g., in the URA3 and HIS3 genes; in particular,
promoter nucleosomes are flanked by nuclease-sensitive re-
gions which may provide sufficient DNA for making two
complete turns (32, 52, 54). Hence, it is possible that H1
correctly binds to a subset of nucleosomes. This possibility
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could at least partially explain why already low levels of H1
(much less than stoichiometric amounts) correlated with an
effect on transcription and growth inhibition. Furthermore, we
must consider that histone H1 can bind to additional binding
sites in nucleosomes since, e.g., chicken erythrocytes contain
1.3 H1 proteins (H1 plus H5) (5), which means that some
nucleosomes must have two molecules of H1 proteins. It is
possible that the H1 expressed in S. cerevisiae uses these
binding sites.

Toleration of H1. How much H1 is tolerated? On the basis
of silver-stained protein gels of NP-40 nuclei and the corre-
sponding PCA extracts, roughly 100 times less H1 was pro-
duced from a YCL1 culture grown in galactose than from a
YCL7 culture arrested in galactose for about 40 h (Fig. 2).
However, growth inhibition and effects on transcription in
YCL7 were already observed when only a small amount of H1
was detectable in PCA extracts (Fig. 6). Hence, H1 in strain
YCL?7 affected the vital functions of the cells before stoichio-
metric amounts, with respect to those of core histones, were
present. The threshold amount required to affect cell function
must be higher than the amounts produced in strain YCL1. In
contrast to the situation with a shift from glucose to galactose,
the induction of transcription in glycerol-lactate started within
a few minutes after galactose addition and was immediately
accompanied by reduced survival and a loss of plasmid stability
(49). It must be pointed out that YCL7 cultures did not
completely stop growth in glycerol-lactate plus galactose. This
observation can be attributed to the rapid loss of the expres-
sion plasmid, which might generate cells that are unable to
produce deleterious amounts of H1 (see below).

How does H1 expression affect vital functions? Vital func-
tions could be disturbed in various ways. (i) We observed that
transcription of the H1 gene proceeds through the URA3 gene
and creates antisense transcripts (band i in Fig. 8). The same
observation, however, was made for control strain YCL21,
containing the GALI-GAL10 promoter construct. Since
YCL21 did not show any effect on growth retardation, we
exclude transcriptional interference with the marker gene and
antisense RNA as the cause for the H1 expression effects. The
data on YCL21 also allow us to exclude the possibility that
titration of a limited amount of transcription factors might
have hampered galactose metabolism, thereby affecting growth
properties and survival.

(ii) H1 represses transcription. We used uracil incorporation
into RNA and Northern analysis to study transcription when
YCL7 cells were expressing H1 and growth was inhibited.
Uracil incorporation measures primarily rRNA synthesis (ap-
proximately 80%) and only about 20% of polymerase II
transcription (42). We observed reduced uracil incorporation
into RNA (Fig. 7) and reduced rRNA levels (Fig. 8), suggest-
ing that H1 might repress transcription. RNA analysis of a few
selected genes transcribed by RNA polymerase II allowed a
more detailed interpretation. While the ACTI and URA3 RNA
levels were reduced, Ty RNA levels were not significantly
reduced, indicating that not all genes were equally affected.
This observation argues against a general repression of all
genes by histone H1. Most dramatically, however, the levels of
the galactose-inducible transcripts of the chromosomal GALI
gene and of the expression plasmid (H1, band i in Fig. 8) were
transiently elevated (approximately 5 to 16 h after the shift), as
expected from control constructs, but were greatly reduced
after 16 h. This observation suggests that H1 represses the
transcription of galactose-regulated genes. Since the ACT! and
URA3 RNA levels in control cells were also reduced after a
shift from glucose to galactose, demonstrating growth depen-
dence, we infer that the reduced ACT1 and URA3 RNA levels
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could be a consequence of growth inhibition. Alternatively, a
rather impressive drop in ACTI RNA, URA3 RNA, and even
rRNA levels between 16 and 24 h would also be consistent with
repression by H1.

The mechanism of the H1 effect on transcription of the
galactose-regulated genes is not known. One possibility is a
selective repression of galactose-inducible genes by H1 binding
to chromatin, e.g., in the promoter region. This region is
particularly sensitive, since histones and nucleosomes play an
active role in its transcriptional regulation (reviewed in refer-
ences 18 and 34) and a number of studies reported changes in
the chromatin structure of the GALI promoter upon activation
(11, 15, 28, 31). It was reported that GALA, the activator of
transcription in the GAL1 promoter, may disrupt nucleosome
structure in vitro and in vivo (3, 63) and that a GAL4-VP16
fusion protein can relieve the repression of transcription by
histone H1 in vitro (12, 24). Hence, it is possible that H1
binding stabilizes the GALI nucleosome and that GALA4 is not
sufficient to overcome H1 repression. Promoter studies will be
performed to analyze this topic.

If one mode of action involves binding to regulatory nucleo-
somes, we assume that genes which are not regulated by
nucleosomes will be less stringently affected by H1. This could
be one explanation for the differences between the tested
RNA:s. An alternative mode of action for histone H1 is general
repression by chromatin condensation, which would affect
initiation and elongation of transcription. This explanation is
not favored, since chromatin condensation in vitro requires
substantial amounts of H1 (57, 58), but only a small amount of
H1 was detected when growth was inhibited and the galactose-
regulated genes were repressed. Furthermore, we would ex-
pect that general repression by chromatin condensation would
also substantially affect Ty RNA levels.

(iii) Although these results for transcription are consistent
with the hypothesis that H1 binding to chromatin inhibits the
transcription of some genes, we cannot exclude the possibility
that H1 affects vital functions by interfering with some other
pathways, such as galactose metabolism and RNA transport,
processing, or eventually translation. A putative exhausting of
the translation system seems unlikely, since effects were al-
ready observed before maximal amounts of H1 were produced.
In particular, we do not have a good explanation for the fact
that large amounts of H1 RNA and H1 protein were produced
after 45 h. At this point, however, the cell population was
heterogeneous because of the increased plasmid loss (see
below), which complicates a more detailed analysis.

(iv) Additional information on how H1 affects vital functions
may be inferred from the expression of its C-terminal tail,
which had similar effects, but at a lower level. The highly
charged C-terminal tail most efficiently induces condensation
and precipitation of chromatin in vitro (58), while the globular
domain is required for binding to the nucleosome at the entry
and exit site (1). Hence, at least some of the H1 effects might
be explained by nonspecific binding and local condensation of
chromatin. Whether the rest involve the globular domain and
the N-terminal tail as well as specific binding to the nucleo-
some needs to be studied.

H1 expression and plasmid stability. The expression of H5
in addition to endogenous H1 affected cell proliferation (51).
Although we observed strong growth retardation in galactose,
the YCLY7 strain did not show defined cell division cycle arrest
(data not shown). In particular, we could not find any indica-
tion of a block during mitosis, which would indicate a problem
with chromosome segregation. However, cells that survived H1
expression showed a dramatic increase in the loss of the
expression plasmid, indicating that the plasmid replication and
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maintenance system was disturbed. One possibility is that
transcription initiating at the GALI0 promoter on the plasmid
interferes with elements important for chromosome mainte-
nance (48). This possibility could be excluded, since strain
YCL21, carrying a control plasmid with the same promoter but
with a deletion of the H1 gene, showed normal growth and no
increase in plasmid loss. An alternative explanation is that
binding of histone H1 and condensation of the expression
plasmid might prevent assembly of the replication machinery
or hamper replication or segregation, since under conditions of
plasmid loss, both in glucose-galactose shift experiments and in
glycerol-lactate—galactose shift experiments, large amounts of
H1 were detected.

We observed that after long incubation times on plates or in
liquid cultures, YCL7 started to grow (slowly growing colo-
nies). The number of colonies on plates was much too high to
attribute this effect to mutations in the H1 expression system.
One explanation which we favor is as follows. Since plasmid
loss is high, cells with low expression plasmid copy numbers
must occasionally exist. Since low levels of H1 expression are
tolerated (e.g., in YCL1), these slowly growing colonies must
originate from cells that maintain a low expression plasmid
copy number.

H1 and the nucleosomal repeat. Despite the expression of
roughly stoichiometric amounts of H1 in the chromatin of
YCLY7 cells, the nucleosomal repeat length was not changed.
This result complements the observations made with H5
overexpression in rat sarcoma cells (50). Hence, simple depo-
sition of H1 was not sufficient to establish an altered repeat. In
contrast to rat cells, the yeast S. cerevisiae has a very short
nucleosomal repeat length (about 160 bp) (7, 30, 59), the DNA
is almost saturated with histones, and no space is available to
generate a longer linker DNA. Hence, such a mechanism
would require either the dissociation of core histones or an
additional round of replication. However, we did not observe
an altered nucleosomal repeat when cell cultures were slowly
growing in galactose. This result can be explained by the
heterogeneity of the growing population. Since only low levels
of H1 were tolerated and a high level of plasmid loss was
apparent under these conditions, we assume that only the
particular fraction of cells that lost or partially lost the
expression plasmid contributed to growth. These cells, how-
ever, would not have produced sufficient H1 to alter the
inherited repeat pattern.
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