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The Effect of Histone Gene Deletions on Chromatin
Structure in Saccharomyces cerevisiae

DaAviD NORRIS, BARBARA DUNN, MARY ANN OSLEY

As a way of studying nucleosome assembly and maintenance in Saccharomyces cerevisi-
ae, mutants bearing deletions or duplications of the genes encoding histones H2A and
H2B were analyzed. Previous genetic analysis had shown that only one of these
mutants exhibited dramatic and pleiotropic phenotypes. This mutant was also the only
one that contained disrupted chromatin, suggesting that the original phenotypes were
attributable to alterations in chromosome structure. The chromatin disruption in the
mutant, however, did not extend over the entire genome, but rather was localized to
specific regions. Thus, while the arrangement of nucleosomes over the HIS4 and GAL1
genes, the telomeres, and the long terminal repeats (8 sequences) of Ty retrotranspo-
sons appeared essentially normal, nucleosomes over the CYH2 and UBI4 genes and the
centromere of chromosome III were dramatically disrupted. The observation that the
mutant exhibited localized chromatin disruptions implies that the assembly or mainte-
nance of nucleosomes differs over different parts of the yeast genome.

HE YEAST SACCHAROMYCES CEREVI-
Tsiae contains two genes for histone

H2A (designated HTA1 and HTAZ2)
and two genes for histone H2B (designated
HTB1 and HTB2) (1). These genes are
located in two divergently transcribed gene
pairs, an HTA1-HTB1 gene pair on chro-
mosome IV and an HTA2-HTB2 gene pair
on chromosome II (1, 2). The regulation of
these two histone gene loci has been charac-
terized in considerable detail. At one level,
the timing of their transcription is precisely
controlled so that histone genes are tran-
scribed only during the late G; and early S
phases of the cell cycle (3, 4). At a second
level, the amounts of transcripts from the
two loci are controlled. Surprisingly, the
latter regulation, which probably ensures
that H2A and H2B remain in stoichiometric
balance with H3 and H4 (2, 5, 6), is mediat-
ed solely through the HTA1-HTB1 gene
pair (2, 7). Thus, in an HTA1-HTB1 Ahta2-

D. Norris, Department of Biological Chemistry and
Molecular Pharmacology, Harvard Medical School, and
Dana-Farber Cancer Institute, Boston, MA 02115.

B. Dunn, Department of Biological Chemistry and Mo-
lecular Pharmacology, Harvard Medical School, and
Department of Molecular Biology, Massachusetts Gener-
al Hospital, Boston, MA 02114.

M. A. Osley, Program in Molecular Biology, Memorial
Sloan-Kettering Cancer Center, New York, NY 10021.

4 NOVEMBER 1988

htb2 mutant, the intracellular level of tran-
scripts from the HTAI-HTBI1 gene pair
increases to compensate for the Ahta2-htb2
mutation; in a Ahtal-hthl, HTA2-HTB2
mutant, however, the intracellular level of
transcripts from the HTA2-HTB2 gene pair
does not change (2).

As a result of this differential regulation,
strains bearing deletions of the individual
gene pairs exhibit different phenotypes.
Thus, whereas an HTA1-HTB1, Ahta2-htb2
mutant is essentially wild type, a Ahtal-htb1,
HTA2-HTB2 mutant is altered in the mitot-
ic and meiotic cycles, the heat-shock re-
sponse, germination, exit from stationary
phase, and transcription (2, 6). The latter
phenotypes were postulated to be caused by
general changes in chromatin structure
which, in turn, were caused by the inability
of the remaining HTA2-HTB2 locus to
compensate for the Ahtal-hth1 mutation (2,
6). In this report, we directly tested this
hypothesis by analyzing the arrangement of
nucleosomes in isogenic mutants bearing
various deletions and duplications of the
two HTA-HTB gene pairs.

In the simplest model, decreased histone
mRNA levels in the Ahtal-hth1, HTA2-
HTB2 mutant would lead to a decreased
intracellular concentration of H2A-H2B di-

mers. If this were to lead to a decreased
number of nucleosomes and if nucleosomes
were uniformly distributed along chromo-
somes, then the length of the linker DNA
separating nucleosome cores should increase
in the Ahtal-htbl, HTA2-HTB2 mutant.
However, nucleosome ladders, which were
produced by treating purified nuclei with
micrococcal nuclease and separating the re-
sulting DNA fragments on a 1% agarose
gel, were essentially identical in all of the
strains (Fig. 1). To rule out the possibility
that the putative change in linker length was
very small and hence indistinguishable on a
1% agarose gel, we also analyzed the digest-
ed DNA on a 5% acrylamide gel. Again, no
difference in nucleosomal repeat length was
detected (8). Therefore, the decreased level
of histone gene transcripts in the Ahtal-htb1,
HTA2-HTB2 mutant did not result in an
increase in the length of the linker DNA
between nucleosome cores, at least not in
bulk chromatin.

Nonetheless, on closer examination, the
nucleosome ladder in the Ahta1-hth1, HTA2-
HTB2 mutant appeared to be superimposed
on a slightly diffuse or smeared background
(Fig. 1). This suggested that some chromo-
somal regions in the mutant were particular-
ly sensitive to nuclease digestion. To test this
possibility, we transferred DNA from the
gel to nylon filters and performed DNA blot
analysis (9), using radioactively labeled
probes from a number of different regions of
the yeast genome.

We first analyzed the structure of chroma-
tin around various genes. Two of the genes,
HIS4 (10), which is involved in histidine
biosynthesis (Fig. 1 and Table 1), and
GALT1 (11), which is involved in galactose
catabolism (Table 1), exhibited essentially
wild-type nucleosome ladders in all of the
experimental strains, although a slight
smearing of the two ladders was evident in
the Ahtal-htb1l, HTA2-HTB2 mutant. We
therefore conclude that the structure of
chromatin over HIS4 and GAL1 is essential-
ly unaffected in any of the histone mutants.
Two other genes, however, UBI4 (12),
which encodes ubiquitin (Fig. 1 and Table

REPORTS 759



1), and CYH2 (13), which encodes ribosom-
al protein L29 (Table 1), exhibit dramatical-
ly altered chromatin structures in the Ahtal-
htb1 mutant. When the latter genes were
used as probes, a uniform smear was detect-
ed with very little hint of nucleosomal struc-
ture.

We next characterized the chromatin
structure of nongenic DNA. The first region
analyzed was the centromere of chromo-

some III (CEN3), a region whose chroma-
tin structure has been finely detailed (14).
Once again, the Ahtal-htbl, HTA2-HTB2
mutant exhibited an altered nucleosome lad-
der (Fig. 1 and Table 1). The disruption of
chromatin over CEN3, however, appeared
to be less severe than that seen over either
UBI4 or CYH2, since a nucleosome ladder
could still be distinguished. The second
nongenic region analyzed was the telomere

Genomic HIS4 uBI4
HTA1-HTB1 | apd NG e CEER PR TR e SRR MR, S 1T
1 L 1 1 L 1 1 L L L L 1 L L L i L J
T T T 1 T T T L | ] T 1 T T ] 1 1 1
HTA2-HTB2 : B vil s BN B s N s R A el

L™

| B eetee

CEN3 5 element
HTAT1-HTB1 iR e P i R R
L L 1 1 L L L L L L L 1
HTAZHTBZ sttt L Tl e T T B

4N
3N =
2N ==
1N =

Fig. 1. Structure of chromatin in Saccharomyces cerevisiae strains bearing deletions or duplications of the
HTA-HTB gene pairs. The following five isogenic yeast strains were used in this analysis (only the
genetic complements of HTA-HTB gene pairs are listed): GRF167 (HTA1-HTB1, HTA2-HTB2);
DN106 (Ahtai-hth1, HTA2-HTB2); DN105 (HTA1-HTB1, Ahta2-hth2); DN116 (Ahtal-htb1, HTA2-
HTB2, HTA2-HTB2); and DN115 (HTA1-HTB1, HTA1-HTB1, Ahta2-htb2) (2). These strains were
grown in YPD (24) at 30°C until mid logarithmic phase, and nuclei were purified as described by
Nelson and Fangman (25), with the following two modifications: first, spheroplasts were made by
digestion with Zymolyase (2.5 mg of Zymolyase 20T per gram of cells) rather than glusulase; second,
all steps after spheroplast lysis contained, in addition to phenylmethylsulfonyl fluoride, chymostatin
(0.1 pg/ml), aprotinin (1.7 wg/ml), pepstatin (1.0 pg/ml), phosphoramidon (1.1 pg/ml), and E-64 (7.2
pg/ml). Approximately 1 x 10® nuclei (75 pl of purified nuclei) were digested at 30°C with 10 pl of
MNase buffer [6000 U of micrococcal nuclease (Sigma) per milliliter in 40 mM 1,4-piperazinediethane-
sulfonic acid (Pipes) (pH 6.3), 2 mM CaCl,, 50% (v/v) glycerol] for 10, 30, or 60 min. To stop the
digestions, SDS, NaCl, and EDTA were added to the reaction mixtures to final concentrations of 1%,
1M, and 20 mM, respectively. The nuclei were then phenol-extracted, and the released nucleic acids
were ethanol-precipitated for 30 min on ice. The precipitate was centrifuged and then resuspended in
ribonuclease (RNase) at 50 wg/ml for 1 hour at 37°C. The reaction was phenol-extracted, the DNA was
ethanol-precipitated, and the pellet was resuspended in TE buffer [10 mM tris (pH 7.4) and 1 mM
EDTA (pH 8.0)]. The first panel (genomic) shows the pattern generated after electrophoresis of this
DNA on a 1% agarose gel. The numbers above each group of three indicate the number of HTA1-
HTB1 and HTA2-HTB2 gene pairs in the strain from which the nuclei were purified. Within each
group of three, the time of micrococcal nuclease digestion increases from left to right. Also shown in
panel 1 is A DNA digested with Hind III restriction endonuclease. The remaining panels show DNA
blots with probes from the gene fragments described in Table 1. All the panels in the top row represent
the same gel, while those in the bottom row represent a second gel.
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(15). Using as a probe either terminal C(1-
3)A sequences or the internal Y sequence,
we found that all of the mutants exhibited
essentially identical telomere chromatin
structures (Table 1) (16).

Finally, we analyzed the chromatin struc-
ture of the long terminal repeats, known as 8
sequences, which flank Ty retrotransposons
(17). We were prompted to do so by the
observation that a solo & sequence, when
inserted into the promoter of HIS4, abol-
ished the production of wild-type HIS4
transcript in HTA1-HTB1, HTA2-HTB2
cells but not in Ahtal-htbl, HTA2-HTB2
mutants (6, 18). In order to explain this
observation, it was hypothesized that the
Ahtal-htb1 mutation altered nucleosome
structure over 3 sequences, which then led
to suppression of the & effects on transcrip-
tion (6). However, the nucleosomal patterns
over & sequences were very similar in all of
the strains, although a slight smearing was
evident in the Ahta1-htb1, HTA2-HTB2 mu-
tant (Fig. 1 and Table 1). Since the probe
used in this study recognizes all 8 sequences
in the cell, however, we cannot rule out the
possibility that nucleosomes over individual
8 sequences might be dramatically disrupt-
ed.

This somewhat surprising result led us to
analyze the transcriptional properties of the
histone mutants in more detail. Specifically,
we asked whether the presence of altered
nucleosomes over a gene was accompanied
by changes in the steady-state level of its
transcript (Fig. 2). Since an increase in
transcription rate appears to correlate with
an increase in nuclease sensitivity (19), we
expected that the open configurations over
the CYH2 and UBI4 genes might lead to

HTA1-HTB1
HTA2-HTB2

HIS4
GAL1

uBi4

M !

Fig. 2. Effect of histone mutations on the steady-
state level of specific transcripts. Yeast strains
GRF167, DN106, DN105, DN116, and DN115
were grown in YPD medium to early logarithmic
phase. RNA was extracted and the purified RNA
was subjected to RNA blot analysis (4). The
numbers above each lane indicate the number of
HTA1-HTB1 and HTA2-HTB2 gene pairs in the
strain from which the RNA was purified. The top
three panels represent the same gel, while the
bottom panel represents another gel.
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Table 1. Effect of histone mutations on chromatin structure. The HIS4 probe consisted of a 2.9-kbp
Eco RI fragment containing the 3’ end of HIS4 (10). The GAL1 probe consisted of a 275-bp Bam HI-
Sal I fragment from the middle of the coding region of GAL1 (11). The UBIH4 probe consisted of a 2.4-
kbp Eco RI fragment containing all of UBI4 as well as 5’ and 3’ flanking DNA (12). The CYH2 probe
consisted of a 590-bp Eco RI-Xho I fragment containing the 3’ end of the intron and the 5’ end of the
second exon of CYH2 (13). The CEN3 probe consisted of a 60-nucleotide synthetic oligonucleotide
constructed to have a sequence identical with the sequence immediately flanking CEN3 (14). The C(1-
3)A probe consisted of a 40-bp synthetic C(1-3)A oligonucleotide. The Y sequence probe consisted of
an 800-bp Pvu I-Sac I fragment from pSZ220 (15). The 8 element probe consisted of a 62-bp synthetic
oligonucleotide constructed to have a sequence identical with nucleotides 2 to 63 of a yeast 8 element

(18). Plus (+) indicates normal nucleosome pattern.

HTALHTB!  Ahathbt  HTALHTBI ~ Shethdl - HTATHIE
HTA2-HTB2 HTA2-HTB2 Ahta2-htb2 . )
HTA2-HTB2 Ahta2-hth2
Genomic + Slightly + + +
disrupted
HIS4 + + + + +
GAL1 + + + + +
UBH + Drastically + + +
disrupted
CYH2 + Drastically + + +
disrupted
CEN3 + Moderately + + +
disrupted
C(1-3)A + + + + +
Y sequence + + + + +
& sequence + + + + +

significant increases in the intracellular con-
centrations of the transcripts. However, the
steady-state level of CYH2 transcripts was
essentially identical in all of the strains (Fig.
2), even though nucleosomes were dramati-
cally disrupted over CYHZ in the Ahtal-htb1,
HTA2-HTB2 mutant. One interpretation of
this result is that open chromatin configura-
tions are not sufficient for inducing high
transcription rates, a conclusion that agrees
with earlier work in metazoan cells (20). An
alternative explanation, however, is that
CYH?2 transcription does increase in the
Ahtal-htb1, HTA2-HTB2 mutant, but the
excess transcript is posttranscriptionally de-
graded to maintain the proper stoichiomet-
ric balance among ribosomal proteins.

In contrast to CYH2, the steady-state
level of transcripts from UBI4 did increase
about twofold in the Ahtal-hthl, HTA2-
HTB2 mutant (Fig. 2). The elevated level of
UBI4 transcript in the Ahtal-htbl, HTAZ2-
HTB2 mutant was expected since the heat-
shock response is constitutively induced in
this mutant (2), and UBI4 transcription is
induced by heat shock (2, 21). We also
analyzed the transcription pattern of the
GAL1 gene, a gene that showed normal
nucleosome patterns in all strains. Since the
mutants had been grown in media contain-
ing glucose, conditions known to repress
galactose catabolic genes (22), we expected
that the gene would be transcriptionally
quiescent. This prediction was verified (Fig.
2), which indicated that GAL1 repression
was unaffected by any of the histone muta-
tions.

4 NOVEMBER 1988

In conclusion, several points can be made
regarding the results of this study. First, the
chromatin disruptions in the Ahtal-htb1,
HTA2-HTB2 mutant did not extend over
entire chromosomes but were localized to
individual regions, suggesting that either
the assembly or maintenance of chromatin
differs over different parts of the genome.
Second, it should not be concluded that
nucleosome-free regions of DNA necessarily
exist in vivo over UBI4 and CYH2 in the
Ahtal-htb1 mutant. Although the results pre-
sented in Fig. 1 and Table 1 support this
interpretation, another possibility is that
nucleosomes over these genes were unusual-
ly unstable in the Ahtal-htb1, HTA2-HTB2
mutant and hence dissociated from DNA
during the preparation of nuclei. Alterna-
tively, nucleosomes over these genes may
have been in an extended “lexisome” config-
uration (23). Other less direct mechanisms
could also account for the observed disrup-
tions. Third, previous genetic analysis had
suggested that the phenotypes of the Ahtal-
htb1, HTA2-HTB2 mutant were caused by
an underexpression of H2A and H2B (2). If
this were the case, then the results in the
present study suggest that a direct conse-
quence of histone underexpression is loca-
tion-specific disruptions in chromatin. This
model, however, remains hypothetical as no
definitive biochemical analysis has yet prov-
en that H2A and H2B are in fact underrep-
resented in the mutant. Finally, although
nucleosomes over GAL1, HIS4, telomeres,
and 3 sequences were concluded to be nor-
mal in the Ahtal-hth1, HTA2-HTB2 mutant,

they do appear on closer examination to be
slightly disrupted in this strain, since the
nuclease-generated ladders are somewhat
diffuse when compared to wild type. This
result may be attributed to subtle changes in
chromatin structure over these regions
caused by the Ahta1-htb1 mutation; alterna-
tively, it could be attributed to the inclusion
in the total cell population of a small sub-
population with drastically disrupted chro-
matin structure. Notwithstanding this cave-
at, it is still true that different regions of the
genome are differentially sensitive to the
Ahtal-htb1 mutation.
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