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Requirement of Hos2 Histone
Deacetylase for Gene Activity
in Yeast

Amy Wang, Siavash K. Kurdistani,? Michael Grunstein'*

Histone deacetylases, typified by class | Rpd3 in the yeast Saccharomyces
cerevisiae, have historically been associated with gene repression. We now
demonstrate that Hos2, another member of the class | family, binds to the
coding regions of genes primarily during gene activation, when it specifically
deacetylates the lysines in H3 and H4 histone tails. Moreover, Hos2 is pref-
erentially associated with genes of high activity genome-wide. We also show
that Hos2 and an associated factor, Set3, are necessary for efficient transcrip-
tion. Therefore, our data indicate that, in contrast to other class | histone
deacetylases, Hos2 is directly required for gene activation.

Histone deacetylases such as Rpd3 and Hdal
can act locally at promoters or globally
throughout the genome to repress gene activ-
ity (I-5). In yeast, Rpd3 is required for
deacetylation of all lysines examined in the
core histones H3, H4, H2A, and H2B except
for lysine 16 (K16) in histone H4 (4). In
contrast, Hdal specifically deacetylates his-
tones H2B and H3 (5). Because the histone
sites deacetylated by Hos2 had not been de-
termined, we screened for genes whose acet-
ylation state is increased upon deletion of
HOS2 (hos2A) in yeast. This was done by
chromatin immunoprecipitation (ChIP) with
highly specific antibodies to sites of acetyla-
tion in all four core histones (4). Because
Rpd3 also deacetylates chromatin globally,
we anticipated that there might be redundan-
cy between the enzymatic activities of Hos2
and Rpd3 and therefore screened for genes
whose chromatin is hyperacetylated in
hos2A, rpd3A, and hos2Arpd3A strains. We
found that, in combination with Rpd3, Hos2
deacetylates the coding region of ERGII.
Unlike RPD3, however, HOS? is required for
the preferential deacetylation of histone H3
and H4 sites including H4-K16 and thus
shows a unique histone specificity (fig. S1).

Because ERG11 is activated in glucose-rich
medium (6), the condition of the screen, we
decided to investigate the effect of Hos2 on
other genes under both repressive and activat-
ing conditions. We examined the effect of
hos2A, rpd3A, and hos2Arpd3A on the acety-
lation state of GALI, GAL7, and GALIO, a
cluster of genes on chromosome II in yeast that
is repressed in glucose and activated in galac-
tose (7). As shown in Fig. 1A, when the cells
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are grown in glucose, hos2A has little or no
effect on the acetylation state of H4-K12 at the
GAL gene cluster compared with WT. Under
the same repressive condition but in contrast to
hos2A, rpd3A results in increased H4-K 12 acet-
ylation of not only the GAL cluster but the two
adjacent genes KAP104 and FUR4, consistent
with the role of Rpd3 as a global deacetylase.
hos2Arpd3A results in a similar increase in the

acetylation state as rpd3A alone, arguing that
Hos2 does not contribute substantially to the
deacetylation of the GAL gene cluster in repres-
sive conditions. However, as shown in Fig. 1B,
under the activating galactose condition, only
hos2Arpd3A results in a very large increase
(four- to sixfold) in acetylation over GAL7,
GALI0, and GALI coding regions compared
with hos2A and rpd3A. We conclude that,
whereas Rpd3 deacetylates H4-K12 at the GAL
genes and adjacent regions in both repressed
and activated conditions, Hos2 deacetylates
H4-K12 at the GAL genes in galactose only
when the genes are being transcribed.
Considering that the effect of 0s2A on the
GAL gene acetylation state is evident only dur-
ing activation, we asked whether Hos2 also
binds the GAL genes when they are activated.
We integrated 13 tandem copies of the Myc tag
onto the 3’-terminus of the chromosomal HOS2
gene (8) and performed ChIP with a monoclo-
nal antibody to Myc (fig. S2). As shown in Fig.
1C, Hos2-myc associates specifically with the
coding regions of the GAL genes to a greater
extent (about fivefold) in galactose than in glu-
cose. In contrast, Rpd3 binding remains un-
changed between growth in galactose and glu-
cose compared with the telomere (7EL) (Fig.
1D) and INO! (9, 10). Therefore, consistent

A 12 ¢
:: ivgﬂa Glucose x
i 14 g i I o' / /u
s 2 \
;12 R ‘ }
] e
;e A+ § iAW
$ A U AN 8. A
s L AN ARV L ET N K\
SN RN ZA\ Y72V AN L e X /:\“/.\(w
% 12 34567 60 Miziaies 012345 ';g"n 8 \;nn‘;"i 1 ‘1”:“-15
—kapioaH_ H H HFuRd— —rkaprod H_ H HFura—
B GAL7 GALI0 GAL1 D GAL7 GAL10 GAL1
18] 12
b :% Galactose )
- w10
hos2Arpd3A : =
§:: = f /i‘ 1 ‘g 8
NN A
N E
E 6 ./\ \ / \\ / \\ J) \\ y}f E 4 Glucose 1 .
— =] =, =
§:4 \f Vj \} v/ gz Q\\\Mykl#l
2 P, 2 Galactose W R = I
% 1 2 345 67 501112131415 0 12 3 45 67 5610112131415
—{kapP1oa}H H HFuR4}— —{kaproa - H FUR4

GAL7 GAL10 GAL1

GAL7 GAL10 GAL1

Fig. 1. Hos2 binds to and deacetylates the GAL genes primarily in activating conditions. Levels of
H4-K12 acetylation at the GAL gene cluster in WT, rpd3A, hos2A, and hos2Arpd3A during growth
in glucose-containing medium (YEPD) (A) and galactose-containing medium (YEPG) (B) are
compared with a region near telomere VI-R (TEL). The location of the genes is relative to an
arbitrary region upstream of the cluster. For clarity, most error bars are excluded. The level of
Hos2-myc (C) and Rpd3 (D) binding to the GAL gene cluster under repressive (glucose, blue line)
and activating (galactose, red line) conditions was determined by ChIP with antibodies to Myc and
Rpd3, respectively, and normalized to TEL. Green line indicates input DNA. Results are averages of

three independent experiments.
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with their effects on acetylation, Rpd3 is
constitutively present throughout the GAL re-
gion under both repressive and activating
conditions, whereas Hos2 associates with the
coding regions of the GAL genes primarily
during their activation. Similarly, Hos2 binds
preferentially to the INO! coding region only
in activating low inositol medium (fig. S3)
(7). Taken together, these data indicate that
Hos2 associates with independently regulated
genes (the GAL cluster and INOI) only dur-
ing gene activation.

To determine whether Hos2 is selectively
associated with the coding regions of actively
transcribed genes throughout the genome, we
analyzed genome-wide binding of Hos2-myc
with ChIP and DNA microarrays (/0-12).
Briefly, DNA from formaldehyde cross-linked
chromatin was purified by immunoprecipitation

Fig. 2. Hos2-myc binds prefer-
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with antibody to Myc, amplified by polymerase
chain reaction (PCR), and labeled with either
Cy3 or Cy5 fluorophores. The labeled DNA
from Hos2-myc and isogenic untagged strains
were combined and hybridized to a microarray
glass slide containing >6200 open reading
frames (University Health Networks, Toronto).
The raw data were normalized by the ratio of
total intensities across the entire array between
the two fluorescent dyes. We then compared the
binding data to a published whole-genome
mRNA abundance database in which the abso-
lute number of mRNA molecules per cell is
calculated when cells are grown in glucose-rich
medium at 30°C (/3). As shown in Fig. 2, we
find a positive correlation between levels of
Hos2 enrichment and the number of mRNA
copies per cell. This indicates that Hos2 prefer-
entially associates with the coding regions of
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genes with high transcriptional activity ge-
nome-wide.

Given the regulated binding of Hos2 and
constitutive binding of Rpd3 to GAL genes, we
asked whether the deacetylases may play dif-
ferent roles in GAL gene transcription. Cells
were grown to logarithmic phase in nutrient-
rich medium containing 2% raffinose, washed
in distilled water, and resuspended in medium
containing 2% galactose. Aliquots were taken
at 15-min intervals after the addition of galac-
tose from each strain and analyzed for GALI
mRNA transcript levels (7). Because tran-
scripts begin to appear within 20 min and full
activation is reached 40 to 50 min after addition
of galactose at 30°C (14), the cells were incu-
bated at 16°C to slow the rate of activation in
order to increase the resolution of our kinetic
analysis. We find that rpd3A causes more rapid
activation of GAL! than that occurring in WT
cells (Fig. 3A and fig. S4), arguing that Rpd3
serves a repressive role in GAL! gene regula-
tion. In contrast, #0s2A results in slower accu-
mulation of GAL! transcripts, indicating that
Hos?2 is required for normal GAL! gene activa-
tion. Interestingly, #0s2Arpd3A results in acti-
vation kinetics similar to those of the hos2A
strain, indicating that Hos2 can override the
repressive effect of global Rpd3 deacetylation.
Similarly, we find that Rpd3 acts as a repressor,
but Hos? is required for efficient activation of
INOI transcription (fig. S4). These data indi-
cate that Hos2 is important for activation of
GALI and INOI genes in vivo.

Recently, a Set3 complex was purified
and found to contain Hos2 and Hst] deacety-
lases (15). Expression analysis of deletion
mutations of certain members of this complex
revealed defective repression of genes
(IME1, IME2, NTD&0) that encode key reg-
ulators of middle sporulation genes. Howev-
er, the direct involvement of the Set3 com-
plex in regulation of these genes has not been
determined. Pijnappel et al (15) further
showed that Set3 and Hos2 are both required
for the integrity of the complex but Hstl is
dispensable. Thus, we asked whether deletion
of SET3 affects GALI activation in the same
manner as the HOS2 deletion. As shown in
Fig. 3B, we find that, compared with wild
type, set3A prevents efficient GAL! expres-
sion whereas hst/A has little effect on GALI
activation. Therefore, our data suggest that
the Set3 complex containing Hos2 functions
as an activator of GALI gene expression.

To determine whether the histone
deacetylase activity of Hos2 is required for its
activating function, we disrupted a pair of
conserved histidine residues found in the pu-
tative catalytic domain of Hos2. These resi-
dues were previously shown to be required
for Rpd3 deacetylase activity in vitro (16).
We replaced genomic HOS2 with an episo-
mal HOS2 construct in which the relevant
histidines (H195, H196) were substituted
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with alanines (H195A, H196A). By immuno-
blot analysis, the hos2 H195A,H196A con-
struct expresses a protein of similar size and
level as wild-type HOS2 (9). To assay the
effect of this mutation on Hos2 histone
deacetylase activity, we transformed the
empty vector, HOS2-myc, and hos2
H195A,H196A episomal constructs into the
hos2Arpd3A strain. We observe that in the
background of hos2Arpd3A, wild-type Hos2-
myc results in deacetylation of H4-K12 at the
GALI coding region but not at the promoter
compared with vector alone (Fig. 4A). In
contrast, the hos2 H195A H196A mutant
shows levels of hyperacetylation at the GAL!
coding region similar to those obtained with
the vector alone. Therefore, substituting his-
tidine residues 195 and 196 with alanines
strongly decreases the apparent histone
deacetylase activity of Hos2. We also find
that the HI95A,H196A mutation causes inef-
ficient binding of mutant Hos2 to chromatin
at GAL7, GAL10, and GALI during growth in

Fig. 4. Histone deacetylase activity of
Hos2 is required for binding and activa-
tion of GAL7. (A) The hos2Arpd3A
strain was transformed with either the
empty vector, the Hos2-myc, or the
hos2-myc H195A,H196A episomal con-
structs. ChIP was performed with anti-
body to H4-K12Ac and normalized to
TEL. (B) The episomal construct Hos2-
myc or hos2-myc H195A,H196A was
transformed into the hos2A strain. ChiP
was performed with monoclonal anti-
body to Myc and normalized to TEL. (C)
Aliquots of the hos2A strain containing
the episomal constructs were taken at
the indicated intervals at 16°C. GALT
mRNA levels were determined by RT-
PCR and normalized to the ACTT tran-
script. All experiments were done in
galactose-containing medium.
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galactose (Fig. 4B). Binding was decreased at
ERGII as well (9). Therefore, the histone
deacetylase activity of Hos2 is required for
binding of Hos2 to chromatin at RG] and
the GAL genes. Next, we asked whether the
deacetylase-defective Hos2 affects GAL! ac-
tivation as assayed above (Fig. 3A). We find
that GALI activation is defective in
H195A,H196A (Fig. 4C and fig. S5). The
activation kinetics of the mutant are similar to
those of the hos2A strain containing vector
alone. This indicates that the deacetylase ac-
tivity of Hos2 is required for binding to
GALI, which in turn is necessary for efficient
gene activation.

Considering that Rpd3 and Hos2 are both
histone deacetylases with overlapping specific-
ities, it is unclear how they exert opposing
effects on transcription. Differences in binding
dynamics between Rpd3 and Hos2 as well as
additional deacetylation of histones H2A and
H2B by Rpd3 may be responsible for their
dissimilar roles in gene regulation. Although
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histones are clearly deacetylated by Hos2, we
cannot exclude the possibility that other non-
histone substrates may contribute to these dif-
ferent functions. However, given the role of
Hos2 in histone deacetylation, we suggest the
following working hypothesis. Before gene ac-
tivity, basal transcription is repressed by Rpd3
but chromatin exists in a state that is poised or
permissive for activated transcription. Once a
gene is activated, the transcription complex and
histone acetyltransferases (17-20) may disrupt
the initial permissive state of chromatin so that
further rounds of transcription are hindered.
Hos2 would then be needed to reverse these
disruptive effects by deacetylating the acety-
lated histones. Although Hos2 binds to coding
regions, it is possible that it enters genes at
promoters but, like RNA polymerase (9), is
more easily detected over coding regions. In
fact, at highly active genes, such as those cod-
ing for ribosomal proteins, deacetylation by
Hos2 is found not only in coding regions but
also at promoters to a lesser extent (2/). Thus,
Hos2 may be required for gene activity by
following RNA polymerase to revert disrupted
chromatin to the original permissive state that is
required for efficient transcription.
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