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Abstract

The HIR complex, which is comprised of the four proteins Hirl, Hir2, Hir3 and Hpc2, was first
characterized as a repressor of three of the four histone gene loci in Saccharomyces cerevisiae.
Using a bioinformatical approach, previous studies have identified a region of Hpc2 that is
conserved in Schizosaccharomyces pombe and humans. Using a similar approach, we identified
two additional domains, CDI and CDII, of the Hpc2 protein that are conserved amongst yeast
species related to S. cerevisiae. We showed that the N terminal CDI domain (spanning amino
acids 63-79) is dispensable for HIR complex assembly, but plays an essential role in the
repression of the histone genes by recruiting the HIR complex to the HIR-dependent histone gene
loci. The second conserved domain, CDII (spanning amino acids 452-480), is required for the
stability of the Hpc2 protein itself as well as for the assembly of the HIR complex. In addition, we
report a novel separation-of-function mutation within CDI of Hpc2, which causes derepression of
the histone genes but does not confer other reported hir/hpc-phenotypes (such as Spt phenotypes,
heterochromatin silencing defects and repression of cryptic promoters). This is the first direct
demonstration that a separation-of-function mutation exists within the HIR complex.
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1. Introduction

The eukaryotic genome is extensively packaged into a nucleoprotein complex called
chromatin. The structural and regulatory unit of eukaryotic chromatin is the nucleosome,
which consists of ~146 bp of DNA wrapped 1.65 turns around the core histone octamer [1].
Chromatin is therefore the substrate for all of the fundamental cellular processes that require
DNA, including replication, transcription, recombination and repair.
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A crucial step in the initial formation of chromatin occurs in S phase where newly replicated
DNA is assembled with core histone octamers into nucleosomes. This step requires a tight
coordination between histone synthesis and DNA replication since an altered level of core
histones is detrimental for the cell, affecting processes such as DNA replication,
chromosome segregation, transcription, heterochromatin silencing, leading to genomic
instability, cell cycle perturbation and aging [2-5]. This is evident in the budding yeast
Saccharomyces cerevisiae, where aberrant expression of the core histone genes outside of S
phase, as well as altered histone gene dosage, result in alteration of chromatin structure [3,
5]. Therefore, transcription of the core histone genes is tightly regulated, occurring in late
G1 and S phases concomitantly with DNA replication, while being repressed during the rest
of the cell cycle [4]. The S. cerevisiae genome contains two copies of each of the four core
histone genes which are organized by a pair of dimer partners into four loci: HTA1-HTB1
and HTA2-HTB2 encoding H2A and H2B; HHT1-HHF1 and HHT2-HHF2 encoding H3 and
H4 [4]. The histone genes are positively and negatively regulated during the cell cycle by a
number of factors acting through cis-acting elements present in their promoter [4].

Several genes involved in the repression of three of the four histone gene pairs, HTA1-
HTB1, HHT1-HHF1 and HHT2-HHF2, were identified by genetic screens in S. cerevisiae.
These include the four histone regulatory (HIR) and histone promoter control (HPC) genes,
HIR1, HIR2, HIR3 and HPC2, which are required for the repression of these histone gene
pairs outside of S phase and in response to hydroxyurea (HU), which causes stalling of DNA
replication forks [6, 7]. The HIR-mediated transcriptional repression of these three histone
pairs is dependent on a cis-acting element, known as the negative regulatory element (named
NEG or CCR), which is present in their promoters but absent from the promoter of the HIR-
independent HTA2-HTB2 loci [6, 8]. We have previously shown that these four HIR/HPC
genes encode the proteins that stably associate to form the HIR complex (HIRA in S. pombe
and humans) [9, 10]. The HIR complex is a histone chaperone that can assemble
nucleosomes on to DNA in a replication-independent manner [9, 10]. In addition, the
histone chaperone Asfl was found to co-purify with the HIR complex and is also required
for regulation of the HIR-dependent histone genes [9, 11]. The HIR complex stably binds to
DNA and nucleosomes without any known sequence specificity [10]. Therefore, the HIR
complex is postulated to be recruited to the negative (NEG) site of the three HIR-dependent
histone gene pairs by a yet unidentified sequence-specific DNA binding factor [12-14]. The
exact mechanism by which the HIR complex represses histone gene transcription is
unknown but is likely to involve the modulation of chromatin by creating a repressive
structure outside of S phase of the cell cycle. A recent study showed that a repressive
chromatin structure at the histone gene promoter is established by the interplay of the HIR
complex along with histone chaperones Asfl and Rtt106 [15]. In late G1 and early S phase,
cell cycle signals are suggested to be involved in the relief of HIR-mediated repression
along with the HIR-dependent recruitment of the SWI/SNF complex to activate histone gene
transcription [16].

In addition to the regulation of histone gene transcription, the HIR complex has been shown
to be required for heterochromatic gene silencing [17], suppression of cryptic promoters [18,
19], kinetochore formation [17, 20] and maintenance of genomic integrity through its role in
the assembly and maintenance of heterochromatin [21, 22]. Indeed, the HIR complex is part
of a nucleosome assembly pathway that functionally overlaps with chromatin assembly
factor | (CAF-1), which are together required for the assembly and maintenance of
heterochromatin [17, 20, 23]. Combined mutations in either of the three genes that encode
CAF-1 (CAC1, CAC2 or CAC3) in combination with mutations in any of the HIR genes
result in a synergistic decrease in silencing at telomeres and the mating-type loci as well as
an increase in retrotransposition of the Tyl and Ty2 elements [17, 23]. HIR mutants have
been found to suppress the deleterious effect of A element insertion in HIS4 and LYS2 in S.
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cerevisiae, evident by Spt™ (suppressor of Ty element) phenotypes exhibited by hir/hpc null
mutants [24]. The HIR complex has been shown to be important for repression of spurious
transcription originating from cryptic promoters within coding regions suggesting that the
HIR complex plays a role in the maintenance of a proper chromatin structure in transcribed
genes [18, 19]. The role and importance of HIR-mediated nucleosome assembly in
maintaining the protective functions of chromatin is also highlighted in fission yeast by the
increased sensitivity of HIRA mutants to agents that causes DNA double-strand breaks [21].

The importance of the HIR complex is seen by its evolutionary conservation, as it is found
in several species, including yeasts, Arabidopsis, Drosophila, Xenopus, chicken, fish, mice
and humans [25-32]. In the fission yeast Schizosaccharomyces pombe, the HIRA complex is
composed of Hipl, SIm9, Hip3 and Hip4 which are homologues of Hirl, Hir2, Hir3 and
Hpc2, respectively [33-35]. The human HIRA protein is the homologue of Hirl and Hir2
and is required for histone H3.3 deposition at active genes independently of DNA
replication [25, 36-38]. HIRA is found associated with multiple proteins, including Cabinl
and Ubinuclein 1 (UBN1) which have been recently identified as homologues of Hir3 and
Hpc2, respectively [39, 40]. HIRA is a candidate gene for the DiGeorge developmental
syndrome [41, 42], and is important for heart formation [43], regulation of angiogenesis [44]
and essential for development as mice lacking HIRA die at around embryonic day 10-11
[45].

In this study, we focused on further characterizing the molecular function of the Hpc2
protein within the HIR complex. Besides Hirl and Hir2, the molecular function of the two
other subunits, Hir3 and Hpc2, has not been fully investigated. Recently, studies on the
human and S. pombe homologs of Hpc2 (UBN1 and Hip4, respectively) have shown that
Hpc2 is a well conserved protein that plays an important role in the HIR complex not only in
S. cerevisiae but in other species as well [33, 39, 40]. Here, using a bioinformatical
approach, we have shown the existence of two previously unreported conserved regions,
CDI and CDII, among Hpc2 fungi homologues. We found that the CDI domain, located
within the Hpc2 N-terminal end, is important for the HIR-mediated repression of the histone
genes through its essential role in recruiting the HIR complex to the histone gene promoter.
Interestingly, we have shown that HPC2 mutants that affect histone gene expression without
disrupting the HIR complex do not display other hir/hpc-phenotypes such as the Spt™
phenotype, expression of cryptic TATA and heterochromatin silencing defects. This is the
first direct demonstration that the hir/hpc-dependent derepression of the histone genes is not
responsible for other hir/hpc-phenotypes, and this strongly supports previous evidence that
implicates a direct role of the nucleosome assembly activity of the HIR complex in these
other HIR-dependent pathways.

2. Materials and methods

2.1. Yeast strains, medium and growth assay

All strains used in this study are listed in Table 1. Yeast strains were grown in rich YPD
medium (1% yeast extract, 2% peptone and 2% dextrose) or in minimal SD medium (0.67%
yeast nitrogen base, 2% dextrose and the appropriate drop-out mixture of amino acids and
bases) and were genetically manipulated by standard techniques [46]. YPP940, used for the
Spt phenotype assay, was derived from PKY918 (gift from Dr. Paul Kaufman) by deleting
HPC2 using HIS3MX®6 cassette. YPP1200, used for the telomeric silencing assay, was
derived from the original strain, PKY619 (gift from Dr. Paul Kaufman), by deleting HPC2
using KANMX®6 cassette.

Telomeric silencing assays using the URA3-VIIL reporter (YPP1200) were performed as
previously described [47]. Semi quantitative estimates of telomeric silencing were obtained
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by spotting 10 ul and 5 pul of 3-fold serial dilutions of log phase cells (adjusted to a starting
OD of 2.0) on complete synthetic media with or without 0.3g/L 5-FOA, respectively. The
cell viability assay was performed as previously described [17] to assess the proportion of
viable cells in a population. Cells were platted on complete synthetic media with or without
1g/L 5-FOA. After 5 days of incubation at 30°C, the numbers of FOA-resistant colonies per
viable cells plated were determined and normalized to the wild type strain. The results
shown are averages and standard errors were calculated from two independent experiments.

2.2. Plasmids

Escherichia coli strain DH5a was used for cloning and plasmid amplification. Plasmids for
HPC2 wild-type and mutants were constructed by sequential cloning of a PCR amplified
product from the native promoter (500bp upstream of +1 ATG) and coding sequences in
YCp:URA3 (pRS416) and YIp:TRP1 (pRS304) vectors with three HA-tag sequences
followed by an ADH1 terminator sequence. All plasmids were sequenced to ensure that no
errors were introduced during the PCR or sub cloning. Details of constructs used are
available upon request.

2.3. Co-immunoprecipitation assays and Western blot analysis

Yeast whole cell extract were prepared in lysis buffer (40 mM HEPES-KOH pH 7.5, 350
mM NaCl, 10% Glycerol, 0.1% Tween-20, 1pg/ml pepstatin, 2ug/ml leupeptin, 0.5 mM
DTT and 1 mM PMSF) and diluted to 150mM NaCl. One milligram protein extract was
immunoprecipitated overnight at 4°C with 15 ul of IgG Sepharose beads (GE healthcare
Life Science, product # 17096901) that binds to the Protein A tag of the TAP tagged
subunit. The beads were washed three times and samples were prepared for Western blot.
The immunoprecipitates were then resolved on 8 or 10% SDS-PAGE and blotted to PVDF
membrane (Thermo Scientific, product # 88518). Western hybridization was then carried out
using antibodies against HA (Roche product # 12013819001), c-Myc (Roche product #
11814150001) to check for the presence of the indicated tagged HIR subunit. Rabbit PAP
(Peroxidase-Anti-Peroxidase) antibody (Sigma-Aldrich, product # P1291) was used for
detection of the TAP tagged subunits.

2.4. Chromatin Immunoprecipitation assays

Chromatin immunoprecipitation was performed as described previously [48] with minor
changes. Briefly, 100 ml of cells were grown in YPD media to an ODggg of 0.7 and treated
with formaldehyde (1% v/v) for 20 minutes at room temperature, followed by a 10 minutes
treatment with glycine (250 mM final). Chromatin lysates were prepared by glass bead
disruption and sheared using a Bioruptor XL from Diagenode. One milligram of chromatin
lysate was incubated overnight with 2ul of rabbit anti-Protein A antibody (Sigma Aldrich,
product # P3775) to immunoprecipitate the TAP tagged subunit. The immune complexes
were recovered by incubation with 20 pl of Protein A Sepharose beads (GE healthcare Life
Science, product # 17528001) for 1 hr. The beads were washed and DNA was eluted. After
reversing the crosslinks at 65°C overnight, the immunoprecipitated and input DNA were
analyzed by quantitative PCR, using MyiQ (BioRad) and Power SYBR PCR Master Mix
(Applied Biosystems, product # 4367659). An intergenic region of chromosome V was used
as a non-target control. Primer sequences are available upon request. The amplified
immunoprecipitated DNA was normalized to DNA amplified from input samples. The
results shown are averages and standard errors were calculated from at least three
independent experiments.

Biochim Biophys Acta. Author manuscript; available in PMC 2012 October 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Vishnoi et al. Page 5

2.5. RT-qPCR analysis

Cells of the indicated strains were collected using log-phase culture (ODggg ~0.6) and total
RNA was extracted using E.Z.N.A. Total RNA Kit | (Omega, product # R6834-02). cDNA
was synthesized from 400ng of total RNA using High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, product # 4368814). cDNA samples were then
analyzed by quantitative PCR, using MyiQ (BioRad) and Power SYBR PCR Master Mix
(Applied Biosystems, product # 4367659). Primer sequences are available upon request.
Specific gene expression levels were normalized to ACT1 level. The results shown are
averages and standard errors were calculated from at least three independent experiments.

3. Results

3.1. Phylogenetic analysis of Hpc2 between distantly related yeast species reveals three
conserved domains

Multiple sequence alignment across proteins that are evolutionary related reveals regions of
functional significance, as these regions are more conserved during evolution than the rest of
the protein sequence [49-51]. In order to characterize the molecular role of the Hpc2 subunit
within the HIR complex, we first looked at the sequence conservation of Hpc2 between
related budding yeast species - Saccharomyces cerevisiae, Kluyveromyces lactis,
Saccharomyces kluyveri (Lachancea kluyveri), and Saccharomyces castellii. The four Hpc2
protein sequences were aligned using the “Vector NTI AlignX’ software (Fig. 1). The
overall sequence identity of the S. cerevisiae Hpc2 protein compared to the Hpc2
orthologues in S. castellii, Kluyveromyces lactis and S. Kluyveri is 23.5%, 27.9% and 30.9%,
respectively. The Hpc2 alignment highlighted three distinct, highly conserved regions, CDI,
CDII, and CDIII (Fig. 1). The first conserved domain (CDI) of Hpc2 corresponds to an N-
terminal sequence spanning from amino acids 63 to 79 in S. cerevisiae. The second
conserved domain (CDII) corresponds to a C-terminal sequence spanning amino acids 460
to 478. The third domain (CDIII) (also named HRD (Hpc2 Related Domain) or HUN (for
HPC2-Ubinuclein-1) [39, 40]) also corresponds to a C-terminal sequence spanning amino
acids 554 to 610. This bioinformatical analysis clearly identifies two new evolutionary
conserved regions of Hpc2, CDI and CDII, and confirms the conservation of the CDIII/HRD
domain amongst yeast as well as higher eukaryotes as shown previously [39, 40]. The Hpc2
CDIII/HRD domain has been previously shown to be important for the interaction of
Ubinuclein-1 (UBN1) with HIRA in humans, and Hpc2 with Hirl in yeast [40]. The
conservation of Hpc2 CDI and CDII domains, in closely related yeast species, strongly
suggest that they might play a significant biological role in the function of the HIR complex.

3.2. The conserved C-terminal CDIl and CDIIl (HRD) domains of Hpc2 are required for its
assembly with the HIR complex while its N-terminal conserved region is dispensable for
HIR complex formation

In order to address the biological relevance of the two novel conserved regions that we
identified by sequence alignments (Fig. 1), we made a series of truncation and internal
deletion mutants of Hpc2 (Fig. 2A) and first asked whether these conserved regions play a
role in the interaction of Hpc2 with the rest of the HIR complex. We used whole cell extract
from three different hpc2 deleted strains bearing different combinations of endogenously
tagged HIR complex subunits with TAP and Myc epitopes. Into each of these strains, we
transformed the indicated HPC2 plasmids and carried out immunoprecipitation using 1gG
beads, followed by analysis by Western blotting (Fig. 2B and 2C). Co-immunoprecipitations
of wild-type (WT) Hpc2-HA with all three HIR complex TAP tagged subunits are shown as
a positive control (Fig. 2B, lanes 1, 5, and 9, and Fig. 2C lane 1). The Hpc2AN-HA (AN)
mutant, which is deleted of the first 150 amino acids, encompassing the CDI domain, co-
precipitated with Hir2-, Hirl- and Hir3-TAP tagged proteins, similarly to WT Hpc2, as
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indicated by the a-HA signal present in the 1gG-IP panel (Fig. 2B, lanes 4, 8, and 12). In
agreement with this result, deletion of the CDI domain alone (Hpc2ACDI) did not affect the
association of Hpc2 with the rest of the HIR complex (Fig. 2C, lane 4). Interestingly, we
found that the Hpc2AC-HA (AC) mutant, which is truncated after the 548™ amino acid,
which removes the CDIII (HRD) domain, failed to co-precipitate with all three Hir-TAP
subunits (Fig. 2B, lanes 3, 7, and 11) suggesting that this conserved region is important for
the association of Hpc2 with the rest of the HIR complex. This result corroborates the
previous report from Banumathy and colleagues [40] showing that the Hpc2 HRD domain
was important for Hpc2 binding to Hirl subunit by in vitro GST pull-down assays. Here, we
confirm that this interaction is important for the in vivo assembly of Hpc2 with the HIR
complex. Moreover, we found that the Hpc2 mutants deleted of the novel CDII domain
(ACDII, and ACDI-CDII) also failed to co-precipitate with Hir2-TAP subunit as shown in
Fig. 2C (lanes 5 and 6), suggesting that in addition to the CDIII/HRD domain, the CDII
region also plays an important role for Hpc2 assembly with the HIR complex. In addition,
the CDII domain seems to be important for the stability of Hpc2 as Hpc2 mutants lacking
CDII domain are consistently less abundant in whole cell extract than wild-type Hpc2 (Fig.
2C compare lanes 5 and 6 to 1, 3 and 4). It is interesting to note that the association of the
Hpc2 subunit to the Hir2-TAP subunit seems to be required for the stable association of the
Hir3 subunit to the rest of the complex as shown by the reduced level of Hir3 proteins co-
precipitated in a strain deleted of HPC2 (KO) (Fig. 2C, compare lane 2 to lanel) or
containing Hpc2 mutant forms lacking the CDII region (Fig. 2C, compare lane 5 and 6 to
lane 1). Therefore, these results presented here, in combination with data by Banumathy and
colleagues [40], suggest that the Hpc2 CDII and CDIII/HRD conserved domains are both
required for the interaction of Hpc2 with the rest of the HIR complex, while the CDI region
does not seem to play any structural role in the assembly of the HIR complex.

3.3. The Hpc2 N-terminal conserved region CDI is important for histone gene repression

In yeast, the HIR complex regulates the transcription of three of the four histone gene loci
during the cell cycle and represses their transcription outside of S phase and in response to
hydroxyurea (HU), which causes stalling of DNA replication forks [8, 14, 52]. Deletion of
any of the four HIR complex subunit encoding genes leads to an overall increase in the level
of expression of the histone genes in an asynchronous population resulting from a specific
loss of repression outside of S phase [6, 7]. To better understand the role of the newly
identified Hpc2 conserved regions within the HIR complex, we asked whether these
conserved regions play a role in the regulation of histone gene transcription. We monitored
the level of the histone gene expression by RT-gPCR in strains carrying various mutant
forms of Hpc2 as indicated in Figure 3. As shown in Figure 3A, Hpc2 C-terminal truncated
mutants (hpc24C-494 and hpc24C-548) displayed a higher expression level of histones
HTAL and HHF1, similar to the derepression observed in an hpc24 mutant when compared
to the wild type (HPC2). This result is consistent with our co-immunoprecipitation data
showing that the Hpc2 C-terminal truncated mutants failed to assemble into the HIR
complex (Fig. 2B and 2C). Therefore, these mutants mimic the hpc24 mutant phenotype.
Furthermore, we found that the hpc24N-150 mutant displayed a similar derepression of
HTAL and HHF1 comparable to the hpc24C and hpc24 mutants (Fig. 3A). Since the
absence of the N-terminal domain of Hpc2 does not disrupt the HIR complex (Fig. 2), this
strongly suggests that the Hpc2 N-terminal region plays a direct role in the regulation of
histone gene transcription. To narrow down the region of interest within the first 150 amino
acids, we first tested a series of shorter N-terminal truncation mutants (Fig. 3B). The
hpc24N-100 mutant showed a similar derepression of HTAL and HHF1 as the hpc24N-150
mutant, while the hpc24N-45 mutant displayed an almost wild-type level (Fig. 3B),
suggesting that the sequences between amino acid 45 and 100 are important for HIR-
mediated histone gene repression. This region of Hpc2 contains the newly identified CDI
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conserved domain (63-79 aa) (Fig. 1). Therefore, we asked whether the hpc24CDI would
fail to correctly regulate histone gene transcription. As can be seen in Figure 3C, the Hpc2
mutant lacking the CDI domain (hpc24CDI) failed to properly regulate the histone genes.
hpc24CDI exhibited an elevated rate of transcript levels for HTA1, HHF1, and HHF2 that
was similar to the rates observed in the hpc24 and hpc24N-150 mutants when compared to
wild-type (Fig. 3C). This suggests that the CDI domain is important for histone gene
repression.

One of the key hir- phenotypes is manifested by the failure to repress HIR-dependent
histone gene transcription upon treatment by hydroxyurea (HU) [6, 24]. Therefore, we asked
whether the Hpc2 CDI region is involved in histone gene repression in response to HU
treatment. As shown in Fig. 3D, the hpc24N-150 and hpc24CDI mutants fail to repress
transcription of the HTAL gene upon HU treatment at a similar level as the hpc24 mutant
when compared to the WT strain (Fig. 3D). The level of HTA2 mRNA is shown as an
internal positive control as the HTA2-HTB2 locus responds to HU treatment independently
of the HIR complex. Here, we have identified that the CDI conserved region located at the
N-terminal end of Hpc2 plays an essential role in the transcriptional regulation of the HIR-
dependent histone genes as the hpc24CDI mutant displays a hir/hpc null phenotype. These
results, taken together with the co-immunoprecipitation assays, strongly suggest that the
Hpc2 CDI region plays a direct role in histone gene transcriptional regulation and repression
since the lack of the CDI domain does not disrupt the HIR complex.

3.4. The Hpc2 N-terminal conserved CDI region is essential for localization of the HIR
complex to the HIR-dependent histone gene loci

Having found that the N-terminus of Hpc2 and its CDI domain play an important role in
HIR-mediated repression of the histone genes without disrupting the HIR complex, we
sought to understand how this region was involved in controlling transcription of the HIR-
dependent histone genes. We hypothesized that the Hpc2 N-terminal region and its CDI
domain are involved in the localization of the HIR complex to the histone gene loci. Indeed,
localization of the HIR complex to the histone gene loci is essential for HIR-mediated
histone gene repression ([9, 15], and Prochasson unpublished observations). To address this
question, we used chromatin immunoprecipitation (ChIP) assays to monitor whether the
Hpc2 N-terminal region is necessary for localization of the HIR complex to the histone gene
promoter. Consistent with previous results [9, 15], we show that Hir2-TAP specifically
localized to all three HIR-dependent histone gene loci in a wild-type background (HPC2)
while deletion of HPC2 (hpc24) completely abrogates its recruitment (Fig. 4A). Strikingly,
deletion of the N-terminal domain of Hpc2 (hpc24N-150) prevented the recruitment of Hir2-
TAP to all three histone gene loci similar to hpc24 (Fig. 4A). We then looked at the effect of
the specific deletion of the CDI domain, and found that the hpc24CDI mutant also prevented
the localization of Hir2-TAP to the HTA1-HTBL1 histone gene loci in a similar manner to
hpc24N-150 and hpc24 (Fig. 4B). We also carried out ChIP using the Hirl-TAP subunit
which specifically localized to all three HIR-dependent histone gene loci in a wild-type
background (HPC2) (Fig. 4C). Similarly to the results obtained with the Hir2-TAP subunit,
deletion of the N-terminal domain of Hpc2 (hpc24N-150) or the CDI domain (hpc24CDI)
prevented the recruitment of Hirl-TAP to all three HIR-dependent histone gene loci to the
same extent as hpc24 (Fig. 4C). Co-immunoprecipitation assays were carried out and
confirmed the correct expression and assembly of the Hpc2 wild-type (Hpc2) and mutant
proteins (Hpc2ACDI and Hpc2AN-150) with the Hirl-TAP subunit (Fig. 4D, lane 4, 5 and
6). All together, these results show that the N-terminal region of Hpc2, as well as its CDI
domain, is necessary for the localization of the HIR complex to the histone genes, thus
explaining the hir- phenotype observed on the regulation of the histone gene transcription

(Fig. 3).
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Deletion of HIR/HPC genes have been shown to display Spt™ (suppressor of Ty) phenotypes
[7, 24], cryptic transcription [18, 19], and synergistically reduce heterochromatin silencing
when combined with deletion mutants of the chromatin assembly complex (CAF-1), as well
as showing temperature sensitivity, suggesting that the global aspect of chromatin structure
could be affected [17]. These studies pointed toward a direct role of the nucleosome
assembly activity of the HIR complex in regulating these various pathways. However,
increased histone levels and alteration of the core histone stoichiometry have been reported
to cause similar defects in yeast such as Spt™ phenotype and loss of heterochromatin
silencing when combined with cac mutants [17, 24, 53, 54]. Although hir/hpc-mutants are
well known to deregulate histone gene levels and stoichiometry [6, 7], the question of the
direct or indirect role played by the HIR complex in these various pathways has never been
clearly answered. As we found that the Hpc2 N-terminal deletion mutant derepresses histone
gene transcription similarly to the hpc24 mutant (Fig. 3), but without disrupting the HIR
complex (Fig. 2), we could ask whether the hir/hpc-dependent histone gene deregulation is
responsible for the aforementioned hir/hpc-phenotypes.

We first looked at the Spt phenotype of the N-terminal and CDI deletion mutants of Hpc2,
as the hir/hpc null mutants have been shown to display an Spt™ phenotype [7, 24]. Mutations
in SPT genes suppress Ty and & insertion mutations by restoring functional transcription to
the adjacent genes [55-57] (Fig. 5A). In a wild-type (HPC2) background the & sequence at
lys2-1284 inserted within the 5’ end of the LYS2 coding region alters its transcription causing
lysine auxotrophy (SPT* phenotype) as seen by the absence of growth on solid media
lacking lysine (—lys), while a hpc24 mutant strain displays an Spt™ phenotype as shown by
prototrophy to lysine (Fig. 5B and C, compare hpc24 and HPC?2). Interestingly, a strain
carrying the hpc24N-150 or hpc24CDI mutant failed to grow in absence of lysine, thus
displaying a SPT* phenotype as seen in the wild-type HPC2 strain (Fig. 5B and C).
Additionally, we found that an Hpc2 mutant deleted of the first 431 amino acids
(hpc24N-432) also displayed an SPT* phenotype, as shown by auxotrophy to lysine similar
to the hpc24N-150 mutant and the WT control (Fig. 5C). In contrast, an Hpc2 mutant
deleted of the first 494 amino acids (hpc24N-495), which additionally removes the CDII
domain, displays a strong Spt™ phenotype similar to hpc24 mutant (Fig. 5C). This is
consistent with the requirement of the CDII domain for the association of Hpc2 with the rest
of the HIR complex (Fig. 2). Together, these results strongly suggest that the deregulation of
the histone genes in hir/hpc null mutants is not responsible for their Spt-phenotype since the
hpc24N-150 and hpc24CDI mutants display an SPT* phenotype.

In S. cerevisiae, telomere-proximal genes are subject to position-dependent but gene-
independent silencing, a phenomenon termed as the ‘telomeric position effect’ (TPE) [58].
TPE can be quantified by placing the URA3 gene adjacent to a telomere (URA3-VIIL). The
fraction of cells in a population that are resistant to the drug 5-FOA, a metabolic poison for
Ura™ cells, represents the level of silencing of the URA3 gene (Fig. 5D). In cac4 mutants,
TPE is greatly reduced but not completely abolished [17], while in hir4 mutants alone there
is no effect on TPE [17]. However, the cac4 hir4 double mutants show a stronger reduction
of the TPE compared to cac single mutant [17]. However, alterations in histone H3 and H4
levels or in core histone stoichiometry also reduced silencing in cac4 mutants but not in
wild-type cells. This suggests that the HIR genes might contribute to silencing indirectly
through deregulation of histone gene transcription [17]. To address the direct role of the HIR
complex, we asked whether the histone gene derepression observed in the hpc24N-150
mutant in combination with cac14 would affect TPE or not (Fig. 5E). We generated a cac14
hpc24 double mutant which displays the same reduction of TPE as the previously published
cacl4 hirla double mutants [17] (data not shown). Because of the limited differences in
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TPE between single cac14 and double cac14 hir/hpc4 mutants in presence of 1g/l of 5-FOA
[17], we used a lower concentration of 5-FOA to increase the sensitivity of the assay to
monitor more subtle effect on URA3 silencing. As can be seen in Figure 5E, the cac14
HPC2 and cacl14 hpc24N-150 mutants have a similar reduced sensitivity to 5-FOA as
shown by the slightly better growth compared to the cacl4 hpc24 double mutant. In
addition, we measured the fraction of FOA-resistant (Fraction FOAR) colonies by doing a
cell viability assay and found that cac14 HPC2 and cacl4 hpc24N-150 are 4 to 10 fold
higher relative to cacl4 hpc24 (Fig 5E), thus reflecting a more silenced URA3 gene. These
results show that the hpc24N-150 mutant does not enhance the loss of silencing, while it
derepresses the histone genes similarly to hir4/hpc4 mutants (Fig. 3), strongly suggesting
that the HIR complex has a direct role in telomeric position effect. Interestingly, cacl4
hpc24N-150 shows a slightly better TPE than cacl4 HPC2, suggesting that the
overexpression of the histone genes slightly enhances silencing.

Kaufman and colleagues also reported that cac4 hir4 double mutants grow more slowly than
wild-type or single mutant cells at 30°C and this phenotype is exacerbated at an even lower
temperature (16°C) [17]. They speculate that the synthetic growth phenotypes do not solely
result from changes in histone gene expression due to hir4 mutants, however they could not
rule out subtle effects due to changes in histone levels [17]. Here, equipped with the
hpc24N-150 mutant, we could rule out the implication of hir/hpc-dependent changes in
histone levels in the synthetic growth defect of cac4 hir4 double mutants. As can be seen in
Figure 5F, the cac14 hpc24N-150 double mutant grows as well as the cacl4 mutant alone
(cacld HPC2) at 30°C and at 16°C while the growth of cacl4 hpc24 double mutants was
reduced at 30°C and this phenotype was severely exacerbated at 16°C, shown by the strong
reduction of growth. These results clearly indicate that the synthetic growth defects observed
between cacl4 mutant and hpc24 mutants is not due to the hpc24-dependent histone gene
deregulation but more likely from a direct role of the HIR complex on global aspect of
chromatin structure has previously suggested [17].

Finally, we looked at the cryptic initiation, since the HIR/HPC genes are required for
repression of cryptic promoters [18, 19] and asked whether histone gene deregulation could
play a role. To test if hpc24N-150 allows cryptic initiation, we used the previously described
reporter gene for FLO8 cryptic initiation in which the 3’ coding region of FLO8 has been
replaced with the HIS3 coding region such that HIS3 is expressed only when the FLO8
cryptic promoter is active (Fig. 5G) [18, 19]. A strain deleted of HPC2 (hpc24) resulted in
growth in the absence of histidine (His—) reflecting the activation of the cryptic promoter
within FLO8, which allows expression of the HIS3 gene (Fig. 5H). In contrast, similarly to
the wild-type (HPC2), the hpc24N-150 mutant failed to grow on plates lacking histidine
showing that the hir/hpc-dependent deregulation of the histone genes is not responsible for
cryptic initiation observed in hir/hpc4 mutants (Fig. 5H). Consistent with the Spt™
phenotype (Fig. 5C), we found that the hpc24N-432 mutant properly repressed cryptic
transcription, as shown by the lack of growth on His-plate (Fig. 5H), while the hpc24N-495
mutant allowed cryptic initiation as shown by growth similar to the hpc24 strain. These
results again strongly suggest that the derepression of the histone genes observed in hir/hpc
null mutants is not responsible for the hir/hpc-effect on the expression of spurious
transcripts originating from cryptic promoters. This therefore strongly supports the direct
role of the HIR complex in nucleosome re-assembly during transcriptional elongation, as
previously suggested [19].

4. Discussion

Based on the presence of the conserved HRD (CDIII) domain, sophisticated bioinformatical
analyses have identified orthologues of the S. cerevisiae protein Hpc2 in S. pombe (Hip4)

Biochim Biophys Acta. Author manuscript; available in PMC 2012 October 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Vishnoi et al.

Page 10

and in humans (UBN1 and UBNZ2) [39, 40]. Interestingly, aside from this HRD domain, no
other significant homology was seen in the rest of the Hpc2 protein, which is indicative of
the degree of sequence divergence that has arisen during evolution. In this study, we report
two new highly conserved Hpc2 regions, CDI and CDII, among yeast species that are
related to S. cerevisiae (Fig. 1). We show that each domain plays a significant biological
role in the functions of the HIR complex. The CDI domain is important for repression of the
HIR-dependent histone genes (Fig. 3) and is necessary for the recruitment of the HIR
complex to these loci (Fig. 4), while CDII is important for the stability of the Hpc2 protein
itself as well as for the binding of Hpc2 to the rest of the HIR complex (Fig. 2). It is
interesting to note that the human and S. pombe HIR complex homologues are also involved
in the regulation of the histone genes as well as transcriptional repression [34, 59, 60]. Since
the overall function of the HIR complex is conserved, it was surprising that neither of these
two domains, CDI and CDII, was identified in other Hpc2 orthologues, raising the question
regarding their degree of conservation in higher eukaryotes. We can speculate that these
sequences have become too divergent during evolution, so that they can no longer be
identified using bioinformatic analysis. Alternatively, we cannot rule out the possibility that
one of the subunits of HIRA (in higher eukaryotes) has evolved in such a way that it carries
out the functions carried out by the S. cerevisiae Hpc2 CDI and CDII domains. As we have
shown the importance of the CDI domain in the localization of the HIR complex to the
histone genes and in their regulation, we can hypothesize that either a domain present in the
orthologue HIRA complex, or perhaps one of its associated proteins, assumes the biological
function of the Hpc2 CDI domain. Further bioinformatical analysis and molecular
characterizations of the S. cerevisiae Hpc2 orthologues and/or HIRA subunits will be
necessary to unravel this interesting question regarding the evolution of histone gene
regulation by HIR complexes.

The mechanism of recruitment of the HIR complex to the HIR-dependent histone gene loci
has remained elusive since the first identification of the HIR/HPC genes and their role in the
regulation of histone gene transcription. While it was initially reported that the Hir/Hpc
proteins did not possess intrinsic DNA binding activity [36, 61], we previously showed that
the HIR complex binds non-specifically to DNA [10]. Hence, the HIR complex is postulated
to be recruited to the negative site of the histone gene promaoters by an uncharacterized
sequence-specific DNA binding factor [13]. Here, we found that the Hpc2 CDI domain
plays an essential role in the recruitment of the HIR complex as deletion of the CDI domain
from Hpc2 completely abrogates HIR recruitment to the histone genes (Fig. 4) resulting in
their derepression (Fig. 3) but without disrupting the HIR complex (Fig. 2) nor displaying
other hir/hpc-phenotypes (Fig. 5). We also showed that the Hpc2 CDI domain is dispensable
for the non-specific DNA binding activity of the HIR complex (data not shown). All
together, this strongly suggests that the Hpc2 CDI domain could bind to this yet
uncharacterized sequence-specific DNA binding factor that is hypothesized to bind to the
negative site of the HIR-dependent histone gene promoters, hence mediating the recruitment
of the HIR complex to these loci. Therefore, future experiments aiming at identifying
specific proteins interacting with Hpc2 CDI domain is likely to lead to the identification of
the negative site (NEG/CCR) specific DNA binding protein which tethers the HIR complex
to the histone genes.

In S. cerevisiae, increased histone levels and alteration of the core histone stoichiometry
have been reported to cause similar phenotypes as deletion of the HIR/HPC genes, such as
Spt™ phenotype and loss of heterochromatin silencing when combined with cac4 mutants
[17, 53, 54]. Since one of the key phenotypes of the hir/hpc null mutants is the de-repression
of HTA1-HTB1, HHT1-HHF1, and HHT2-HHF2 histone genes, it has always been difficult
to discriminate between the direct effects of the HIR complex and its indirect effects due to
the deregulation of the histone genes on those various hir/hpc- phenotypes. However,
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several studies pointed out the direct implications of the HIR complex as forced
overexpression of the histone genes could not recapitulate the full extent of the hir/hpc-
phenotypes observed in position-dependent gene silencing, for example, when combined
with cac4 mutants [17]. In the present study, we identified two HPC2 mutants, hpc24N-150
and hpc24CDI, which fully recapitulate the hir/hpc-dependent derepression of the histone
genes but without displaying other hir/hpc-phenotypes (e.g. Spt™ phenotype, loss of
heterochromatin silencing and suppression of cryptic promoters (Fig. 5)). These are the first
mutants that show a separation-of-function of the HIR complex activity between its role in
the regulation of histone genes and its role in the maintenance of chromatin structure.
Therefore, our results strongly support previous studies that suggested a direct involvement
of the nucleosome assembly activity of the HIR complex in regulating and maintaining a
proper chromatin structure. We can then speculate that the HIR nucleosome assembly
activity [10, 17] is directly involved in regulating the chromatin structure that is affected in
hir/npc mutants phenotypes. However, as previously suggested, it is likely that the HIR
nucleosome assembly activity is also required for repression of histone gene transcription to
maintain a repressive chromatin structure at their promoters [15]. By using these specific
Hpc2 mutants (hpc24N-150 and hpc24CDI) as controls, we will be able to potentially
discriminate between the nucleosome assembly and histone repression roles of the HIR
complex. Interestingly, our data strongly suggests that although the Hpc2 CDI domain is
involved in the recruitment of the HIR complex at the histone genes, it does not play any
role in targeting the HIR complex to regions that are involved in causing the Spt™
phenotype, heterochromatin silencing and the repression of cryptic promoters. This raises
the question of how the HIR complex is brought to these various places in the genome to
maintain proper chromatin integrity, either by recognizing directly a loose chromatin
structure or by interacting directly with other factors involved in these pathways, such as the
transcription elongation machinery. Further studies of the HIR complex will address these
exciting questions and extend our understanding of its role in the maintenance of repressive
chromatin structures required for proper cell homeostasis.
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Figure 1. Identification of three highly conserved regions in Hpc2 yeast homologues

Sequence alignment of Hpc2 from the yeast species Saccharomyces cerevisiae,
Kluyveromyces lactis, Saccharomyces kluyveri, and Saccharomyces castellii is shown. The
four Hpc2 protein sequences were aligned using the “Vector NTI AlignX’ software. The
sequences are color coded according to similarities: Identical, red text on yellow
background; Weakly similar, dark green text on a white background; Block of Similarity,
black on a light green background; Conservative, dark blue on a light blue background;
Non-similar, black on a white background. The three conserved domains CDI (63 to 79 aa),
CDII (460 to 478 aa) and CDIII (554 to 610 aa) are underlined.
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Figure 2. The Hpc2 C-terminal region is essential for HIR complex assembly

(A) Schematic of the wild-type Hpc2 protein with three conserved domain CDI, CDII and
CDIII. (B) Whole cell extracts was made from the indicated strains, YPP461, YPP463, and
YPP492, containing different TAP tag and Myc tag HIR subunits and deleted of the
endogenous HPC2, as indicated, and transformed with the indicated HPC2-HA tag
YCp:URA3 plasmid: WT, wild-type HPC2; —, empty plasmid; AC, HPC24C-548 mutant;
AN, HPC24N-150 mutant. Co-immunoprecipitation assays were performed using 1gG-
sepharose beads and analyzed by Western blotting with anti-HA (to probe for Hpc2-HA),
anti-Myc (to probe for the indicated Myc tag proteins), and peroxidase anti-peroxidase (o-
PAP) (to probe for indicated TAP tag subunit) antibodies. The asterisks correspond to the
TAP tagged proteins signal revealed by the HRP-couple secondary antibody used for the
anti-Myc Western blot. (C) Same as (B) except that YPP996 (HIR2-TAP hpc2::KANMX6)
strain was used and transformed with indicated YIp:TRP1 plasmid encoding the indicated
forms of HPC2 wild-type (WT) and mutants.
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Figure 3. The Hpc2 N-terminal conserved domain is essential for histone gene repression

(A) N-terminal- and C-terminal Hpc2 truncations cause derepression of the histone genes
similarly to hpc24. YPP996 strain was transformed with the indicated YCp:URA3 plasmid
and grown in SD Ura- media, total RNA was extracted and HTA1 and HHF1 mRNA
expression were tested by RT-qPCR. (B) The Hpc2 region between amino acid 100 and 150
is responsible for the depression of the histone genes. The strain and method are the same as
in (A). (C) The Hpc2 CDI conserved domain is responsible for the derepression of the
histone genes observed in an Hpc2 N-terminal truncated mutant. YPP996 strain was
transformed with the indicated YIp:TRP1 plasmid and, after selection, were grown in YPD.
RNA extraction and RT-gPCR were carried out as in (A), to check the level of HTA1, HTA2,
HHF1, and HHF2. (D) Hpc2 CDI domain is necessary for repression of histone genes upon
HU (hydroxyurea) treatment. The same strains were used as in (C). Cell were grown to log
phase and collected from untreated culture or subjected to HU treatment (200mM) for
45min. RT-qPCR was used to monitor the level of HTA1 and HTA2 expression. HTAZ2 is
used as a HIR-independent histone gene control. All the RT-gPCR were normalized to
ACT1 expression level.
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Figure 4. The Hpc2 N-terminal conserved CDI domain is necessary for HIR recruitment at the
HIR-dependent histone genes

(A) The Hpc2 N-terminal region is necessary for the recruitment of the HIR complex to the
HIR-dependent histone gene loci. Cells from yeast strain YPP996 (HIR2-TAP) transformed
with indicated YCp:URA3 plasmid were analyzed by chromatin immunoprecipitation (ChlP)
for the association of Hir2-TAP to the indicated histone gene loci, as described in the
Material and Methods. Specific primer pairs to the promoter of the indicated histone gene
loci were used (primers sequence available upon request). The fold enrichment is calculated
as the ratio of percent IP of the indicated region to percent IP of a non-transcribed control
region (Inter V). The values shown represent the average and standard errors from three
independent experiments. (B) Hpc2 CDI is necessary for association of the HIR complex to
HTAL1-HTBL loci. ChIP assay done as in (A) except that YPP996 strain was transformed
with the indicated YIp:TRP1 plasmid. (C) The Hpc2 CDI domain is necessary for the
association of Hirl-TAP to the HIR-dependent histone gene loci. Cells from yeast strain
YPP1213 (HIR1-TAP) transformed with indicated YIp:TRP1 plasmid were analyzed by
ChIP for the association of Hirl-TAP to the indicated histone gene loci. The values shown
represent the average and standard deviation from two independent experiments. (D) Whole
cell extracts were made from the strains used in (C) and other indicated strains. Co-
immunoprecipitation assays were performed using 1gG-sepharose beads and analyzed by
Western hybridization with anti-HA and peroxidase anti-peroxidase (a-PAP) antibodies to
verify the correct expression and interaction of the indicated Hpc2 wild-type and mutant
proteins with Hirl-TAP tagged subunit.
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Figure 5. The hir/hpc dependent deregulation of the histone genes is not responsible for the other
hir/hpc-associated phenotypes

(A) Schematic of the Spt assay phenotype. Mutations in SPT gene (Spt™) suppresses the
transcriptional defect of the LYS2 gene in the SPT™ strain caused by insertion of the Ty
element. The Spt phenotype is measured by growth on media lacking lysine. (B) The Hpc2
mutant deleted of the CDI domain presents an SPT* phenotype similar to Hpc2 WT. Cells of
yeast strain YPP940 transformed with the indicated YIp:TRP1 plasmid were patched onto
synthetic complete media with or without Lysine to assess the Spt phenotype. (C) The first
432 amino acids of Hpc2 are dispensable for the SPT* phenotype. Fourfold serial dilutions
of cells from the YPP940 strain transformed with the indicated YIp:TRP1 plasmid were
spotted onto synthetic complete media with or without lysine plates and grown for 5 days at
23°C. (D) Schematic of the telomeric silencing loci (URA3-VIIL). The URA3 gene is
inserted next to the chromosome VIIL telomere [58]. Under a wild-type background, URA3
is silenced and so cells cannot metabolize 5-FOA into a lethally toxic metabolite and thus
will survive. However mutations affecting telomeric silencing leads to URA3 expression
resulting into toxicity and cell death in presence of 5-FOA. (E) Telomeric silencing defects
of the hir/hpc4 mutant when combined to cacl4 are not due to hir/hpc-dependent histone
gene derepression. Threefold serial dilution of cells of the yeast strain YPP1200 (URA3-
VIIL) transformed with the indicated YIp:TRP1 plasmid were spotted onto synthetic
complete media with or without 5-FOA and grown at 30°C. As previously reported by Sharp
and colleagues [47], the cac14 mutant alone displays a severe loss of telomeric silencing,
which is further exacerbated upon deletion of HIR/HPC genes. Therefore, we had to
decrease the amount of 5-FOA to reduce the toxicity of the cacl4 mutant alone and to
observe enhanced sensitivity due to the hir/hpc-dependent loss of telomeric silencing. The
cacl4 HPC2 and cacl4 hpc24N-150 have a reduced sensitivity to 5-FOA compare to the
cacl4 hpc24 double mutant as shown by their better growth. The fraction of viable cells
resistant to FOA (FOAR) was normalized to the value obtained for the wild-type (CAC1
HPC2). The averages of data from two experiments carried out with duplicate plating are
shown (F). The hpc24N-150 mutant does not display any synthetic temperature sensitive
growth defect when combined with cacl4 mutant. Cells of strains used in (D) were spotted
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on YPD media and incubated at 30°C or at 16°C for the indicated number of days. (G)
Schematic of the pGAL1::FLO8-HIS3 reporter gene (adapted from [19]). (F) hir/hpc-
dependent histone gene derepression is not responsible for the HIR-dependent inhibition of
transcription initiation from the cryptic promoter of the pGAL1::FLO8-HIS3 reporter gene.
The yeast strain L1133 containing the pGAL1::FLO8::HIS3 reporter, described in [19], was
transformed with the indicated YCp:URAS3 plasmid. Fourfold serial dilution of cells were
spotted onto SD -Ura or SD -Ura -His to assess for the derepression of the FLOS8 cryptic
promoter allowing expression of HIS3 and growth in absence of histidine. Similarly to (C),
most of Hpc2 is dispensable for the HIR-mediated repression of the FLO8 cryptic promoter.
Only further N-terminal truncation which removed the CDII domain (hpc24N-495),
necessary for Hpc2 to interact with the rest of the HIR complex, displays a growth on -His
media similar to hpc24 showing a loss of repression of the cryptic promoter.
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TABLE 1
Saccharomyces cerevisiae strains
Strain Genotype Reference
YPP461 MATa his341 leu240 ura340 hpc2::KanMX6 HIR2-TAP::His3MX6 HIR3-13Myc::LEU2 This work
YPP463 MATa his341 leu240 ura340 hpc2::KanMX6 HIR1-TAP::His3MX6 HIR2-13Myc::LEU2 This work
YPP492 MATa his341 leu240 ura340 hpc2::KanMX6 HIR3-TAP::His3MX6 HIR1-13Myc::LEU2 This work
YPP940 MATa ura3-1 trp1-1 his3-11,15 leu2-3,112 can1-100 ade2-1 lys2-1285 hpc2::His3MX6 This work
YPP996 MATa ura3-1 trp1-1 his3-11,15 leu2-3,112 can1-100 ade2-1 hpc2::KanMX6 HIR2-TAP::His3MX6 This work
YPP1213 | MATa ura3-1 trpl-1 his3-11,15 leu2-3,112 can1-100, ade2-1 hpc2::KanMX6, Hirl-TAP::His3MX6, This work
YPP1200 | MATaura3-1 trpl-1 his3-11,15 leu2-3,112 can1-100 ade2-1 ADE2-VR URAS3-VIIL cacl4::hisG hpc2::KanMX6 | This work
L1133 MATa KanMx-Gallpr-FLO8-HIS3 his34200/41 leu240/41 lys2-1286 ura3-52/40 hpc24::KanMx F. Winston
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