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a b s t r a c t

To understand the role of histone H3 sub-domains in chromatin function, 35 histone H3 tandem alanine
mutants were generated and tested for their viability and sensitivity to DNA damaging agents. Among 13
non-viable H3 mutants, 6 were mapped around the aN helix and preceding tail region. Mutants with indi-
vidual alanine substitutions in this region were viable but developed multiple sensitivities to DNA damag-
ing agents. The only viable triple mutant, REI49-50A, in the aN helix region could not grow when combined
with histone chaperone mutations, such as asf1D, cac1D, or hir1D, suggesting that this particular region is
important when the histone assembly/disassembly pathway is compromised. In addition, further analysis
showed that T45, E50, or F54 of theaN helix genetically interacted with a histone chaperone (Asf1) and tran-
scription elongation factors (Paf1 and Hpr1). These results suggest a specific role of the H3 aN helix in his-
tone dynamics mediated by histone chaperones, which might be important during transcription elongation.

� 2008 Elsevier Inc. All rights reserved.
The genomic DNA of eukaryotes forms a highly ordered The bulk of the nucleosomes are assembled when the DNA is

structure called chromatin. The fundamental unit of chromatin is
a nucleosome, which consists of 146 bp of supercoiled DNA and a
histone octamer composed of two copies of each histone, H2A,
H2B, H3, and H4 [1]. Each H2A–H2B dimer is attached on both
sides of the (H3–H4)2 tetramer within the core nucleosome. The
(H3–H4)2 binds the central 60 bp of nucleosomal DNA, and the
two H2A–H2B dimers bind 30 bp of both DNA ends [1,2].

Histones contain two structural regions: the histone fold domain
involved in histone–histone and histone–DNA interactions and the
flexible tails. The N- and C-terminal tails of four histones protrude
from the nucleosome core. Although tails do not contribute to the
stability of the nucleosome itself [3], they regulate higher-ordered
chromatin formation via interactions with DNA or histones of neigh-
boring nucleosomes [4]. In addition, many residues of histone tails
are covalently modified (by acetylation, methylation, phosphoryla-
tion, ubiquitination, etc.) and recognized by proteins with specific
binding motifs, to affect chromatin function [5–8].

Each histone is composed of similar secondary structural ele-
ments: three a-helixes (a1, a2, and a3) and two loops (L1 and
L2) connecting them [1]. Histone H3 and H2B each have an addi-
tional a-helix called aN and aC, respectively, while H2A has very
short aN and aC helixes. Those structural elements are important
for chromatin function in viability [9,10], telomeric gene silencing
[9,11,12], and the DNA damage response [13,14]. Many functional
histone residues have been elucidated by mutational, genetic, and
biochemical approaches [10,15–18].
ll rights reserved.
replicated in S phase through the replication-coupled (RC) path-
way by histone H3/H4 chaperones, Chromatin assembly factor 1
(CAF-1) and Asf1 (Anti-silencing function 1) [19,20]. Histone chap-
erones bind H3/H4 and assemble histones on newly synthesized
DNA [21]. Histones are also deposited by the replication indepen-
dent (RI) pathway by HIRA (HIR complex in Saccharomyces cerevi-
siae) and Asf1 [22]. In yeast, HIR consists of Hir1, Hir2, Hir3, and
Hpc2, which were originally identified as repressors of histone
genes [23,24]. Asf1 interacts with both CAF-1 and HIR, and affects
both the RC and RI pathways [23,25,26].

In this study, we generated H3 alanine mutants via site-directed
mutagenesis to understand the molecular structure of nucleosomes
and the histone domains important for nucleosome function. H3
mutants were analyzed for their viability and sensitivity to the geno-
toxic agents, hydroxyurea (HU), methyl-methanesulfonate (MMS),
and camptothecin (CPT). Amino acids encompassing the aN domain
were particularly sensitive to alanine substitution [10]. The genetic
interaction study with histone chaperones further revealed a poten-
tial role of this region in chromatin dynamics. Our data suggest that
the aN helix of H3 is particularly important for the nucleosome
assembly/disassembly pathways mediated by histone chaperones
during transcription elongation.

Materials and methods

Yeast strains and plasmids. Histone H3 mutants were constructed
by transformation of WZY42 (MATa, ura3-52, leu2D1, trp1D63,
his3D200, lys2-801, ade2-101, hht1-hhf1::pWZ405-F2F9-LEU2,
hht2-hhf2::pWZ403-F4F10-HIS3, YCp50-copyII (HHT2-HHF2) from
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S. Dent) with various plasmids. DNA fragments encompassing
asf1D::KanMX4, cac1D::KanMX4, hir1D::KanMX4, hpr1D::Kan-
MX4, paf1D::KanMX4, or ppr2D::KanMX4 (all from EUROSCARF)
were amplified by PCR and introduced into WZY42 to obtain asf1D
(YC247), cac1D (YC107), hir1D (YC106), hpr1D (YC240), paf1D
(YC246), or ppr2D (YC241) in the histone shuffle background.

PCR-mediated mutagenesis. The histone H3 mutants were con-
structed by PCR-mediated site-directed mutagenesis using
pWZ414-F13 (from S. Dent; [27]) as a template. PCR was per-
formed with mutagenic primers shown in Supplementary Table
S1. The PCR condition was: 1 min at 95 �C followed by 17 cycles
of 30 s at 95 �C, 1 min at 42 or 50 �C, and 15 min at 68 �C. The final
step of PCR was 1 min at 94 �C, 1 min at 55 �C, and 10 min at 72 �C.
PCR-amplified DNA was treated with 10 U of DpnI (New England
Biolabs) for 3 h at 37 �C to remove template DNA before Escherichia
coli transformation. Each mutation was confirmed by DNA
sequencing.

Sensitivity assay. WT, cac1D, and hir1D strains containing WT or
each histone H3 mutant plasmid were cultured in YPD media over-
night. They were diluted to OD600 = 0.8, and 10-fold serial dilutions
were spotted on 5 lg/mL CPT, 100 mM HU, or 0.03% MMS (all from
Sigma) plates. Plates were incubated at 30 �C for 3–5 days.

Results and discussion

Generation of histone H3 alanine mutants

Recently, Horikoshi’s group performed global analysis of func-
tional residues located on the surface of the histone core, and re-
vealed distinctive regions important for several chromatin-based
pathways [10]. To understand nucleosome structure and function,
we focused on the histone H3 subunit and independently gener-
ated 35 triple alanine substitution H3 mutants (intrinsic alanines
were not changed) using site-directed mutagenesis (PCR primers
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Fig. 1. Summary of the viability test for H3 alanine mutants. Viable and n
are listed in Table S1). Among them, 22 were viable, while 13 were
non-viable (Fig. 1).

Alanine mutations that affected viability roughly fell into two
regions: surrounding the aN helix and the histone fold domain
(Fig. 1 and Supplementary Fig. S1). The first group of non-viable
mutants was located around the nucleosome entry site along the
aN helix. Five amino acids (H39 to P43) comprise the region that
passes through the minor grooves of the DNA, letting out its N ter-
minus. R40, Y41, K42, V46, and A47 are involved in the formation
of hydrogen bonds with DNA at each DNA terminus [1]. Therefore,
structural changes in this region lead to critical instability of nucle-
osomes probably by stripping off the DNA from the histone
octamer. The REI49-51A mutant was viable, although a single-
mutant I51A was reported to be essential [10]. Mutational effect
between I51A and two additional A substitution preceding I51
(REI49-51A) might be different.

The second group of non-viable mutations was located in the
histone–histone or histone–DNA interaction domains. The
FQR67-69A mutant, located at the beginning of the a1 helix, was
not viable. F67 and Q68 are close to I89 and Q93 of the H3 a2 helix.
However the proximal configuration of FQR67-69 to a2 helix
might not be absolutely required for viability, as the IG89-90A mu-
tant was viable. The LRF82-84A mutant within L1 loop was not via-
ble. R83 can form a hydrogen bond with H4-K79 and -V81 and
extend into the DNA minor groove [2]. Several lrs (loss of rDNA
silencing) mutants, such as L82S and R83A, were also located in
this region [28]. Thus, histone-histone and histone-DNA interac-
tions provided by LRF are important for nucleosome structure
and viability. Likewise, IH112-113, which contributes to the
H3–H3 interaction, is also essential, and KKD121-123A and
IKL124-126A were non-viable. K121 and K125 form hydrogen
bonds with H2B-T128 and -Q129, respectively [2]. Taken together,
our results confirm that amino acids located in the histone–histone
and histone–DNA interaction surfaces are important for maintenance
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of nucleosome structure. In addition, our data show that amino
acid residues aligned along the aN helix and preceding tail region
are as important for nucleosome function as histone fold domains.

Analysis of the various H3 mutants for sensitivity to HU and MMS

To analyze the roles of H3 residues in maintaining DNA integ-
rity, the 22 viable H3 alanine mutants were spotted on YPD plates
containing HU (a ribonucleotide reductase inhibitor) or MMS
(a DNA alkylating agent) (Fig. 2). Eight mutants showed weak sen-
sitivity to HU, whereas 10 mutants showed weak or strong sensi-
tivity to MMS. Five out of eight HU-sensitive mutants also
showed MMS sensitivity. H3 residues important for maintenance
of DNA integrity during replication are also important for survival
in the presence of DNA alkylating damage, indicating that the two
pathways are closely related at the nucleosome level. In fact, DNA
replication checkpoint signaling and DNA repair signaling path-
ways share many factors, such as Rad9, Rad53, and Mec1 [29]. Fur-
thermore, DNA replication factors are involved in homologous
recombination for repair of double strand breaks and DNA methyl-
ation [30,31]. Histones must be common components of the two
pathways for maintenance of genome integrity.

GVK34-36A was weakly sensitive to MMS, but not to HU. H3
K36 is the residue methylated by Set2 [32]. The set2D mutant
has a mild IR-sensitive phenotype [33] but not an HU-sensitive
phenotype. Moreover, set2D suppresses HU sensitivity caused by
deletion of DNA replication genes [34]. These reports and our data
suggest that H3 K36 plays a distinct role in DNA repair and replica-
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Fig. 2. Drug sensitivity of H3 mutations. WT and H3 mutants were serially diluted and sp
3–5 days. Dots indicate drug-sensitive mutants.
tion. QSS85-87 is located on the a2 helix and is very close to DNA,
although not directly involved in hydrogen bond formation with
DNA [1]. QSS85-87A was one of the most sensitive mutants to both
HU and MMS in this study. Other MMS sensitive mutants, IG89-
90A, ESV94-96A, and RR128-129A, all have mutations within the
core domain. Among them, R129 is involved in binding the histone
chaperone, Asf1 [35]. Depletion of Asf1 generally results in CPT,
HU, and MMS sensitivity [13,35]. Thus, Asf1-nucleosome interac-
tion via R129 is especially important for growth in the presence
of MMS.

A distinct role of the aN helix in maintaining DNA integrity

Many of the tandem alanine substitution mutations encom-
passing the aN helix of H3 were lethal (Fig. 1). To further ana-
lyze the role of the aN helix in chromatin function, we
generated 12 individual alanine substitution mutants around
the aN helix (Fig. 3). These individual point mutants were viable.
K42A, T45A, E50A, F54A, and K56A were sensitive to CPT (a
topoisomerase I inhibitor), MMS, or HU, and R49A was sensitive
to CPT and MMS, suggesting that this region is particularly
important for resistance to genotoxic damage. Our data correlate
with the report that H3 K42A, G44A, T45A, R49A, E50A, F54A,
and K56A were sensitive to HU and MMS, and that H39A was
sensitive to MMS [10], with slight differences in that the sensi-
tivities of H39A and G44A to HU or MMS were negligible, and
that R49A was sensitive to CPT and MMS rather than HU, as
in this study (Fig. 3).
0mM HU 0.03% MMS

otted on 100 mM HU, 0.03% MMS, or YPD plates. Plates were incubated at 30 �C for
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Fig. 4. The aN helix region is related to the histone chaperone activity. (A) Viability test of R49A and E50A in WT, asf1D cac1D, and hir1D backgrounds. (B) Viability test of
R49A, E50A, T45A, and F54A in WT, hpr1D, paf1D, and ppr2D backgrounds. (C) The position of H3 T45, E50, and F54 on the aN helix. Blue ribbon represents DNA. H3 T45, E50,
and F54 residues are indicated by red marks. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Yeast with asf1D develop sensitivity to multiple DNA damaging
agents due to the loss of K56 acetylation by Rtt109 [13,35–38].
Although the aN mutants developed similar sensitivities, in con-
trast to asf1D, K56 acetylation was normal in all mutants, indicat-
ing that the role of the aN helix in maintenance of DNA integrity
was independent of K56 acetylation (Supplementary Fig. S2).

The aN helix is functionally correlated with the histone chaperone
activity of Asf1

REI49-51A was the only viable aN helix mutant. Based on the
nucleosome structure, this region could be particularly important
for nucleosome assembly and disassembly, as it is located at the
nucleosome entry site of DNA [1]. To examine potential connec-
tions of the aN helix to nucleosome stability catalyzed by histone
chaperones, the growth of aN mutants was analyzed in the genet-
ically modified Asf1, CAF-1, or HIR backgrounds. We noticed that
REI49-51A was viable only in the wild-type chaperone background,
and not in asf1D, cac1D (CAF-1 component), or hir1D (HIR compo-
nent), suggesting that this region is important in histone mobility
and stability (Supplementary Fig. S3). To further identify the criti-
cal residues for genetic interaction with histone chaperones, we
tested R49 and E50 mutants for their growth in the same genetic
backgrounds. As shown in Fig. 4, R49A was viable in all genetic
backgrounds tested. The growth of E50A was not affected by loss
of CAF-1 (cac1D, cac2D, cac3D) or HIR (hir1D, hir2D, hir3D, hpc2D)
(Fig. 4A and data not shown). However, E50A was lethal when
combined with asf1D, suggesting that E50 of the aN helix is critical
when Asf1 activity is compromised. Overall, R49, E50, and I51
might additively contribute to the histone chaperone pathway,
with E50 being critical in the absence of Asf1. The functional corre-
lation between the aN helix and Asf1 was further confirmed by
finding two more mutants, T45A and F54A, which exhibited syn-
thetic lethality with asf1D (Supplementary Fig. S4).

Dynamic changes in nucleosome structure and composition oc-
cur during transcription [22,39–42]. Therefore, we further ana-
lyzed the aN helix mutants to understand its role in
transcription. Their genetic interaction was examined with tran-
scription elongation factors, such as Paf1 (a component of the
Paf1 transcription elongation complex), Hpr1 (a component of
the THO/TREX complex that coordinates transcription elongation
and mRNA export), and Ppr2 (TFIIS). Among them, E50A and
F54A were lethal in the presence of paf1D, and T45A and E50A
were lethal in hpr1D, which are involved in transcription elonga-
tion on a chromatin template, but they were not greatly affected
by ppr2D, a transcription elongation factor that facilitates the poly-
merase to overcome intrinsic arrest sites (Fig. 4B).

Asf1 is at the promoters and in the coding regions of highly
transcribed genes [42,43], where it mediates histone eviction/
deposition and histone exchange during transcription [22]. In both
transcription-coupled and replication-coupled pathways, Asf1
mediates nucleosome assembly and disassembly and allows H3
K56 acetylation, which probably involves partial unfolding of
nucleosomes [44]. As the aN helix binds both ends of DNA [1], this
region may be a target for Asf1 to initiate nucleosome disassembly
or to complete nucleosome reassembly. T45, E50, and F54 are
located in the space between DNAs facing outward within the
nucleosome structure [1,2] (Fig. 4C). Although the recent H3/H4-
Asf1 structure does not include the aN region [35], this region is
likely to be important for the reversible transition of nucleosome
structure mediated by histone chaperones like Asf1. Further stud-
ies are needed to understand the functional role of the aN helix
during nucleosome mobility.

In conclusion, we showed that the aN helix is important in dy-
namic pathways involving nucleosomes and Asf1, Paf1 or Hpr1, as
well as viability and resistance against genotoxic agents. Based on
the configuration within the nucleosome structure, the aN helix
could serve as an important nucleation site for assembly and disas-
sembly of nucleosomes, which might be important for
transcription.
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