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Abstract

While histone modifications have been implicated in many DNA-dependent processes, their
precise role in DNA replication remains largely unknown. Here, we describe a very efficient,
single-step method to specifically purify histones located around an origin of replication from S.
cerevisiae. Using high-resolution mass spectrometry, we have obtained a comprehensive view of
the histone modifications surrounding the origin of replication throughout the cell cycle. We have
discovered that histone H3 and H4 acetylation is dynamically regulated around an origin of
replication, at the level of multiply-acetylated histones. Furthermore, we find that this acetylation
is required for efficient origin activation during S-phase.
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Eukaryotic DNA replication occurs in the context of chromatin. The fundamental unit of
chromatin is the nucleosome, in which 147 base pairs of DNA tightly wrap around a histone
octamer, consisting of the core histones H2A, H2B, H3 and H4!. The packaging of DNA
into chromatin profoundly influences DNA-dependent processes such as transcription,
replication, repair and recombination?:3. A large variety of covalent modifications are added
to histones post-translationally, including acetylation, methylation, phosphorylation and
ubiquitination, to influence DNA-dependent processes?.

DNA replication occurs in the S-phase of the cell cycle and initiates at discrete sites on the
chromosome called origins of replication (henceforth “origins”). DNA replication has been
best studied in the budding yeast, Saccharomyces cerevisiae, where origins were first
identified as autonomous replication sequence (ARS) elements in plasmid maintenance
assays®. A number of protein complexes are assembled at an origin in a tightly regulated,
temporally controlled manner over the cell cycle to initiate replication. Replication forks
then travel bi-directionally outwards from the origin until the entire genome is replicated6.
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It is thought that the accessibility of DNA to replication factors can be influenced by local
chromatin structure8:"8, Additionally, chromatin structure modulates origin firing time and
efficiency, although the exact mechanisms are unknown®10, The acetylation of the e-amino
group of a lysine residue on a histone protein neutralizes its positive, which is believed to
create a more accessible chromatin structure, facilitating DNA-dependent processes.
Supporting a role for histone acetylation in DNA replication, deletions of the Rpd3 histone
deacetylase in S. cerevisiae advance the activation time of a subset of origins11:12.
Conversely, artificial recruitment of the Gen5/KAT?2 histone acetyltransferase to the vicinity
of a late-firing origin (ARS1412) advances the firing time of the origin12. Intriguingly, a
mammalian-specific MY ST-family histone acetyltransferase Hbo1l is found associated with
Orc113 and Mcm214 in vivo. The NAD(+)-dependent histone deacetylase, Sir2, has been
shown to repress the firing of origins in the ribosomal DNA cluster15 and of some
chromosomal origins in S. cerevisiael.

Despite these links between histone modifications and DNA replication, the exact histone
modifications involved in DNA replication remain largely unknown. There are two probable
reasons: (i.) In most organisms apart from S. cerevisiae, it is hard to localize origins of
replication to a small, well-defined region of DNA. In a number of organisms, origins have
only been narrowed down to at most a few kilobases, which encompasses many
nucleosomes. Even in S. cerevisiae, there are only 200-400 origins in the ~12.5Mb
genome17:18 meaning that on average, there is one origin every 30kb. Since no origin is
used in every cell cycle, histone modifications specifically associated with active origins
will be sparsely distributed throughout the genome. These modifications will therefore be of
low-abundance in a background of abundant modifications on genomic chromatin, and
would likely remain undetected in analyses on bulk histones. (ii.) Most studies of histone
modifications have been performed by chromatin immunoprecipitation (ChIP), which is a
very useful tool in studying histone modifications. Yet, ChIP has some limitations as a tool
for discovering new histone modifications or in studying combinations of modifications.
ChIP requires a priori knowledge of the existence of modifications, since antibodies against
the modifications have to be generated. Many of the modified residues on histones are often
clustered close together, especially at the amino-terminus, and may act in combination to
regulate DNA-dependent processes. Given the large number of modifications, it is becoming
increasingly difficult to raise specific antibodies against all combinations of modifications.
The binding of antibodies to their epitopes can be blocked by nearby modifications, and
antibodies raised against single modifications can recognize different populations of
histones to those raised against combinations of the modifications™®.

Here, we describe the development of a method to very efficiently purify histones
specifically from a region flanking an active origin, enabling the detection of histone
modifications by high-resolution mass spectrometry. Using this system, we have
comprehensively identified histone modifications, some of which were detected only around
the origin and/or in specific stages of the cell cycle. By quantitatively analyzing histone
acetylation, we uncover the dynamic regulation of histones H3 and H4 amino-terminal
acetylation, uniquely around ARS1, operating specifically at the level of multiply-acetylated
histones. Importantly, we find that that this histone acetylation facilitates firing of
endogenous origins at chromosomal locations.

To elucidate how histone modifications affect DNA replication, we first sought to identify
modifications that are present around an origin throughout the cell cycle, in a comprehensive
and unbiased manner.
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We decided to use tandem mass spectrometry (MS) to identify histone modifications. MS is
a powerful tool to identify new histone modifications2%:21. MS does not require a priori
knowledge of the existence of the modification and can detect modifications of residues
buried within the nuclesome core22. Importantly, MS is also able to detect combinations of
modifications present on the same peptide23. However, thus far, MS has only been applied
to study modifications on bulk histones purified from the entire genome, since there are no
currently available techniques to purify histones, with enough quality and quantity, from
specific chromosomal regions.

Development of the TRP1-ARS1-LacO minichromosome

Histones purified from a small minichromosome are suitable for studying how histone
modifications change around an origin throughout the cell cycle. As described above,
replication-associated histone modifications may be in low-abundance in bulk histones. The
small number of nucleosomes per minichromosome means that each nucleosome is in close
proximity to the origin, increasing the chance of identifying modifications specifically
enriched in a region of active replication. The TRP1-ARS1-LacO minichromosome (Fig 1a)
is derived from a 1.45 kb EcoRI fragment of the yeast genome that contains the TRP1 gene
and an early firing, efficient origin, ARS124. Nucleosome mapping revealed that the TRP1-
ARS1 minichromosome contains seven nucleosomes?®. Simpson and colleagues isolated
minichromosomes away from yeast genomic DNA by utilizing a modified TRP1-ARS1
containing a single copy of the prokaryotic lac operator (lacO) sequence inserted into
ARS126:27. The minichromosome was affinity-purified from whole cell extracts using
immobilized lac repressor26. A similar system utilizing tet-repressor has also been
described28.

To enable the comprehensive identification of histone modifications, a high coverage of all
the histones was essential, for which about 50-100 ng per core histone was needed (data not
shown). However, the existing minichromosome purification methods do not provide
sufficient quantity or quality of samples. We therefore needed a substantial improvement in
both yield and purity of minichromosomes. We achieved this by optimizing multiple steps
of the minichromosome purification protocol as schematized in Fig 1b (see Methods for
details).

These modifications dramatically improved the purity and the yield of the template,
allowing us to obtain 1-2 ug of total histones from a 10 liter of early log phase culture
(~4x1010 cells). If average 50 copies of TALOS exist per cell, this means about 40% of
histones were recovered from TALOS. Given the relative enrichment of histones and the
purity of the samples (Fig 1c), we were able to perform MS directly following affinity-
purification of TALOS. This enabled us to attain 85-95% coverage of the four core histones
(Supplementary Figure 1). The majority of the undetected peptides were too small owing to
the close proximity of Arginine-C (ArgC) cleavage sites, illustrating that we identify the
vast majority of analyzable histone peptides.

To analyze MS data, we used an open-source program, X!Tandem?2®. X!Tandem was run in
a refinement search mode, searching for eight modifications — lysine (K) acetylation, lysine
mono-, di- or tri-methylation, lysine mono-ubiquitylation, arginine (R) mono- or di-
methylation and serine (S) phosphorylation — in all possible combinations (see Methods for
details). The top candidates were then manually verified (Supplementary Figure 2).

Identification of histone modifications around an origin

We hypothesized that good candidates for histone modifications involved in DNA
replication would exhibit cell-cycle specific changes in abundance, and/or be specifically
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enriched on TALOS8, as compared to bulk chromatin. We therefore affinity-purified TALO8
from asynchronously growing cells, from cells arrested in G1-phase with a-factor, and from
cells synchronously released from a-factor arrest and harvested in either S-phase or G2/M
(Supplementary Figure 1a, see Methods for details). The S-phase time point for harvesting
cells was determined by 2-D agarose gel electrophoresis3?, which revealed that the firing of
ARSI origin on TALOBS was detected 17 minutes after release (data not shown). G2/M was
taken at 60 minutes after release, at which point the entire genome had been replicated as
determined by flow cytometry (Supplementary Figure 1). As a control, and to gauge the
general level of histone modifications in the entire genome, we purified bulk, chromatin-
bound histones from isogenic cells lacking TALOS8 harvested in each of the corresponding
cell cycle stages.

We were able to detect a large number of histone modifications with a very high degree of
confidence, including previously unknown maodifications (Supplementary Figure 1c).
Representative examples of the high-quality data obtained are shown for several modified
histone peptides that are relevant to our analyses (Supplementary Figure 3). The MS data for
other peptides are available upon request. A number of histone modifications are detected on
both TALOB8-purified and bulk histones, while mono-methylation of H2B K111 is only seen
on bulk histones. Some modifications also show cell cycle variation. For example, H3 K37
mono-methylation is observed in G1 and G2/M-phases but undetectable in S-phase, while
H4 K79 acetylation is detected in S- and G2/M-phases but not in G1.

Interestingly, a handful of modifications are exclusively identified on TALO8-purified
histones, such as H2A S15 phosphorylation, H4 K79 acetylation and H3 K37
monomethylation (Supplementary Figure 1c). This suggests the possibility that these
modifications specifically occur in regions close to origins.

Detection of combinations of histone modifications around an origin

A major advantage of MS is the ability to detect combinations of multiple histone
modifications on the same molecule, when the modifications are closely clustered. The
amino-terminal tails of histones H3 and H4 have a large number of modifiable residues,
many of which are in close proximity. We therefore reasoned that our MS data might reveal
previously unidentified patterns in histone modification combinations.

A number of modification combinations are identified on histones on TALOS8, including di-
acetylations on the amino-terminal of H3 and all combinations of acetylations of the H4
amino-terminal tail (Fig 2), as previously reported?3:31, The combinations of H3 and H4
amino-terminal acetylations were detected on both TALOS8 and bulk histones in all cell
cycle stages. The peptide containing H3 K27 and K36 (K2’SAPSTGGVK36K37PHR)
enabled an investigation of the interplay between H3 K27 acetylation and H3 K36
methylation. H3 K27 is acetylated by the Gen5/KAT2 lysine acetyltransferase and shows a
general enrichment in transcriptionally active regions32. H3 K36 is methylated by the Set2/
KMT3 lysine methyltransferase33, enriched throughout the coding region of open reading
frames34 and is involved in suppressing cryptic transcription within ORFs3®. Intriguingly,
specifically on TALOS8, H3 K27 acetylation is always uniquely found in combination with
tri-methylated H3 K36 and not with any other states of K36 methylation (Fig 2). On the
other hand, TALOB8-associated histone H3 containing monomethylated or di-methylated H3
K36 all lacked H3 K27 acetylation on the same histone.

Additionally, mono-methylated H3 K37, which is a TALOS specific histone modification, is
always detected in combination with mono-methylated H3 K36 (Fig 2). In contrast, we
detect peptides where H3 K36 alone is mono-methylated, suggesting that H3 K37 mono-
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methylation always happens in the context of mono-methylated H3 K36, whereas H3 K36
mono-methylation does not require a modified H3 K37.

Quantitative analysis of histone acetylations around an origin

The acetylation of lysine residues is one of the most intensively studied modifications on
histones. The acetylation of H3 K56 increases specifically in S-phase and has been
implicated in DNA replication and the intra S-phase checkpoint36—39. While H4 amino
terminal acetylations have also been implicated in S-phase®%:41, neither the exact
combinations of lysine residues nor the quantity of H4 acetylation around origins of
replication is known.

We sought to address this important question by taking advantage of the TALO8 system.
Histones were purified from TALOS and bulk chromatin over the course of a cell cycle. The
histones were then in vitro acetylated using deuterated (d6 -) acetic anhydride, converting all
unmodified lysines into d6-acetyl-lysines*? (see Methods for detail). This allowed for the
quantitation of acetylations by comparing the abundance of protiated to deuterated peptides
of interest (schematized in Supplementary Fig 4).

The MS analyses enabled the quantitative study of histone acetylations at individual lysine
residues on histones H3 and H4 without consideration of the acetylation states of other
lysines on the same peptide, as well as to examine the changes in combinations of
acetylations on the same peptide.

We first examined the changes in H3 K56 acetylation since this is a well-studied S-phase
enriched modification3’. Consistent with a role as a mark on newly deposited histones, H3
K56 acetylation levels increased sharply from G1 into S-phase (17 minutes after release
from a-factor), rising to 40% on TALO8-associated histones and 56.3% on bulk histones
(Fig 3a, b). Consistent with the action of the histone deacetylases Hst3 and Hst4 on H3 K56
outside of S-phase38, we find that H3 K56 acetylations levels are substantially decreased in
G1 (Fig 3a, b). Importantly, the pattern of dynamic changes in H3 K56 acetylation is very
similar on TALO8 and bulk chromatin, suggesting that it is regulated similarly irrespective
of proximity to origins.

Unexpectedly, the pattern of acetylations on the histone H4 amino-terminal is markedly
different on TALO8 compared to bulk, chromatin-bound histones. On bulk histones, the
acetylation levels do not vary greatly throughout the cell cycle at any single residue (Fig 3b).
Most of the acetylated H4 on bulk histones are mono-acetylated, remaining ~40%
throughout the cell cycle (Fig 3). A large proportion of the mono-acetylated H4 in bulk
chromatin can be attributed to mono-acetylation at K16, which stays ~50% (Fig 4b). The
high abundance of H4 K16 acetylation is a likely reflection of the general euchromatic
nature of the S. cerevisiae genome, since H4 K16 acetylation by Sas2 counteracts SIR-
mediated silencing in S. cerevisiae?3:44,

On TALOS, however, the pattern of histone acetylation is strikingly different from bulk. The
level of H4 acetylation is generally low in G1 and greatly increased in S-phase (Fig 3a, c).
The acetylation levels of all four lysines on TALOS8 are highest in asynchronously growing
cells. Given that ~60% of the cells in an asynchronously growing culture of cells are in G2/
M (see asynchronous flow cytometry profile in Supplementary Figure 1a), the highest levels
of acetylation observed in asynchronous cells can be attributed to increased acetylation
levels in G2/M. We observe a dramatic increase in the fraction of multiply acetylated H4
specifically on TALOS (Fig 3c), with tetra-acetylated H4 increasing ~42 fold (from 0.08%
in G1 to 3.4% in S-phase) and tri-acetylated H4 increasing ~11 fold in the same stage. The
proportion of these species increases further in G2/M, reflected by their greater abundance
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in asynchronously growing cells. At the same time, the level of mono-acetylated H4 remains
relatively constant throughout the cell cycle (Fig 3c). This therefore means that the large
increase in H4 acetylation on TALOS in S-phase and G2/M is primarily due to the increase
in the fraction of H4 tail with multiple acetylations on the same peptide. At the same time,
our data reveals a sharp wave of histone H4 deacetylation specifically around ARS1 (Fig 3a,
c), as cells progress from G2/M into G1. Furthermore, given that the fraction of mono-
acetylated H4 on TALO8 remains constant throughout the cell cycle, the main function of
this wave of deacetylation is to decrease the amount of multiply acetylated histone H4
specifically around the origin. The trends are similar for acetylations on the histone H3
amino-terminal, although the changes are not as dramatic as H4.

Multiple acetylations of H3 and H4 tails are required for efficient DNA replication

To determine if the increase in multiply-acetylated H3 and H4 play a functional role in DNA
replication, we systemically tested combinational mutations of acetylatable lysine residues
on H3 and H4 amino-terminal tails in yeast cells where the mutant histone was the only
source (see Methods for details). None of the single or double lysine to arginine (K to R)
mutants of either H3 or H4 alone conferred any substantial growth defects (Supplementary
Figure 5). Strikingly, however, when a triple K to R mutation of histone H4 (H4 K5,8,12R
or H4 K5,12,16R) was combined with H3 mutations (H3 K9,14R or H3 K18,23,27R), the
cells exhibited a marked growth defect on rich media (YPD). The mutants grew very slowly
at room temperature and 30 °C and died at 37°C. Furthermore, cells with fewer mutations on
acetylatable lysine residues on H3 and H4 tails show substantially weaker growth defects
(Supplementary Figure 5a). These results show that the number of acetylatable lysine
residues on H3 and H4 tails is inversely correlated with the severity of the growth defect.

To determine if the cells are impaired in DNA replication, we tested their sensitivity to
replication inhibitors hydroxyurea (HU), methylmethane sulfonate (MMS) and
camptothecin. The H3 K9,14R/H4 K5,8,12R mutant is extremely sensitive to all three
classes of replication inhibitors (Fig 4 a, b). However, unlike a mec1 sml1 checkpoint
mutant, the histone mutant is not sensitive to other forms of DNA damage, such as UV-or y-
irradiation (Fig 4b), indicating that this mutant is not defective in general DNA-damage
response. Histone mutants with larger numbers of remaining acetylatable lysine residues on
H3 and H4 tails exhibit notably less sensitivity to replication inhibitors (Supplementary
Figure 5a).

To directly test whether the histone mutant exhibits a replication defect, we pre-
synchronized cells in G1 with a-factor and monitored cell cycle progression in rich media
(YPD) by flow cytometry. Two major defects can be observed in the histone mutant. Firstly,
it takes a substantially longer time for detectable genomic DNA replication to begin in the
histone mutant (60 minutes after release from G1 arrest) compared to wild type cells which
have progressed well into S-phase by 40 minutes (Fig 4c). Secondly, the histone mutant
takes twice as long to complete DNA replication (40 ~50 minutes) compared to wild type
cells (~20 minutes, Fig 4c). Since the histone mutant only exhibits a 5 minute delay in
budding compared to wild type cells upon release from a-factor, the slower S-phase
progression is largely due to impaired DNA replication. In contrast, a histone mutant that
lacks four acetylatable lysine residues (H3 A9-14/H4 K5,12R) instead of five (H3 K9,14R/
H4 K5,8,12R) did not exhibit a notable delay in S phase progression in rich media (YPD),
and showed only a slight delay in S phase progression in the presence of 50 mM HU
(Supplementary Figure 5c). These results strongly support our model that acetylation of
multiple lysine residues on H3 and H4 tails play critical roles in DNA replication. Because
of its strong replication defects, we used the H3 K9,14R/H4 K5,8,12R quintuple mutant
(hereafter “histone acetylation mutant”) for further analyses.

Nat Struct Mol Biol. Author manuscript; available in PMC 2011 March 18.
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H3 and H4 acetylations are necessary for efficient origin firing

The increase in H3 and H4 tail acetylations in S and G2/M phases occurs specifically on
TALOS. This suggested that the H3/H4 acetylations have a unique role pertaining to origin
activity and that the replication defects observed in our histone mutant might be due to
impaired origin function.

The plasmid loss assay is a quick and sensitive means to identify defects in DNA
replication®. We tested plasmids harboring either ARS1 or a late-firing origin, ARS1413,
and detected elevated plasmid loss rates for both plasmids in the histone mutant (data not
shown). If elevated plasmid loss rate is due to reduced efficiency of origin firing, then
having multiple origins on a plasmid is expected to at least partially reduce the loss rate in
the histone acetylation mutant*6. As shown in Figure 5a, the presence of multiple origins
does not significantly affect the loss rate in wild type cells. In sharp contrast, an elevated
loss rate of a plasmid containing only one functional origin in the histone acetylation mutant
is significantly reduced in the presence of eight functional origins (Fig 5a). This result
strongly suggests that the elevated plasmid loss rates in the histone acetylation mutant are
largely due to origin firing defects. These results, however, do not exclude the possibility
that H3 and H4 acetylation affects other steps in DNA replication.

To confirm the origin firing defects at chromosomal locations in the histone acetylation
mutant, we performed two-dimensional (2-D) agarose gel electrophoresis analysis3C.
Because the histone mutant and wild type cells have dramatically different cell cycle
progression rates (Fig 4c), we first blocked cells in S-phase by releasing a-factor arrested
cells into HU. Consistent with our interpretation of the FACS profiles in Fig 4c, the
appearance of “bubble” structures associated with an active ARS1 origin at its chromosomal
location is delayed in the histone mutant compared (Fig 5b). Furthermore, the intensity of
the bubble arc is dramatically weaker than in wild type (~8-fold difference, Fig 5b). Bubble
structures at another early origin, ARS 607, at its chromosomal location were also reduced
in the histone mutant (~5-fold difference, Fig 5c).

A similar reduction in bubble structures was observed in the histone mutant during
unperturbed growth. We performed 2-D gel analyses on pooled S-phase population of cells
(see Methods). Once again, the intensity of bubble structures at ARS1 and ARS 607 are
weaker in the histone mutant (Fig 6a). Furthermore, we observed similar, albeit less
dramatic, decrease in origin firing of ARS501, a late-firing origin (Fig 6b). These results
strongly support our conclusion that acetylation of multiple lysine residues on H3 and H4
tails is necessary for efficient firing of replication origins.

Discussion

TALOS8 is a powerful tool for studying site-specific chromatin events in vivo

We have developed an extremely efficient system to specifically purify histones located
around an origin in a single step. Using this system, we report the first comprehensive
identification of the histone modifications around an origin through the cell cycle. To our
knowledge, this is the first application of mass spectrometry to identify combinations of
histone modifications present in a specific region of the genome.

The utility of TALO8 extends beyond studying histone modifications. In this study, despite
optimizing the protocol for histone purification by utilizing stringent washes, we have
detected a number of other chromatin-bound proteins (Supplementary Table 1). Subunits of
the Minichomosome Maintenance (MCM) complex and the Origin Recognition Complex
(ORC), which are involved in DNA replication were more abundant in S-phase cells on
TALOS (Supplementary Table 2).
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By optimizing the affinity-purification protocol, TALOS or its derivatives can be used to
selectively purify and study any DNA-dependent processes that take place on the
minichromosome. For example, the scheme could be adapted to identify chromatin-binding
factors around a region of double-strand break, and to determine the post-translational
modifications of those proteins concurrently. Alternatively, as illustrated by Akiyoshi et
al*’, a centromere-containing TALOS derivative can also be used to identify components of
the kinetochore. Furthermore, the efficient purification of TALOS and its associated proteins
makes it an excellent substrate for in vitro biochemical assays. For example, TALOS8 could
be purified from mutants of transcription factors or chromatin modifying proteins to be used
as a template in transcription assays in vitro. Finally, the purity and yield of the TALOS also
makes it ideal for electron microscopic observations of specific chromatin structures, such as
stalled or collapsed replication forks in TALO8-containing cells defective in the replication
checkpoint, or to directly visualize defective nucleosome assembly by purifying TALO8
from chromatin assembly mutants.

Apart from the dynamic pattern of H3 and H4 acetylations around an origin, we have also
discovered a few modifications previously uncharacterized in S. cerevisiae, including the
H2A S15 phosphorylation (located within the amino-terminal tail) and H2B K111
monomethylation (located on the surface of the nucleosome). We report the detection of
acetylation on H4 K79 (located on the surface of the nucleosome), previously reported in
calf thymus histones21 and for which a role in telomeric and ribosomal DNA silencing had
been suggested from genetic analyses48. Furthermore, we detect a unique pattern of H2B
K123 mono-ubiquitination on TALO8, which is implicated in nucleosome dynamics49:50.
Another interesting modification we have detected is H3 K37 mono-methylation (located on
the amino-terminal tail), specifically on TALOS8, which is absent during S-phase
(Supplementary Figure 1c). Mono-methylated H3 K36, along with histone acetylation,
facilitates the loading of Cdc45 onto early origins®L. It is therefore possible that mono-
methylation of an adjacent residue H3 K37, specifically around an origin and outside of S-
phase, might serve to prevent improper recruitment of Cdc45.

The binding of the tetracyclin repressor on a 10kb tandem array of operator sequence on a
plasmid can stall replication forks in E. coli®2 and we cannot exclude the possibility that the
binding of Lacl onto the eight copies of LacO on TALOS8 in vivo might also affect its
replication. Similarly, although we prepared whole cell extracts to isolate TALO8 and bulk
chromatin from the same stages of the cell cycle in identical fashion, we cannot exclude the
possibility that the difference in the histone isolation methods made some contributions to
the differences in histone modifications found on TALOS8 and bulk chromatin. However, we
do believe these factors have no major effects on histone modifications, as H3 K56
acetylation dynamics on TALOS8 and in bulk chromatin were identical and exactly as
expected from the nature of this modification (Fig 3), while acetylation on multiple lysine
residues on H3 and H4 tails that are detected on TALO8 was shown to play critical roles in
functions of chromosomal origins. In addition, we did not detect phosphorylation of H2A
serine 129, which takes place at the sites of DNA damage, on TALOS.

Acetylated histones H3 and H4 regulate origin activity

By utilizing the TALOB8 system, we have identified a unique pattern of acetylations
specifically on histones flanking an origin of DNA replication. Our analyses have revealed
that the two classes of histone acetylations implicated in DNA replication, one on H3 K56
and the other on the amino terminals of histones H3 and H4, are dynamically regulated in
markedly distinct ways throughout the cell cycle. H3 K56 acetylation patterns are similar on
TALOS and bulk histones, increasing from low levels in G1 to high levels in S-phase before
dropping again, as anticipated for a mark of histone deposition occurring behind a
replication fork.
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Histone H3 and H4 acetylation patterns, on the other hand, are dramatically different around
an origin of replication compared to bulk. While remaining relatively constant on bulk
histones, the levels of multiply acetylated H3 and H4 sharply increases on TALOS8 in S-
phase and G2/M around ARS1 before decreasing in G1. Based on these results, we propose
that acetylation of H3 and H4 tails plays critical roles in the function of replication origins.
The data from our plasmid loss assay (Fig 5a) and 2-D gel analyses of chromosomal origins
(Figs 5b, ¢, 6) strongly supported our model. To our knowledge, this is the first report of the
dynamic regulation of histone acetylation operating specifically at the level of multiple
acetylations on the same histone molecule. The use of TALOS to specifically purify origin-
proximal histones and application of MS to detect histone modifications has enabled us to
discover this pattern.

Given that the acetylation of H3 and H4 tails can also affect transcription of genes3, we
cannot exclude the possibility that some of the phenotypes of the histone acetylation mutant
are due to indirect (transcriptional) effect of the mutations. However, because a dramatic
increase in acetylation of multiple lysine residues on H3 and H4 tails in S and G2/M phases
was observed only on histones in close proximity to ARS1 on TALOS8 but not on bulk
chromatin that represent genome-wide average, we favor a model that H3 and H4 tail
acetylation directly facilitate origin firing.

Mutations of all the amino-terminal lysines of histone H4 have been shown to increase the
lengths of S-phase and G2/M40:41 while simultaneously deleting large portions of the
amino terminals of histones H3 and H4 cause cell death and accumulation in G2/M>3, Yet,
the exact molecular steps that were affected by these mutations had not been defined. Our
data suggests that the acetylation of histones H3 and H4 around origins is required for
efficient origin firing in unperturbed growth and becomes essential during replication stress.
It is possible that an increased level of H3 and H4 acetylation facilitates the loading of
replication factor(s) at origins. Alternatively, H3 and H4 tail acetylation might be required
for DNA polymerases to initiate bidirectional progression from origins. We also speculate
that the wave of deacetylation prior to the following G1 may enforce temporally controlled
loading of those factors.

Yeast strains

All yeast strains were grown and manipulated according to standard procedures.
Supplemental Table 3 lists all the strains used in this study. All the yeast strains used in this
study are derived from a W303 background in which a weak rad5 mutant allele in the
original W303-1a strain has been corrected®#°°, Cells containing TALO8 were grown in
selective synthetic media lacking tryptophan. Histone mutants were made in strains where
both endogenous copies of histones H3 and H4 had been deleted, and covered with a URA3-
marked, centromeric plasmid containing a wild type allele of H3 and H4. Plasmids
containing a single copy of the mutated histones were integrated at the TRP1 locus, verified
by southern blotting to ensure that only a single copy of the plasmid was integrated, and then
the plasmid containing wild type histone was shuffled out by counter-selection on 5-
Fluoroorotic Acid (5-FOA). PCR was used to verify to that the mutant histone was the only
version of histone gene present in the cell after plasmid shuffling. Histone mutations were
created by site-directed mutagenesis (QuikChange kit, Stratagene).

Yeast growth and cell synchronization

All cells were grown at 30°C unless otherwise noted. Cells for arrest and release
experiments were grown to an optical density of 0.20 — 0.25 at 660nm (OD660) in synthetic
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media lacking tryptophan (YC - Trp) and arrested in G1-phase with 5 ug ml~2 a-factor for
90 minutes. Cells were released from G1-arrest by filtration on 0.45 pum nitrocellulose
membranes (Millipore), washed and resuspended in fresh, pre-warmed media lacking a-
factor. Cell synchrony was followed by flow cytometry>6. Five-fold serial dilutions were
performed on YPD agar plates (with or without appropriate drugs) and cells were grown for
3 days. Plates containing drugs were used within 24 hours of preparation.

Affinity-purification of TALOS8

TALO8-containing cells were quickly killed at a specific cell cycle stage by vigorously
mixing cultures with a frozen solution of 0.1M EDTA, pH 8.0 (to a final concentration of
17mM) and 0.1% Sodium Azide (Sigma). Cells were then spun down, washed once in
twenty-fold cell pellet volume of water containing 2mM phenylmethanesulfonyl fluoride
(PMSF) and then once in ten-fold cell pellet volume of Buffer H 150 [BH 150: 25mM
HEPES-KOH pH 7.6, 2mM MgCl,, 0.5mM EGTA, 0.1mM EDTA, 10% (v/v) glycerol,
150mM KClI, 0.02% (v/v) NP40] containing protease inhibitors [ImM PMSF, 2uM
pepstatin, 600nM leupeptin, 2mM benzamidine, 2ug ml~1 chymostatin A (Sigma) ],
phosphatase inhibitors [2mM imidazole, 1mM sodium fluoride, 1.15mM sodium molybdate,
1mM sodium orthovanadate, 4mM sodium tartarate dihydrate, 2.5uM (—)-p-
bromotetramisole oxalate, 0.5uM cantharidin, 0.5nM microcystin, (Sigma)] and histone
deacetylase inhibitors [0.5uM Trichostatin A (Sigma), 25uM Sirtinol (Calbiochem) ]. All
the buffers in the following steps were kept on ice and supplemented with the inhibitors
described above, unless otherwise specified. Whole cell extracts were made by bead beating
cells resuspended in an equal volume of BH 150. The whole cell extracts were then
centrifuged in a Beckman SW40Ti rotor at 27,000 rpm for 90 minutes at 4°C. The soluble
extract was isolated and incubated with magnetic beads (Protein G Dynal beads, Invitrogen)
crosslinked with anti-FLAG M2 antibody (Sigma) for 3 hours at 4°C. Typically, per ~ 4x10°
cell equivalents of extract, 25 ul of Protein G beads slurry and 11.5 pg of anti-FLAG M2
antibodies were used. After the incubation, the magnetic beads were rinsed three times with
BH 150 and then washed four times, 5 minutes per wash, in BH 300 (which was identical to
BH 150, except containing 300mM KCI). The beads were then rinsed three times in Rinse
Buffer [25mM HEPES KOH pH 7.6, 2mM MgCI2, 10% (v/v) glycerol, 150mM KCI, no
inhibitors] and then four sequential elutions were performed, for 30 minutes each, at room
temperature with Elution Buffer [50mM ammonium bicarbonate, 0.1% (w/v) Rapigest
(Waters), no inhibitors]. The eluates were pooled, digested overnight with 100 ng of
endoproteinase Arginine-C (Roche) at 37°C, trifluoroacetic acid was added to a final
concentration 0.5% and incubated at 37°C for 1 hour to degrade Rapigest. The resulting
solution was dried in a SpeedVac, resuspended in 0.1% (v/v) formic acid and loaded onto
the mass spectrometer.

To prepare bulk, chromatin-bound histones, 2 ~ 4x108 cells (at OD660 = 0.2-0.25) were
harvested from different cell cycle stages as described above. The cells were washed as
above and lysed by bead beating in BH 150 supplemented with inhibitors, as described
above. Soluble chromatin was prepared by sonication and incubated with Source 15Q (GE
Healthcare) anion exchange beads for 20 minutes at 4°C. The beads were then washed twice
with BH 250 (250mM KCI) and twice with BH 500 (500mM KCI), for 5 minutes per wash
at 4°C. Core histones were then eluted in 2M KCI, digested overnight with 100 ng of Arg-C
at 37°C, desalted using ZipTip C18 columns (Millipore) and analyzed on the mass
spectrometer. All the buffers were kept chilled on ice and supplemented with inhibitors,
unless otherwise specified.
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Protein and Modification Identification

All the data were gathered by using liquid chromatography coupled in-line with electrospray
ionization tandem mass spectrometry (LC-ESI MS/MS). This setup consisted of an Eksigent
Technologies 2D nanoL.C coupled to 75 um x 20 cm analytical column made from a New
Objective PicoFrit packed with 5 um, 100 A particle MAGIC C18AQ packing material and
directly spraying into a Thermo-Scientific LTQ Orbitrap XL hybrid mass spectrometer via
the mass spectrometer's nanospray ionization source. Chromatographic elution was
performed at 500 nL/min using a 60 minute gradient from 2% solvent B to 50% solvent B,
where solvent A was 0.1% (v/v) formic acid in water and solvent B was 0.1% (v/v) formic
acid in acetonitrile, and a spray voltage of 2800 volts was applied to the electrospray tip.
The mass spectrometer was operated in the “shotgun” mode for MS/MS acquisitions. Here,
an MS survey scan was performed in the OrbiTrap portion of the instrument (AGC target
value 1e6, resolution 60K, and injection time 150 ms) and tandem MS (MS/MS)
fragmentation scans on the top five abundant ions from the survey scan were performed in
the ion trap portion of the instrument (normalized collision energy of 35%; isolation width
of 2 m/z; target value of 1e4; injection time of 100 ms). Selected ions were dynamically
excluded for 45 seconds with a repeat count of 1. The precursor ion selection for MS/MS
was set to +/— 0.5 Da (parent mass width) and charge state screening was enabled allowing
only +2 and +3 charged peptides to be selected for MS/MS.

Protein and modification identification were performed by analyzing mass spectrometry data
with the protein database search algorithm X!Tandem used in the refinement mode. The
following variable mass modifications were used: 14.015 Da and 28.031 Da for mono- and
dimethylation on lysine respectively, 42.047 Da for trimethylation on lysine, 42.011 Da for
acetylation on lysine, 114.043 for ubiquitination on lysine, 15.995 for oxidation on
methionine, and 79.966 for phosphorylation on serine. The Saccharomyces Genome
Database was used as the reference protein database with the addition of human keratins and
Lac repressor protein sequences to account for potential contaminating proteins. The score
function of native X!Tandem was replaced with a dot-product based scoring algorithm that
is compatible with Peptide Prophet®’. Peptide identifications results were filtered and sorted
in CPAS®8 using parameters that result in a false discovery rate of 5% or less, before being
manually verified. Detection of all the modifications, including quantitative analysis of
acetylation, is based on 20-50 peptides per modification. The MS-MS data of relevant
modified histone peptides are shown in Supplemental Figure 2. The MS-MS data for other
modified histone peptides are available upon request.

Acetylation Quantitation

For the quantitation of acetylation by mass spectrometry, TALOS (or bulk histones) was
eluted as per normal and the histones were precipitated using 20% (w/v) Trichloroacetic acid
(Sigma). The dried eluates were then acetylated in vitro, digested overnight with Arg-C at
37°C and the data analyzed as described in (Smith et al., 2003), but with the following
modification: the in vitro acetylation was performed in a solution of 5% (v/v) triethylamine,
5% (v/v) d6-acetic anhydride and acetonitrile for 1 hour at room temperature. Mass
spectrometry was performed in an identical fashion as described above for modification
identification, except that the dynamic exclusion function was not utilized. The precursor
ion selection for MS/MS was set to +/— 4.5 Da, and an inclusion list of ions selected for MS/
MS quantitation were 494.77, 530.31, 639.62 and 722.405. We performed the analysis in
duplicate, and the results were essentially identical.

Two-dimensional gel electrophoresis and hybridization

Cells were arrested with EDTA and sodium azide, as previously described for TALOS. Total
genomic DNA was prepared according to the “CTAB extraction” procedure®%:60, To prepare
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pooled fraction of S-phase cells, equal volumes of cells were harvested at designated
intervals that spanned the entirety of S-phase for both wild type and histone mutant, arrested
with EDTA and sodium azide, pooled and total genomic DNA was harvested. 5ug of DNA
was digested with either Ncol (ARS1), BspHI and Clal (ARS607) or Xbal (ARS501) and 2-
D gels were performed as originally described30. The DNA was blotted onto Nylon
GeneScreen Plus membranes (PerkinElmer) and separately probed with 32P-labelled DNA
probes spanning each respective ARS. Probes were amplified from yeast genomic DNA by
PCR and gel purified (sequences available upon request). Signals were quantified on a
Phosphorimager (GE Healthcare) and ImageQuant, as described®®. The values are reported
as a percentage of the intensity of the 1N linear spot. All enzymes used in this paper were
purchased from New England Bio labs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The TRP1-ARS1-8xLacO (TALO8) minichromosome system

(a) TALOS is a ~1.8 kb minichromosome with an ARS1 origin of replication, seven well-
mapped nucleosomes?® (depicted as blue circles), a tandem array of eight lac operator
sequences (8x Lac O) and a TRP1 selectable marker. (b) A schematic overview of the
affinity-purification of TALOS. (c) Representative agarose gel (ethidium bromide-stained)
of purified TALO8 DNA linearized by Nhel (left) and silver-stained polyacrylamide gel of
the purified proteins associated with TALO8 (right). The amount of samples loaded on each
elution lane corresponds to 1.5 x 10° and 7.5 x 104 cell equivalents for the agarose and
polyacrylamide gels respectively. Typically, eluates 1 and 2 were pooled and prepared for
mass spectrometry.

Nat Struct Mol Biol. Author manuscript; available in PMC 2011 March 18.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Unnikrishnan et al.

Figure 2. Identification of combinations of modifications occuring on the same peptide in
TALOB8 histones

Combinations of histone modifications detected on the same peptide from histones H3 and
H4 on TALOS are shown on the same horizontal row. For lysine methylations, the number

of squares indicates the level of methylation.
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a Individual Cc Combination
A Gi S : A G1 5
AGS : AGS

H3 K9 234 % 24 % 4.7 % : H3 K9Ac or K14Ac 35.3% 5.7% 15.0%

H3 K14 24.3% 37% | 1M1% | ¢ H3 K9Ac + K14Ac 12.5% 0.5% 0.9%

H3 K18 12.3% 15% 17% | & H3 K18Ac or K23Ac 27.0% 4.0% 10.3%

TALOS H3 K23 22.7 % 2% 85% | : H3 K18Ac + K23Ac 9.0% 0.1% 0.5%
H3 K56 57 % 98 % 40 % : H4 mon-Ac 22.9% 20.7% 29.7%

H4 K5 47.3% 5% 273% | i Ha di-Ac 31.8% 45% 16.6%

H4 K8 315% 5% 182% | & H4 tri-Ac 25.4% 0.7% 8.3%

HA K12 679% | 174% | 476% | * H4 tetr-Ac M.7% 0.1% 34%

H4 K16 70.7 % 98% | 205% | * H4 unacetylated 8.2% 74.0% 42.0%

b A G1 5 : d A G 5
AG S i AGS

H3 K9 19% 76% | 111% | i H3 K9Ac or K14Ac 16.3% 13.7% 13.6%

H3 K14 8 % 7.7 % 45 % : H3 K9AC + K14Ac 37% 1.7% 2.3%

H3 K18 4.7 % 6.3 % 3.8% : H3 K18Ac or K23Ac 10.1% 12.0% 75%

Bulk H3 K23 6.5% 6.9 % 4.9 % : H3 K18Ac + K23Ac 2.2% 1.6% 1.5%
H3 K56 428 % 37% | 56.8% | : H4 mono-Ac 41.9% 40.0% 415%

H4 K5 138% | 12.6% | 105% | * H4 di-Ac 13.7% 13.8% 10.0%

H4 K8 3% | 138% | 7.2% : H4 tri-Ac 4.4% 5.0% 25%

Ha K12 224% | 206% | 196% | i H4 tetra-Ac 2.2% 24% 1.2%
Ha K16 540% | 52.2% | 47.7% | : H4 unacetylated 37.8% 38.8% 44.8%

Figure 3. Quantitative analysis of histone acetylations

(a) Quantitative analysis of histone acetylations per indicated lysine residue of TALOS8-
purified histones H3 and H4. Histone acetylation at individual lysines are scored
independently of the acetylation states of other lysines. The table indicates the absolute level
(in percentage) of histone acetylation detected for each of the indicated residues over the
course of the cell cycle. The quantitative data is graphically represented using TreeView,
and the intensity of red indicates increasing abundance. “A” refers to asynchronously
growing cells. The S phase samples were prepared at 17 minutes after release from o-factor,
as done for Figure 2. (b) Quantitative analysis of histone acetylation per lysine residue, as in
(@), but on bulk, chromatin-bound histones. (c) Quantitative analysis of combinations of
histone acetylations present on TALOS purified histones. Analysis was done as in (A), with
the absolute levels shown in the table and a graphical representation on the left. “H3 K9Ac
or K14Ac” indicates peptides containing a single acetyl group which was present either on
H3 K9 or H3 K14. Alternatively, “H3 K9Ac K14Ac” indicates di-acetylated peptides where
both K9 and K14 were acetylated. The notation is the same for the peptide containing H3
K18 and K23. In the case of histone H4, mono-acetylated amino-terminal peptides
(containing K5, K8, K12 and K16) are denoted as “H4 mono Ac”, di-acetylated peptides are
“H4 di Ac”, tri-acetylated peptides are “H4 tri Ac” and peptides where K5, K8, K12 and
K16 are all acetylated are “H4 tetra Ac”. “A” refers to asynchronously growing cells. The S
phase samples were prepared at 17 minutes after release from alpha factor, as done for
Figure 2. (d) Quantitative analysis of combinations of histone acetylations, as in (c), but on
bulk, chromatin-bound histones.
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Figure 4. Acetylation of multiple lysine residues on histone H3 and H4 tails is required for
efficient DNA replication

(a) The histone acetylation mutant is hypersensitive to drugs that cause replication stress.
Five-fold serial dilutions of yeast strains were spotted onto YPD plates containing 50mM
hydroxyurea (HU), 100mM HU, 0.02% methyl methanesulfonate (MMS) or YPD alone and
grown at 25°C for 4 days. (b) The histone acetylation mutant is specifically sensitive to
replication stress. Sensitivity of the cells was tested against other forms of DNA damage and
is indicated from most resistant (++++) to most sensitive (+). (c) The histone acetylation
mutant exhibits delayed S-phase progression. Asynchronous cultures of wild type or mutant
cells were pre-synchronized in G1 with a-factor at 25°C in YPD. Cells were filtered, washed
and released into fresh YPD medium containing 0.1mg/ml Pronase E. Samples were
collected at the indicated time points and analyzed by FACS. The grey signals show the
FACS profiles of asynchronous culture, and the red lines denote the arrest/release kinetics.
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Figure 5. Acetylation of multiple lysine residues on H3 and H4 tails facilitates origin firing

(a) The histone acetylation mutant has an elevated plasmid loss rate. Plasmids containing a
functional ARS1 and seven copies of either functional (pDK368-7, right) or mutant ARS209
(pDK398-7, left) were transformed into the histone acetylation mutant and wild type control,
and their loss rates were measured as described previously#6. The numbers denote the mean
and the standard deviation of the plasmid loss rates (%) per generation. (b) 2-D agarose gel
analyses indicate that the histone mutant is deficient in origin firing. Wild type and histone
mutant cells were grown in YPD medium, pre-synchronized in G1 with a-factor at 25°C and
released into fresh medium containing 200mM hydroxyurea (HU) and 0.1mg/ml Pronase E.
DNA was prepared from cells harvested at the indicated times, digested with Ncol and
subjected to electrophoresis in two dimensions. The DNA was transferred onto nylon
membranes and probed with a 32P-labelled DNA fragment spanning the ARS1 origin.
Quantitation of the abundance of bubble intermediates (indicated by arrows) and Y-arcs as a
percentage relative to the 1N spot is given below each image. A schematic representation of
relevant replication intermediates is also shown. (c) 2-D agarose gel analyses of another
early, efficient origin, ARS607, indicate deficient origin firing in the histone mutant. DNA
was digested with BspHI and Clal and analyzed as in (b), using a 32P-labelled DNA
fragment spanning ARS607. Relative quantitation of the replication intermediates (as
percentage of the 1N spot intensity) is shown, as in (b).
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Figure 6. Acetylation of multiple lysine residues on H3 and H4 tails facilitates origin firing

during normal growth
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(a) 2-D agarose gel analyses of early origins in the histone mutant under unperturbed growth

conditions indicate deficient origin firing. DNA was prepared from pooled S-phase

populations of wild type or histone mutant cells, as in Fig 5. Ncol (ARS1) or BspHI Clal
(ARS607) digested DNA was subjected to 2-D gel analyses as before. Relative quantitation

of bubble intermediates (represented by arrowheads) and Y-arcs is shown below (as

percentage of the 1N spot intensity). (b) Pooled S-phase DNA from (a) was digested with

Xbal and subject to 2-D gel analyses. A relative quantitation of bubble intermediate

(represented by an arrowhead) and Y-arcs is presented below (as percentage of the 1N spot

intensity).
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