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A global view of all core histones in yeast is provided by tan-
dem mass spectrometry of intact histones H2A, H2B, H4, and
H3. This allowed detailed characterization of >50 distinct his-
tone forms and their semiquantitative assessment in the dele-
tion mutants genSA, spt7A, ahclA, and rtg2A, affecting the
chromatin remodeling complexes SAGA, SLIK, and ADA. The
“top down” mass spectrometry approach detected dramatic
decreases in acetylation on H3 and H2B in gcn5A cells versus
wild type. For H3 in wild type cells, tandem mass spectrometry
revealed a direct correlation between increases of Lys* trimethy-
lation and the 0, 1, 2, and 3 acetylation states of histone H3. The
results show a wide swing from 10 to 80% Lys* trimethylation
levels on those H3 tails harboring 0 or 3 acetylations, respec-
tively. Reciprocity between these chromatin marks was appar-
ent, since gcnSA cells showed a 30% decrease in trimethylation
levels on Lys* in addition to a decrease of acetylation levels on
H3 in bulk chromatin. Deletion of Setl, the Lys* methyltrans-
ferase, was associated with the linked disappearance of both
Lys* methylation and Lys'* and Lys'® or Lys*® acetylation on H3.
In sum, we have defined the “basis set” of histone forms present
inyeast chromatin using a current mass spectrometric approach
that both quickly profiles global changes and directly probes the
connectivity of modifications on the same histone.

In eukaryotic cells, genetic information is complexed with
histone proteins in a highly organized structure known as chro-
matin. The nucleosome, the fundamental structural unit of
chromatin, contains an octamer formed by two copies of each
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of the core histones H2A, H2B, H3, and H4, about which is
wrapped 146 bp of DNA (1). The dynamics of chromatin struc-
ture directly influence the accessibility of DNA, which in turn
affects gene transcription, replication, and recombination (2).
Core histone proteins are evolutionarily conserved and have
flexible N-terminal tails protruding from the nucleosome.
These tails are subject to a variety of post-translational modifi-
cations (PTMs)* such as phosphorylation, ubiquitination,
methylation, and acetylation (3). Such PTMs change the inter-
actions of histone proteins with DNA and chromatin remodel-
ing complexes, which are responsible for diverse functions
within the cell (4). Different combinations of covalent modifi-
cations form the essence of what has been termed the histone
code (5).

Acetylation is perhaps the best characterized PTM on his-
tones and generally is associated with increased DNA acces-
sibility not only by the neutralization of the positive charges
on lysine residues but also as interaction sites capable of
recruiting chromatin remodeling complexes (6). Previous
studies have shown that particular histones and particular
sites within histones become acetylated under distinct phys-
iological conditions (7). The selection of acetylation sites
could be accomplished either by a set of different histone
acetyltransferases (HATs) or by the fine tuning of HAT spec-
ificity by additional factors. So far, a variety of proteins with
HAT activity have been discovered in Saccharomyces cerevi-
siae (6, 8), but their in vivo substrate specificities have only
been partially investigated by antibodies against some of the
known acetylation sites (9). It is still a major challenge to
define the global impact on each histone’s PTM pattern upon
cellular perturbation (e.g. a HAT knock-out). A study of
HAT deletion effects using a method with less bias (i.e. one
that can visualize all abundant PTMs simultaneously in an
unbiased fashion) and still provide site-specific PTM infor-
mation will help our understanding of how HATs work
together in vivo and illuminate the interplay between acety-
lation and other PTMs.

“The abbreviations used are: PTM, post-translational modification; HAT, his-
tone acetyltransferase; ECD, electron capture dissociation; RPLC, reverse
phase liquid chromatography; ESI, electrospray ionization; FTMS, Fourier
transform mass spectrometry; WT, wild type; HPLC, high pressure liquid
chromatography; aa, amino acids; ChIP, chromatin immunoprecipitation;
SAGA, Spt-Ada-Gen5-acetyltransferase.
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Gcenb5 was first shown to be required for transcriptional acti-
vation and later recognized to have HAT activity (10). To date,
it is one of the best characterized HATs both structurally and
functionally. Recombinant Gcn5 acetylates free H3 at Lys'*
preferentially and H4 at Lys® and Lys'® weakly in vitro, confirm-
ing the selectivity of Gen5 for certain lysine residues within
specific histones (11). For histone H3, this specificity is
extended to other sites (Lys®, Lys'* Lys'®, and Lys*®) when
Gcen5-containing complexes, such as SAGA and ADA, are used
with nucleosome substrates in vitro (12), indicating that its
HAT activity is regulated by interacting proteins. Later, the
Grunstein laboratory used highly specific antibodies to reexam-
ine the substrate specificity of Gen5 in vivo (9). Their study
demonstrated that Genb is required for acetylation at Lys'" and
Lys'® of H2B and Lys®, Lys'®, Lys®®, and Lys*” of H3 with the
exception of Lys“. In the course of these studies, almost no
effect on H4 (9, 13) was found, whereas others support that
Gcenb deletion can affect acetylation of H4 in addition to H3
(14). These results are informative but do not reveal if the acety-
lation sites affected by Genb are on the same histone molecule
or whether they are affected equivalently, because antibodies
can only detect one PTM at a time and different antibodies have
different affinities. Even when antibodies showed no change of
modification at one site, there could be change of combinations
of modifications. Due to the limitations of antibodies, a more
informative and precise method is necessary to fully under-
stand the substrate specificity of Genb5.

Previous studies have shown a direct correlation between
Gen5 HAT activity and activation of specific model genes,
including HIS3, PHOS, and HO (15-17). A more comprehen-
sive understanding of Gen5 HAT activity utilized microarray
analysis to show expression differences for over 60% of genes in
yeast (18, 19). A combination of serial analysis of gene expres-
sion and chromatin immunoprecipitation methods has shown
that Genb5 plays a global role in regulating histone H3 and H4
acetylation (20). However, direct measurements of the effect of
Gcenb5 on the global levels of PTMs on all core histone proteins
have not been described.

Here, we used top down mass spectrometry (21, 22) to exam-
ine the global effects of Gen5 and eight other mutants on the
expression and modification of all four core histone proteins.
We first established the “basis set” of all abundant PTM com-
binations on intact histones in wild type cells, including site-
specific PTM localization, using electron capture dissociation
(ECD) for tandem mass spectrometry (23, 24). Recently, this
general approach has been demonstrated on diverse forms of
human histones (25-27), with quantitative determination of
specific combinations of modifications and PTM occupancy
at specific sites (including the ability to resolve “positional
isomers” of acetylation for H4) (28). Besides characterizing
all core histones, ECD analysis of the H3 tail from wild-type
chromatin also revealed a correlation between methylation
and acetylation; there is a wide swing from 10 to 80% Lys*
trimethylation levels on the species with 0 and 3 acetylation
states, respectively.

With the top down perspective, global alteration of histone
modification in genSA cells was striking and readily apparent;
levels of hyperacetylated forms of H2B and H3 were greatly
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diminished, whereas acetylation of H4 and H2A was only
slightly affected. gcnSA cells showed reduced acetylation at spe-
cific sites in H3 and a 30% decrease in the overall trimethylation
level on Lys®, underscoring the reciprocity between these two
chromatin marks. Setl mutants also showed the loss of acety-
lation at Lys'* and Lys'® or Lys** on the same molecules where
Lys* trimethylation was also lost. Results from eight other
mutants are also presented and highlight the potential to profile
a large number of conditions for their effects on bulk
chromatin.

EXPERIMENTAL PROCEDURES

Yeast Cell Culture—S288C S. cerevisiae cells (MATa his3A
leu2A met15A ura3A) with the interruption of Gen5, Ahcl,
Rtg2, Adal, Spt7, Ardl, Natl, or Nat4, respectively, were pur-
chased from Open Biosystems. All of the strains were grown in
YPD (1% yeast extract, 2% bactopeptone, 2% glucose, pH 7) at
30 °C to midlog phase until A4, = 0.6 units. Growth curves of
wild type and genSA cells were established by recording cell
density at A4y, every 1.5 h. Cells were harvested by centrifuga-
tion at 4 °C for 5 min at 1000 X g and washed twice with sterile
water before storage of the cell pellets at —80 °C.

Setl mutant MBY1217 (MAT« his3A200 ade2:hisG leu2A
ura2A0 metl1SAO trplA63 Tylhis3AI-236r, Tylade2AI515
set1A:TRPI) and the parental strain were obtained from the
laboratory of Scott Briggs (Purdue University). Construction of
plasmids expressing full length Set1-(1-1080) and the N-termi-
nal truncated Setl-(829-1080) were described in previous
studies (29, 30). Cells were grown on SC medium (0.67% (w/v)
yeast nitrogen base supplemented with amino acids, 2% glu-
cose) lacking uracil to midlog phase until an A, of 0.6 units.
Cells were harvested as described above.

Histone Extraction and Separation—Frozen cell pellets were
thawed on ice and extracted three times with 2.5 volumes of
yeast protein purification reagent (Yper; Pierce), 0.1 M dithio-
threitol, 5 nmM microcysteine (Sigma), 500 um 4-(2-aminoethyl)-
benzenesulfonyl fluoride (Roche Applied Science) and 100 mm
sodium butyrate. Briefly, resuspended cells were incubated on
ice for about 30 min, lysates were clarified by 5 min of centrif-
ugation at 18,000 X gat4 °C, and the supernatant was removed.
Following two additional repetitions, the cytoplasm-reduced
cell pellet was then washed three times with sterile water to
remove excess Yper. Histone extraction was performed twice
by incubation of the cell pellet with 2.5 volumes of 8 M deionized
urea and 0.4 N sulfuric acid for 30 min on ice. The sample was
spun down again, and clarified supernatants were pooled and
immediately loaded onto an equilibrated disposable C4 column
(J. T. Baker Inc. BAKERBOND spt™ wide pore butyl (C4) dis-
posable extraction column). After washing the column with 10
volumes of buffer A (0.1% trifluoroacetic acid in distilled H,O),
histones were eluted with buffer B (60% acetonitrile, 0.1% trif-
luoroacetic acid). Acetonitrile was then removed from the col-
lected fractions using a SpeedVac.

Before further separation by RPLC, the sample was oxidized
by incubating at room temperature in 3% formic acid and H,O,
for 4 h (31). Oxidized protein was loaded onto a 4.6-mm X
250-mm C8 or C18 Vydac column. Proteins were fractionated
in 100 min from 30 to 60% B (A, 5% CH;CN with 0.1% triflu-

VOLUME 282-NUMBER 38+-SEPTEMBER 21, 2007

/002 ‘9 Jaquiadaq uo Jays||ay 19N Aq B10°0qg-MmMm WOl papeojumod


http://www.jbc.org

The Journal of Biological Chemistry

6

Characterization of Yeast Histones by Top Down MS

B (90% acetonitrile with 0.188% tri-
fluoroacetic acid) and detected by
absorbance at 214 nm (Fig. 3A4).
Mass Spectrometry: ESI/Quadru-
pole-FTMS—Purified and dried his-
tone samples were resuspended in 50
wl of ESI solution (50% acetonitrile,
49% H,0, and 1% formic acid), and
10 ul was loaded to a nanospray
robot (Advion BioSciences, Ithaca,
NY). The system used in this study
was a custom 8.5 T quadrupole-
FTMS hybrid described elsewhere
(24). Ions from ESI were directed
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FIGURE 1. HPLC separation and MS detection of intact histone H4 and H2A from WT and gcn5A cells.
A, chromatogram of WT whole cell histone extract. Proteins were fractionated by reverse phase HPLC, and elution
was monitored at absorbance of 214 nm. B and C, broadband MS data of WT H4 and H2A. D and E, broadband MS
data of gcn5A H4 and H2A. The asterisk indicates an artificial phosphate adduct (+98 Da) of the 1 Ac form. 1 Aciis

N-terminal acetylation.

oroacetic acid; B, 90% CH,CN with 0.094% trifluoroacetic acid)
and detected by absorbance at 214 nm. Histone proteins were
eluted between 55 and 95 min (Fig. 1A). Every fraction was
subsequently concentrated in a SpeedVac.

Different acetylation states of H3 were further separated by
acid urea gel electrophoresis using gels composed of 15% Triton
X-100, acetic acid, urea (typically 1.5-mm thick and 13 X 14
cm?) according to Mullen et al. (32), except that gels were run at
250 V for 20 h to obtain better resolution of H3. Proteins were
visualized by Coomassie Blue staining. A duplicate gel was
transferred to polyvinylidene difluoride and probed with anti-
Lys* trimethylation antibodies (Abcam).

H3 Glu-C Digestion and RPLC Separation—H3 purified from
RPLC was dried down and resuspended in 50 ul of 25 mm
NH,HCO, buffer (pH 4). Glu-C (Roche Applied Science) was
added at a ratio of Glu-C/H3 of 1:10 (w/w) and incubated at
room temperature for 4—5 h. The reaction was stopped by
freezing the sample. H3 digests were loaded to a 4.6 mm X 250
mm C18 Vydac column pre-equilibrated with 0.2% trifluoro-
acetic acid. Peptides were fractionated in 60 min from 0 to 60%
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through a heated metal capillary
and multiple ion guides into the ion
cell (~107'° torr) of the FTMS sys-
tem. Theoretical isotopic distribu-
tions were generated using IsoPro
version 3.0 and fit to experimental
data by least squares to assign the
most abundant isotopic peak. Typi-
cally, 10-50 scans were used to col-
lect broadband data. Samples were
also analyzed using a quadrupole-
based selection strategy. In short,
targeted peaks were selected by a
quadrupole filter before accumula-
tion (1-2 s) in an external octupole
and transfer to the ion cell. Ions
* were fragmented by ECD (23). Most
spectra were stored as 512,000 data
points and processed using zero or
one truncation, no zero fill, and
Hanning apodization. MS/MS data
were analyzed by a modified version
of the THRASH algorithm. Individ-
ual histone proteins were identified
and characterized by uploading data onto the prosightptm
World Wide Web server to search the yeast data base.

Statistical Comparison with ChIP-on-chip Data—To cross-
validate our findings, we compared our results with publicly
available data. In a recently published paper, genome-wide his-
tone acetylation levels of H3 at Lys® and Lys'* and methylation
levels of H3 at Lys* of wild type yeast in rich medium (YPD)
were measured using ChIP-on-chip (33). The average expres-
sion ratios of immunoprecipitated DNA to control DNA across
experimental replicates were downloaded from the World
Wide Web. After a log, transformation of Lys® and Lys'* acety-
lation level and Lys* trimethylation level, a plot comparing the
acetylation (Lys® and Lys'*) and methylation (Lys®) levels at
3,581 intergenic regions was obtained for subsequent analysis
(34).
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RESULTS

Histone Extraction and Purification—Extraction of histones
from yeast cells is widely known to be more problematic than
from mammalian cells. Waterborg and colleagues (35) have
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