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ABSTRACT least in part, by fine adjustments to the nucleosome through

) o enzyme catalysed, post-translational modifications of the core
The pattern of histone H4 acetylation in different histones. These include acetylation, phosphorylation, ADP
genomic regions has been investigated by immuno- ribosylation, ubiquitination and glycosylatiod, 7).
precipitating oligonucleosomes from a human lympho- Histone acetylation is one of the most frequent modifications
blastoid cell line with antibodies to H4 acetylated at and certainly the most extensively studied. It is ubiquitous in
lysines 5, 8, 12 or 16. DNA from antibody-bound or plants and animals. Acetylation of the core histones occurs at the
unbound chromatin was assayed by slot blotting. Pol € amino groups of conserved lysine residues in the N-terminal
I'and pol Il transcribed genes located in euchromatin region of each protein and is catalysed by a family of enzymes,
were shown to have levels of H4 acetylation at lysines the histone acetyltransferases (HATs). The modification is
5, 8 and 12 equivalent to those in input chromatin, but chemically stable but metabolically reversible through the
to be slightly enriched in H4 acetylated at lysine 16. In activities of a second enzyme family, the histone deacetylases
no case did the acetylation level correlate with actual (HDACSs). Both enzymatic activities are often found to be present
or potential transcriptional activity. All acetylated in complex, multi-subunit assemblies that differ in substrate
histone H4 isoforms were depleted in non-coding, specificity, susceptibility to inhibitors and intracellular location
simple repeat DNA in heterochromatin, though the (8-10). Genes encoding subunits of both HATs and HDACs have
extent of depletion varied with the type of hetero- been cloned recently and shown to have homology to (or
chromatin and with the isoform. Two single copy genes complete identity with) known regulators of transcription
that map within or adjacent to blocks of paracentric (8,11,12).
heterochromatin are depleted in H4 acetylated at We have proposed that, because histone acetylation is involved
lysines 5, 8 and 12, but not 16. Consensus sequences in such a variety of cellular processes, it is likely that different
of repetitive elements of the  Alu family (SINES,  fynctions will require selective acetylation of specific histones
enriched in R bands) were associated with H4 that was and even of specific lysine residues on individual histones
more highly acetylated at all four lysines than input (13,14). Direct support for this idea has come from the
chromatin, while H4 associated with  Kpnl elements  demonstration that H4 specifically diacetylated at lysines 5 and
(LINES, enriched in G bands) was significantly under- 12 is involved in post-replication chromatin assemb#y &nd by
acetylated. recent studies on purified HATs showing tiatitro at least, they

are highly selective in the histone lysines they acetylate. In order

INTRODUCTION to provide a more general means for testing this proposition we

have prepared antisera that can distinguish histone isoforms
The nucleosome core particle consists of 146 bp of DNA wrappegtetylated at specific lysine residué$,{7). These have been
around an octameric complex of core histones (two each of H2Ased both for immunofluorescence microscopy of polytene and
H2B, H3 and H4) and is the basic structural unit of chromatin imetaphase chromosomels3{22) and immunoprecipitation of
all eukaryotic cells ). In addition to this highly conserved chromatin fragments2@). The former permits visualization of
structural role, nucleosomes are now known to be activelyistone acetylation across relatively large chromatin domains and
involved in the regulation of several fundamental cellulahas shown that defined regions, and even whole chromosomes,
processes, including transcription, DNA replication and celkkan show characteristic patterns of histone acetylati@h (
cycle progression2(5). Regulatory functions are mediated, atsometimes involving acetylation of specific lysinds)( The
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latter can be used to analyse acetylation of histones associate@hromatin was released from nuclei by digestion with micro-
with particular genes or subregions within genes and can be usastcal nuclease (final concentration 75 U/ml; Pharmacia) at
to relate histone acetylation to genomic structure and functioB7°C for 5 min. Digestion was stopped by addition offRTA
including actual or potential transcriptional activiia). to a final concentration of 5 mM and cooling on ice. The

In the present report we describe the use of antibodies specfiiceparation was centrifuged (11 6@) 10 min) and the
for H4 acetylated at lysines 5, 8, 12 or 16 to immunoprecipitateupernatant designated S1. The pellet was resuspended in lysis
oligonucleosomes from a human diploid lymphoblastoid cell linduffer (1 mM Tris—HCI, pH 7.4, 0.2 mM NBDTA, 0.2 mM
and thereby map acetylated H4 isoforms to defined regions of tRMSF, 5 mM sodium butyrate), dialysed extensively and
genome. The results show that different regions are packagedcastrifuged to yield a solubilized chromatin fraction, designated S2.
chromatin with widely differing levels of H4 acetylation. A The extent of nuclease digestion was assessed by 1.2% agarose ge
striking finding is that GC-rich retroposon-derived sequenceslectrophoresis2@). Fractions S1 and S2 were pooled to form the
(SINES), characteristic of chromosomal R bands, are enrichediimput material for immunoprecipitations.
acetylated chromatin fractions, while GC-poor sequences
(LINES), characteristic of G bands, are depleted. Coding DNAmmunoprecipitation of chromatin from cultured cells
irrespective of its transcriptional status, shows only a modest

increase in acetylation (and only at lysine 16) compared with bulk?€ Procedure for immunoprecipitation of unfixed chromatin has
chromatin. The results are consistent with immunofluorescen&een described in detail elsewher®)(All buffers contained 5 mM
studies with antisera to acetylated H4 in which R bands label moadium butyrate. Briefly, affinity-purified antiserum (100-200
strongly than G bands, but show that this differential labelling i€0Ntaining 50-10Qug 1gG) was added to 100-2Q@ unfixed

due to differences in SINE/LINE content rather than coding DNAhromatin and the final volume made up to 1 ml with incubation
per se buffer (50 mM NaCl, 20 mM Tris—HCI, pH 7.5, 20 mM sodium

butyrate, 5 mM NgEDTA, 0.1 mM PMSF). The mixture was
incubated for 16 h at°€, then treated with 200l 50% (v/w)
MATERIALS AND METHODS slurry of protein A—Sepharose (Pharmacia) for 3 h at room
temperature. After centrifugation the supernatant, containing anti-
body-unbound material, was retained and the protein A—Sepharose

Polyclonal antisera to acetylated H4 were raised in rabbits Hellet was washed three times with wash buffer (S0 mM Tris—HCI,
immunization with synthetic peptides which correspond to theH 7.5, 10 mM EDTA, 5 mM sodium butyrate) containing
sequence in the N-terminal domain of histone H4 containingfcr€asing concentrations (50, 100 and 150 mM) of NaCl.
acetyl-lysine residues at defined positions. The preparation aftiPody-bound material was eluted from the protein A-Sepharose
characterization of these antisera have been described in dejtreatment with 2501 1% SDS in incubation buffer for 15 min
elsewhere (6-18). For immunoprecipitation of unfixed chromatin &t room temperature. SDS in the bound fraction was then diluted to

each antiserum was affinity purified, as described previousf§-5% Wwith incubation buffer, to a final volume of 560 _
(16-18,23) DNA was obtained from the input, unbound and bound fractions

by two phenol/chloroform extractions and one chloroform
extraction. DNA was ethanol precipitated usinggbglycogen as
Cultured cells carrier and dissolved in 250 TE buffer (10 mM Tris—=HCI, 2 mM
aEDTA, pH 7.4). All DNA samples were analysed by 1.2%
garose gel electrophoresis and incorporatiofHjitfymidine was
fdetermined by scintillation counting.
" Proteins from input, unbound and bound fractions were obtained
,\fﬂ)m material in the organic phase of the first phenol/chloroform
xtraction of each sample®). Carrier protein (pig bovine serum
Ibumin), 0.01 vol. 10 M $$0O4 and 12 vol. acetone were added to
precipitate protein at —7C€. After centrifugation protein pellets
were washed in acidified acetone (1:6 100 mi8®}:.acetone) and
Preparation of chromatin from lymphoblastoid cells three times in dry acetone. Equal amounts of histone H4 were loaded

on 15% SDS-containing polyacrylamide gels. Resolved proteins

Chromatin was isolated from lymphoblastoid cells as describgfere transferred to Hybond-C nitrocellulose (Amersham) and

previously @3). Cells were grown to a density@i(® cellsimland  pistone H4 was detected by enhanced chemiluminescence
labelled for 16 h with 0.ACi/mlI [3H]thymidine (Amersham). Each (Amersham), as described previous!,23).

immunoprecipitation experiment required® bells for sufficient

yields of material. All steps were performed &E4n the presence Slot-
of 5 mM sodium butyrate. Cells were harvested by centrifugation,
washed, lysed with 0.5% Tween 40 and homogenized in a Dourd&A samples were diluted in 0.6 M NaCl to equali3gl][
all-glass homogenizer with the A pestle. Homogenates wethymidine counts, heat denatured at®@3or 10 min and cooled
applied to a discontinuous 25-50% (w/v) sucrose gradient tan ice for 5 min. Small aliquots were taken at this point to retest
isolate nuclei. The nuclear pellet was resuspended in digestipt]thymidine counts. A series of five serial doubling dilutions
buffer (0.32 M sucrose, 50 mM Tris—HCI, pH 7.5, 4 mM MgCI in ice-cold 2 M ammonium acetate was then carried out for each
1 mM CaC}, 0.1 mM PMSF, 5 mM sodium butyrate) to a final sample. Aliquots (20Ql) of each sample dilution were loaded in
concentration of 0.5 mg DNA/mI (as determined by absorbanaplicate onto Hybond Nnylon membranes (Amersham) using
atA260nm)- a slot-blot manifold (BioRad). All slots were washed with 1 M

Polyclonal antisera to acetylated histone H4 isoforms

Normal B lymphocytes can be transformed and immortalized b
infection with Epstein—Barr viru24,25).The female lympho-
blastoid cell line used in this study was provided by Pro
A.M.R.Taylor (University of Birmingham, UK) and had no
detectable chromosomal aberrations. Cells were grown in RP
medium (Gibco BRL) supplemented with 8% foetal calf seru
(Gibco BRL) in an atmosphere of 5% gD air.

blot analysis and Southern hybridizations
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ammonium acetate before fixing the DNA on the filter with 0.4 M NIA R232
NaOH.

Hybridizations, with either end-labelled oligonucleotides or
random primed DNA fragments, were performed as described
previously @3) using standard procedurés), The intensities of
labelled slots were quantified using a Phosphorimager (Molecular
Dynamics). Labelled membranes were stripped with boiling
0.5% SDS, followed by gradual cooling to room temperature.
Membranes could be labelled and strippd® times without
significant loss of signal.

marker

DNA probes

HGH 1 (human growth hormone 1), clone pHGH107, was
obtained from the American Type Culture Collection (ATCC,
reference no. 31538; US patent no. 4,342,832) and digested with
Hindlll and EcdRlI to release a 591 bp cDNA fragment. ATCC
literature cites the HGH 1 gene as a single copy gene at the
cytogenetic location 170922—g24. Telomeric DNA probe C36
[5'-(CCCTAA)s-37 was a gift from Dr Titia de Lange (Rockefeller
University, New York, NY). The remaining oligonucleotide
probes were as follows: heterochromatin probes het266
[5'-(CCATT)s-31, het405 (5GAA GAA GCT TTC TGA GAA

ACT GCT TAG TG-3) and het527 (5TCC AAA GCC CAT

GTA GGC CGA GCC AAG ACA AGA GT-3; SINE @Alu
family consensus sequence) probe Alu43AEA GTG CTG

GGA TTA CAG G-3); LINE (Kpnl family consensus sequence) Figure 1. Size distribution of DNA isolated from input, unbound and bound
probe Line B201 (5CAT GGC ACA TGT ATA CAT ATG TAA chromatin fractions. Oligonucleosome fragments from input chromatin (IN)
CWA ACC-3). CpG island probe M2 was made from total were immunoprecipitated with antibody R232 (specific to H4Ac8) or incubated

; without antibody (N/A). DNA was isolated from input, antibody-unbound
human DNA selected on an MeCP2 COIUQB) (and wasa glft (UN) or -bound (BD) fractions and resolved on a 1.2% agarose gel stained with

from Dr Sally Cross (Edinburgh University, UK). ethidium bromide. The marker is a 123 bp ladder (Gibco BRL).
Quinoline oxidoreductase (GenBank accession no. L13278)

and p130/Rb-like protein 2 (GenBank accession no. X74594) are
genes that we have mapped to pericentric heterochromatin of human
chromosomes 1 and 16 respectively (cytogenetic locations 1g12 and
16q12). The GDBl Human Genome Database version 89 ( RESULTS
was used to query the location of cytogenetic regions 1912 ap
16912 on an integrated linkage map (accessed on the World Wi
Web at URL: http://gdbwww.gdb.org/jmqp/queryBy Posn.html).
The range of linkage markers for each cytogenetic region W&hromatin was prepared by limited micrococcal nuclease
used to identify candidate, single copy gemitis the integrated digestion of isolated nuclei. A pool of the first supernatant (S1)
gene map J0) at http:/mww.nchi.nim.nih.gov/SCIENCE96/. and the solubilized chromatin fraction (S2; see Materials and
IMAGE consortium cDNA clones of EST sequence) Of the  Methods) formed the input material for each immunoprecipitation
quinoline oxidoreductase and p130 genes, identified by IMAGExperiment. The conditions of nuclease digestion were adjusted
Consortium (Lawrence Livermore National Laboratory, CA)to give a high yield of soluble chromatin (78% of total DNA on
clone ID nos 489645 and 612408 and GenBank accession regrage) while at the same time minimizing the possibility of
AA099529 and AA179202, were obtained from the UK Humarselectively destroying the most nuclease-sensitive chromatin
Genome Mapping Project (HGMP) Resource Centre, Hinxtormlomains. The chromatin recovered by this procedure contained
Cambridge. The cDNA inserts from these clones were excisechigh proportion of oligonucleosomes (Fig.
with EcaRI/Notl or EcaRI/Xhd to give fragments of size 456 and  Soluble chromatin was immunoprecipitated with affinity-purified
462 bp, for quinoline oxidoreductase and p130 respectivelgntibodies specific for H4 acetylated at particular lysine residues
These probes both gave clean single bands by Southern analfisés R13/16, R20/12, R232/8 and R41/5; the second number
of restricted genomic DNA. denotes the acetylated lysine residue recognized). H4 lysines are
An EST was also identified for the human 28S rRNA genacetylated in a specific order in mammalian cel§.(In bulk
(GenBank accession no. M11167) with IMAGE Consortiunthromatin lysine 16 is acetylatedah acetylated H4 isoforms,
(LLNL) clone ID no. 342765. The insert of 414 bp was excisedf which the mono-acetylated isoform (H4As by far the most
with EccRI/Notl. All other DNA probes were as described frequent 82). Lysines 8 and 12 are acetylated only in the di-, tri-
previously @3). and tetra-acetylated isoforms (H4Ag, while lysine 5 is

munoprecipitation results in selective enrichment of
(,eetylated chromatin
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Figure 2. Analysis of proteins afer immunoprecipitatio) Proteins from input, unbound and bound fractions were isolated after immunoprecipitation in the absence
of antibody (N/A) or in the presence of antibody R232. Core histones were resolved by 15% SDS—PAGE and stained with Georhesieniount of H4 in each
fraction was quantified by scanning densitometry of each track. The marker is total acid-extracted histones from a hinengB)defjual amounts of H4 from

the input, unbound and bound fractions from immunoprecipitation experiments [calculated by densitometry, see (A)] werbyrdS8lv&DS—-PAGE. Western
blotting and immunostaining with the appropriate antibody showed enrichment of H4 in the bound fraction. Immunocomplexatecteztebyg enhanced
chemiluminesence (Amersham).

acetylated only in the tri- and tetra-acetylated forms. Because different antibodies. If cross-reaction were a significant problem
this, antibodies to H4Ac16 are expected to immunoprecipitathen differences between antisera would be expected. Minimal
chromatin fragments containing any acetylated H4 isofornprecipitation occurred in the absence of antibodies or with
while R41/5 will precipitate only those containing the mostpreimmune antibodies, though we cannot exclude the possibility that
highly acetylated forms. There will be exceptions to this generdrger fragments are pulled down through entrapment within
rule. For example, chromatin that is newly assembled after DNinmune complexes formed by genuine (i.e. specific)
replication is enriched in H4 acetylated specifically at lysines Bntibody—antigen reactions. However, the close correlation between
and 12 83). However, as this deposition-related pattern othe amount of chromatin precipitated by the different antibodies and
acetylation persists for only a few minutes after DNA replicatiorthat expected on the basis of the known frequency of acetylation at
(33and references therein), it is unlikely to significantly influencedifferent H4 lysines (Tablé) strongly indicates that non-specific
the pattern of acetylation across any particular region. precipitation, however caused, is not a significant problem.

The efficiency of immunoprecipitation of the oligonucleosomes
in input material was determined by quantifying the amount Ofable 1.Precipitation of chromatin with antibodies to acetylated H4 isoforms
[3H]thymidine-labelled DNA in the unbound and bound fractions
(Tablel). The total amount of material recovered after immuno-Antiserum Specificity Chromatin precipitated (% input DNA)
precipitation was, on average, 53% of the input material, whifgg13,75 H4ACLE 14742 01=2)
recovery of chromatin in the bound fraction varied with the

antibody used. The percentage of recovered DNA in the bounf2%/12 HaAc12 11.2170=2)
fraction correlated with the expected frequency of histone H4R232/8 H4Ac8 8.8
acetylation in bulk chromatin (i.e. H4Ac16 > H4ACc8,12 > HAACS). ra1/5 H4ACS 16
Thus antiserum R13/16, which recognizes all acetylated isoform§\lo antibody 0.4+0.07 1= 4)

precipitated more material than R41/5, which recognizes only the

relatively rare tri- z_and tetra'a_cetylated isoforms. . Chromatin from cultured human lymphoblastoid cells was immunoprecipitated
DNA and proteins were isolated from the antibody-boundyith affinity-purified antibodies to acetylated H4 as described in the text. Input
-unbound and input fractions and analysed, respectively, by agar@ggmatin was radiolabelled by growing cells for 16-18 h prior to harvesting in
gel electrophoresis, SDS—PAGE and Western blotting. For eagfedium containing3H]thymidine. DNA recovery was monitored by scintillation
experiment almost all the acetylated H4 recognized by thmunting. Overall recovery after immunoprecipitation and DNA isolation from anti-
precipitating antibody was found in the bound fraction and very littleody-bound and -unbound fractions was 50-60%.
in the unbound (FidlB, lane 2). As noted previously by ourselves
(23) and others34), the DNA in a typical antibody-bound fracton ~ Equal amounts of DNA (based dir]thymidine counts) from
was selectively enriched in longer oligonucleosomes (Eig. the input, unbound and bound fractions were applied to nylon
compare lanes 3 and 4) and in histone H1 @g.lane 5). The membranes by slot blotting. All samples were applied as at least
reasons for this are unclear but are unlikely to be attributable four doubling dilutions in duplicate. The filters were hybridized
cross-reaction of the anti-AcH4 antibodies with H1 or to nonto 32P-labelled oligonucleotides or DNA fragments corresponding
specific antibody binding. No evidence for such cross-reaction te various coding and non-coding sequences and the level of
seen on Western blots (data not shown) nor is there any consisteyibridization quantified by phosphorimaging. The same filters
difference in the size of the chromatin fragments precipitated by theere stripped and reprobed several times with different probes,
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so the results for each probe are directly comparable. Tlé4 acetylation (at least at lysines 8 and 16) was also seen in
labelling intensity of the bound DNA divided by that of theassociation with the transcriptionally hyperactive pol | transcribed
unbound DNA (i.e. the bound/unbound ratio) was used as 28S rRNA genes. The 28S rRNA genes are arranged in tandem
measure of the level of acetylation of H4 associated with specifiepeats at the secondary constrictions of acrocentric chromosomes,
DNA sequences. A bound/unbound (B/U) ratio of 1 indicates thathich form the nucleolar organiser region (NOR) in interphase
the sequence is distributed equally between acetylated andclei. These regions stain as strongly as other regions of
non-acetylated chromatin. This level of acetylation is equivaler@uchromatin, but no more so, in metaphase chromosome spreads
to that of the input (unfractionated) chromatin. Values >1 indicatéA.M.Keohane and B.M.Turner, unpublished observations).
relatively increased acetylation and values <1 represent depletion.

H4 acetylation associated with simple repeat DNA and coding

H4 acetylation associated with coding DNA in euchromatin  DNA within or adjacent to such repeats

H4 acetylation along five representative pol Il transcribed gen&imple repeat sequences characteristic of different types of
was tested. As shown in Table acetylation of H4Ac16 was constitutive heterochromatin were generally associated with low
slightly increased in all cases (average B/U 1.47) wheredavels of H4 acetylation. However, the level varied from one
acetylation of lysines 5, 8 and 12 was the same as that of inpapeat to another and, to a lesser extent, from one H4 lysine to
chromatin (average B/U 0.99). Significantly, there was nanother. All three sequences located in constitutive heterochromatin
correlation between the level of H4 acetylation and transcriptionalere associated with H4 that was underacetylated at all four lysines,
activity of the genes tested. Bound/unbound ratios were the samith the core satellite 11l sequence showing the lowest acetylation
in constitutively active genesi{tubulinand cmyq@ and silent and aSalBA sequence the greatest (TabBleAcetylation of H4
genes B-globin, proinsulinandhgh). In addition, there were no associated with the simple telomeric repeat (CCTFAA)ysine
significant differences between acetylation along these codirids was equivalent to that in coding regions, but slightly reduced
regions and that in CpG islands (TaB)e which supports our at lysines 5, 8 and 12 (Tak#® Thus a general underacetylation
previous study of H4 acetylation in the CpG island, promoter anaf H4 is not a property of all types of chromatin containing simple
coding regions of the mycgene £3). A very similar pattern of sequence repeat DNA.

Table 2.Levels of acetylated H4 associated with genes in euchromatin transcribed by pol Il

Acetylated H4 isoform  Euchromatin (pol Il) genes

c-myc B-globin pro-insulin  hgh a-tubulin  Average SD
H4Ac16 (i) 1.30 1.28 1.15 1.41 1.43 1.31 0.11
(ii) 1.55 1.49 1.93 ND 1.65 1.66 0.21
H4Ac12 (i) 0.93 0.69 0.91 ND ND 0.84 0.13
(i) 0.89 0.90 1.04 1.18 1.09 1.02 0.12
H4Ac8 0.95 1.12 1.04 1.12 0.91 1.03 0.10
H4Ac5 1.17 1.14 0.88 ND 0.93 1.03 0.15

Amounts of each specific DNA sequence in the antibody-bound (i.e. acetylated) and -unbound fractions after immunopséttipitation
antibodies to acetylated H4 were determined by slot-blotting. Values in the table represent the ratio between the arhount of eac
sequence in the antibody-bound and -unbound fractions. Values >1 indicate enrichment in acetylated H4 relative to balwhbhieomati
values <1 indicate depletion. Rows labelled (i) and (ii) are results from separate experiments.

Table 3.Relative levels of H4 acetylation associated with different regions of the human genome

Acetylated H4  Pol Il genes CpG islands Pol | gene Simple repeat sequences

Heterochromatin genes SINEs LINEs

isoform (average) 28S rRNA sat lll alphoid B/Sau3 telomere ~ QOR  pl130/Rb-like Alu Kpni
(het266) (het405) (het527) (C-36) family ~ family

H4Ac16 (i) 1.31 1.30 0.97 0.15 0.38 ND 1.24 1.39 1.07 1.36 0.70
(i) 1.66 1.98 1.58 0.27 0.56 0.86 1.62 1.81 ND 1.53 1.08
H4Ac12 () 0.84 153 ND 0.34 0.31 ND 0.62 0.56 ND 0.92 ND
(i) 1.02 0.87 ND 0.43 0.68 0.82 ND 0.71 0.69 1.36 0.76
H4Ac8 1.03 111 0.96 0.38 0.28 0.26 0.89 0.95 0.81 1.49 0.67

H4Ac5 1.03 0.72 ND 0.17 0.57 0.53 0.81 0.47 ND 1.38 0.82

Figures in the Table are the antibody-bound/-unbound ratios afterimmunoprecipitation with antibodies to acetylated tiht&altx2 legend). Average values
for five pol Il genes are taken from Table 2. Values >1 indicate enrichment in acetylated H4 relative to bulk chromataduehikelvindicate depletion. Rows
labelled (i) and (ii) are results from separate experiments.
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Figure 3. Slot-blot analysis of DNA after immunoprecipitation. DNA was isolated from input, unbound and bound fractions after imipiiatipnesith antibody
R232. Equal amounts of DNA, based on the counts of incorpoPatiityimidine, were loaded in duplicate onto Hyboritinylon membranes (Amersham). Five
serial doubling dilutions were loaded, only one of which is shown (as indicated underneath each panel). The same mersbrhfte lahsllings with the various
indicated probes (see Materials and Methods).

The genes coding for quinoline oxidoreductase and p130/RBASCUSSION
like protein map by linkage to regions within or adjacent to the . . L _
blocks of heterochromatin at 1q12 and 16q12 (see Materials aniecificity of histone acetylation in human chromatin

Methods). These genes showed levels of acetylation at lysine§gyjirect immunofluorescence microscopy has been used to define
8 and 12 that were (collectively) significantly below that of thene gistribution of acetylated histones along mammalian metaphase
five euchromatic pol Il coding regions tested (Tahle< 0.001).  chromosomes. The distribution is strikingly non-random. Centric
Levels of acetylation at H4 lysine 16 were the same. This resyibterochromatin and the blocks of heterochromatic DNA on the
suggests that_these putative heter_ochromatln genes are deplg&g(imm long arms of chromosomes 1, 9 and 16 and on Yq are
in the more highly acetylated H4 isoforms but retain a level gharked by very low levels of acetylation of all four core histones

mono-acetylated H4 (the major isoform detected by R13/1Q) ). |n contrast, alternating brightly and weakly fluorescent

similar to that of euchromatic genes. bands are seen along the chromosome arms and correspond, ir
general terms, to R bands and G bands respectd@yr{ female
cells the inactive X chromosome (Xi) is also underacetylated
SINE-rich and LINE-rich chromatin differ in H4 acetylation throughout its length, with the exception of the pseudoautosomal
region at Xp22 and two other narrow bangg) (which remain
Moderately repetitive interspersed sequences are common krightly fluorescent in metaphase chromosomes. In all studies so
mammalian genomes. They are classified as either short interspersadntisera to the acetylated isoforms of all four core histones and
repetitive sequences (SINES) or long interspersed repetitite H4 acetylated at one or other of lysines 5, 8, 12 and 16 have all
sequences (LINESBE,36). The major human LINES and SINES given similar, though not always identical, result$ P1). As yet
are the L1 (oKpnl) family of sequences and ti#du family of  immunofluorescence analysis of mammalian chromosomes has
sequences respectivelg 7). Both sequences are mobile geneticnot revealed any examples of histone-specific or lysine-specific
elements that have arisen by the process of retroposition and battetylation comparable with the localizationDrosophila of
can be transcribed into RNA. Oligonucleotides complementary td4Ac16 on the male X chromosome or H4Acl2 on centric
the consensus sequences of these repetitive elements were (shdterochromatini().
as probes in immunoprecipitation experiments. The results However, while the immunofluorescence approach can define
(Fig. 3 and Tabled) show that SINES are relatively enriched inthe broad distribution of histone acetylation across metaphase
chromatin containing H4 acetylated at lysines 5, 8 and 1éhromosomes and can provide a rapid and accurate assessment
compared with coding DNA (B/U ratios 1.290.25,n =4 and  H4 acetylation in both normal and aberrant chromoso&®si{
0.99+£ 0.13,n = 17 respectivelyR < 0.01), but not in chromatin lacks the resolution necessary to determine levels of acetylation
acetylated at H4 lysine 16 (B/U ratios 1.45,2 and 1.4% 0.23, along specific genes or at levels below that of the chromosome
n = 9 respectively). In contrast, LINE elements are relativelypand. It is also applicable only to mitotic (primarily metaphase)
depleted in chromatin acetylated at any of the four acetylatabbiromosomes, raising the possibility that the patterns seen may
H4 lysines, including lysine 16, in comparison with coding DNAbe peculiar to this rather unrepresentative phase of the cell cycle.
(B/U ratios 0.8 0.16n=5, and 1.16 0.28,n= 26 respectively, The immunoprecipitation approach addresses both theseitimita
P < 0.02). The results indicate an increase in the most highlyy providing resolution at the single gene level (or below) and, more
acetylated H4 isoforms (i.e. H4Ag) in SINE-rich regions of the  importantly, by being applicable to cells at all stages of the cell cycle.
genome and an overall reduction in H4 acetylation in LINE-rich The results presented here provide two indications that
regions. lysine-specific H4 acetylation may be involved in the regulation
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of mammalian chromatin. The first is the modest but consistefitgenes are all R band genes that are associated with a CpG islanc
increase in H4Acl16 on all types of coding DNA, which(46,47). The results suggest that the pattern of histone acetylation
presumably reflects an increase in the level of mono-acetylatedbng coding regions is, at least in euchromatin, independent of
H4 in these regions. It is interesting to note that in the yeattie surrounding chromatin. This was tested further by examining
Saccharomyces cerevisiadf, the four acetylatable H4 lysines, two genes that map within or adjacent to the large blocks of
lysine 16 is the only one whose acetylation can, on its owmeterochromatin at 1q12 and 16q12. These genes were found to
prevent silencing of the mating type gené341 and references retain the relative enrichment in H4Ac16 characteristic of coding
therein). Both of these observations suggest that H4 lysine 16 hagjions, but to show a significant drop in acetylation at lysines 5,
a pivotal role in determining the potential of coding DNA forg and 12 (presumably reflecting a relative depletion in hyper-
expression or silencing. The second indication comes from thgetylated H4). It is tempting to speculate that depletion of the
variation in patterns of H4 acetylation on different types ofnore highly acetylated H4 isoforms in these genes is due to their
heterochromatin. For example, H4 associated with satellite I§yoximity to underacetylated heterochromatin, while their relatively
sequences (probe het266), present in the centric heterochrom@ﬁ@h level of acetylation at H4 lysine 16 is necessary to maintain
of several human chromosomer)( is underacetylated at all E]gr transcriptional competence. Testing of additional genes that

four lysines. In contrast, the sequences recognized by profe,, within or adjacent to heterochromatin will show whether or
het527, which are found in some major block-béterochromatin, qi'this is a general rule.

particularly those adjacent to the simple sequence DNA satelliter ponds are characterized by being relatively rich in coding

g' (At1§t266) c?ntawl]ed n dthe cent[O{'ngr|ct(|:hr9magnt§)f tChrzomOISO'TENA, GC base pairs, SINE sequences and acetylated H4, while
(43), are strongly underacetylated at lysine 8, but show leve eing relatively poor in LINE sequences. G bands, in contrast, are

of acetylation only slightly below those of euchromatin at IySineﬁFIatively poor in coding DNA, SINES and acetylated H4 but are
I

;2 and 16..Such differences cannot easily be explained by §hi B in LINES and AT base pairé47). A correlation has been
in the relative amounts of the mono-acetylated and more high ﬁ/ e

acetylated isoforms and suggest that regional differences in t 8ted betwgﬁn SINE den§|ty and.gelnel den;n_y anr;]g the human
levels of H4Ag and H4Ae_4 are overlaid with more subtle genome, wit '_rbands b_elng particularty rich in both genes and
lysine-specific differences. They are more consistent with thg/\ES €8). This correlation may reflect the tendency of SINES

o : e : : - be located within introns4{). The results presented here
ossibility that lysine-specific acetylation plays a role in packagin . . .
gf diﬁerg"nt typgs of herl)terochromtgtic DNI?A, >[l)erhaps anglogm?s g.iggest that the relatively high level of hyperacetylated H4 (i.e. the
I

that plaved by H4 lvsine 12 acetvlatiorDimelanoaastef1 8) and -, tri, and tetra-acetylated isoforms) detected by immuno-
S.ceEev)i/siacéﬁl). 4 bl gaste(ls) fluorescence at R bands in genegdl)(and T bands in particular

At first sight the variation in lysine-specific H4 acetylation (38) iS attributable more to their relatively high SINE density
associated withB-heterochromatin seems to be only partlythan to high levels of coding DNA itself. , ,
consistent with the observation that in metaphase chromosomdt Was the aim of the immunoprecipitation experiments described
spreads the heterochromatin block on chromosome 9 labédlgre to define the steady-state patterns of H4 acetylation across
weakly with antisera toall acetylated H4 isoforms1g,  defined regions of the human genome. In order to do this we used
B.M.Turner, unpublished observations). A likely explanation i combination of nuclease digestion and solubilization conditions
that levels of acetylation on certain types of heterochromatin af@at minimized the possibility of selective DNA loss while still
reduced as cells enter mitosis. This suggestion is consistent wétlying a high yield of soluble chromatin, usuallg0%. Earlier
the general deacetylation of core histones as cells enter mitosigdies, with a rather different objective, namely to compare the
(45) and with the observation that levels of acetylation alongtructure and composition of transcriptionally active and inactive
heterochromatin can vary as cells differenti&®) Gind move chromatin fractions, consistently used highly selected chromatin
through the cell cycle (L.P.O’Neill and B.M.Turner, unpublishedsubfractions comprising only a small proportion of total chromatin
observations). (34,49). We suggest that the use of such very differentirsgar
chromatin preparations is a likely explanation for the fact that
some previous experiments, unlike those reported here or earlier
by us ¢3), have shown that chromatin fractions containing high

We have shown previously by immunoprecipitation of chromatitf Vels of acetylated histones are also enriched in transcribed or
from the aneuploid human cell line HL60 that there is ndranscribable genes. Such differences may indeed exist within
correlation between the overall level of histone acetylation arfgighly selected chromatin subfractions, but may not be present
actual or potential transcriptional activitg3). This result is When the experiment is carried out with essentially unselected,
confirmed by the present experiments. All five pol Il codingPulk ch.romatm. The lack of correlation betwegn acetylayon and
regions tested showed the same pattern of H4 acetylatifignscriptional status noted here cannot easily be attributed to
irrespective of their transcriptional status, namely levels ofeficiencies in the immunoprecipitation procedure. The clear
acetylation at H4 lysines 5, 8 and 12 that were indistinguishabf@rrelation between the amount of chromatin precipitated by each
from those in bulk chromatin and a relative increase in acetylatig@htibody and the relative frequencies of acetylation of H4 lysines
atlysine 16. The latter is consistent with a selective increase in the8, 12 and 16 (Tablg is a strong argument against the existence
mono-acetylated isoform, H4Ac The same pattern of H4 of excess non-specifically bound material in the antibody-bound
acetylation was also seen in the single pol | gene tested, naméBhction. In addition, non-specific chromatin precipitation cannot
that encoding 28S rRNA. Thus the euchromatin genes testedplain the finding that a large proportion of coding DNA,
showed a remarkably consistent pattern of H4 acetylation, despiteespective of transcriptional status, remains in the unbound
having rather different chromatin environmegtgjlobin lacks a  fraction, despite almost complete precipitation of acetylated H4
CpG island and maps within a G band, while the other four pgFig. 2).

Histone acetylation in coding and non-coding regions
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These considerations are also relevant to the initially puzzlingg Turner,B.M. (1993ell, 75, 5-8. _
finding that chromatin immunoprecipitated with antibodies to'4 E‘gg‘?'.B'“é"' BgLyaeVbNéD-v 'éegha”eyAMMa '-a‘ée”decf#-s- and O'Neill,L.P.
acetylated H4 is consistently enriched in larger oligonucleosomes. (Confe)re?]cer?x%oig?’sbtégg Gafggﬁg Kew, (SK"*)gp_ 230 200
This apparently runs counter to the generally accepted idea that m@e chang, L., Loranger,S.S., Mizzen,C., Ernst,S.G., Allis,C.D. and
highly acetylated chromatin fractions are more susceptible to Annunziato,A.T. (1997Biochemistry36, 469-480.
nuclease digestion. In fact, the relationship between histoé TurnerB.M., O'NeillL.P. and Allan,.M. (1988)EBS Lett 253 141-145.
acetylation and the rate of digestion with micrococcal nuclease}§ TumenrS:M. and FelowsG. (1988l J. B('(fgg;;? 179 131439,
complex. While it appears to be the case that, in some Cellsl@t Jeppes’e.n,lg, Mitc)rll'eli,A., Turner,B.M. ,ar'1d Perry,’P. (’1992)mos'oma
least, a small chromatin fraction is both highly acetylated and 10q 3222-3232.
relatively rapidly digested with micrococcal nuclease (see fa0 Jeppesen,P. and Turner,B.M. (1998}, 74, 281-289.
example50 and references therein), the same experiments shaid Sst'Y%e?‘gN-D-' Keohane,A.M. and Turner,B.M. (1986)n. Genet 97,
tha? a S|g_n|f|cant proporthn of highly .acetylated chromatirois 2 Bone,J.R;., Lavender,J., Richman,R., Palmer,M.J., Turner,B.M. and
rapidly digested. In fact, in one fractionation scheme chromatin - kyroda,M.I. (1994)Genes Dey8, 96-104.
that remained in the pellet after digestion, presumably the mas O'Neill,L.P. and Turner,B.M. (1998MBO J, 14, 3946-3957.
nuclease resistant, was just as enriched in highly acetylated H4 asZheRooney,C.M., Gregory,C.D., Rowe,M., Finerty,S., Edward,C., Rupari,H.
most rapidly digested S1 fractioBid). It should also be noted that __ @nd Rickinson,A.B. (1986). Natl. Cancer Inst77, 681-687.

. . . . . Walls,E.V. and Crawford,D.H. (1987) In Klaus,G.C.B. (ddjmphocytes:
in some experiments setting out to analyse the relationship between , - ApproachiRL Press, Washington, DC, pp. 149-162.

histone acetylation and nuclease sensitivity levels of histong sambrook,J., Fritsch,E.F. and Maniatis,T. (1988)ecular Cloning:
acetylation were enhanced by exposure of growing cells to A Laboratory Manual2nd Edn. Cold Spring Harbor Laboratory Press,
deacetylase inhibitors such as sodium butytatép). Treatments Cold Spring Harbor, NY. o

that result in artificial overall histone hyperacetylation may creatg’ Mathews,C.G.P., Goodwin,G.H. and Johns,E.W. (18ugleic Acids Res

relationships that do not exist in untreated cély.(So, while we g %r%g;_éﬁ; Charlton,J.A., Nan,X.S. and Bird,A.P. (18@dyre Genet 6,
cannot yet completely exclude the possibility that enrichment of the 236-244.

antibody-bound fraction in larger oligonucleosomes is an artefact 2§ Fasman,K.H., Letovsky,S.I., Li,P., Cottingham,R.W. and Kingsburt,D.T.
the experimental protocol, it is also possible that it reflects the (1997)Nucleic Acids Res25, 72-80.

existence of an acetylated but micrococcal nuclease-resistéﬁt Schuler,G.Det al (1996)Science274 540-567.

. . . . . Lennon,G.G., Auffray,C., Polymeropoulos,M. and Soares,M.B. (1996)
chromatin fraction. Experiments to test this are in progress. Genomics33, 151-152.
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