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クロマチン構造の電顕写真

2

以下のうちメンデル遺伝のものに○、非メンデル遺伝
のものに×を付よ。

(     ) A型とB型の血液型の両親から生まれた子供　
　　　の血液型
(     ) ミトコンドリア遺伝子
(     ) 指の指紋
(     ) スイートピーの花の色
(     ) BSEに代表されるプリオン病の伝搬
(     ) 三毛猫の模様

クイズ
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エピジェネティクス

遺伝暗号（Genetic Code): DNA上の塩基配列に刻み込まれた情報

Geneticsに対するEpigenetics: Epi-は「上」、「さらに」という意
味の接頭語。

もともとは発生学で用いられた造語で、後生的な形質の変化のメカニ
ズムを指す。現在は、DNA配列の変化を伴わないで細胞分裂以降も
継承される情報を指す。

DNAメチル化やクロマチン制御を介すると考えられる。

エピジェネティック制御の例
　ゲノミックインプリンティング
　X染色体不活性化
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１番染色体上のDNAメチル化のパターン
���� �����
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X染色体不活性化
Dosage Compensation:量的補正
　雌において一方のX染色体がランダムに不活性化

XIC: X inactivation center
Xist: X inactive specific transcript 
       17kb noncoding RNA
Histone methylation
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SCIENCE (1974) 184, 868

Arthur Kornberg
The Nobel Prize in Physiology or Medicine 1959 
with Severo Ochoa 
"for their discovery of the mechanisms in the 
biological synthesis of ribonucleic acid and 
deoxyribonucleic acid"

Roger Kornberg
The Nobel Prize in Chemistry 2006
"for his studies of the molecular basis 
of eukaryotic transcription"
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ヌクレオソーム
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ヒストン蛋白質
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Histone code
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ヒストンアセチル化と転写制御

HAT(Histone acetyltransferase)の発見
   Gcn5, p300/CBP = 既知のコアクチベーター 

HDAC(Histone Deacetylase)の発見
　Sin3, NuRD, SIR2 complexes 

H2A  SGRGKQGGKARAKAKTRSSK-----------
    

H2B  PEPAKSAPAPKKGSKKAVTKAQKKD------

H3   ARTKQTARKSTGGKAPRKQLATKAARKSAP-

H4   SGRGKGGKGLGKGGAKRHRKVLRD-------
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Cell, Vol. 84, 843–851, March 22, 1996, Copyright !1996 by Cell Press

Tetrahymena Histone Acetyltransferase A:
A Homolog to Yeast Gcn5p
Linking Histone Acetylation to Gene Activation

James E. Brownell,* Jianxin Zhou,* Tamara Ranalli,* 1995; Edmondson et al., submitted). Thus, the regulation
of histone acetylation is an attractive control point forRyuji Kobayashi,† Diane G. Edmondson,‡

Sharon Y. Roth,‡ and C. David Allis* the regulation of gene expression.
To gain further insight into the relationship between*Department of Biology

University of Rochester histone acetylation and transcription, we have sought
to characterize the major enzyme systems responsibleRochester, New York 14627

† Cold Spring Harbor Laboratory for establishing the steady-state balance of histone ace-
tylation. In particular, we have focused on the isolationCold Spring Harbor, New York 11724

‡ Department of Biochemistry and Molecular Biology of histone acetyltransferase type A (HAT A), an enzyme

believed to be responsible for transcription-associatedUniversity of Texas
M. D. Anderson Cancer Center acetylation. Recently, we used an SDS–polyacrylamide

gel–based activity assay to detect a single, catalyticallyHouston, Texas 77030
active HAT A subunit (p55) from Tetrahymena ma-
cronuclei (Brownell and Allis, 1995), a source of chroma-
tin naturally enriched in hyperacetylated histones (VavraSummary
et al., 1982).

We now report the cloning and sequencing of theWe report the cloning of a transcription-associated
gene encoding p55, giving us the opportunity to inspecthistoneacetyltransferase typeA (HATA). This Tetrahy-
the sequence of a catalytic component of an A-typemena enzyme is strikingly homologous to the yeast
HAT. Unexpectedly, the sequence of Tetrahymena p55protein Gcn5, a putative transcriptional adaptor, and
clearly identifies it as a homolog of Gcn5p (for generalwe demonstrate that recombinant Gcn5p possesses
control nonrepressed), a well-studied yeast adaptor pro-HAT activity. Both the ciliate enzyme and Gcn5p con-
tein originally defined by genetic analysis as being re-tain potential active site residues found in otheracetyl-
quired for the full activity of a subset of transcriptionaltransferases and a highly conserved bromodomain.
activators (Georgakopoulos and Thireos, 1992; for re-The presence of this domain in nuclear A-type HATs,
view and references see Guarente, 1995). This surprisingbut not in cytoplasmic B-type HATs, suggests amech-
result establishes a clear biochemical function foranismwherebyHAT A isdirected tochromatin to facili-
Gcn5p as a HAT catalytic subunit and provides a mecha-tate transcriptional activation. These findings shed
nistic link between histone acetylation and gene activa-light on the biochemical function of the evolutionarily
tion. Our findings also shed light on the biochemicalconserved Gcn5p–Ada complex, directly linking his-
function of adaptor complexes, suggesting that theytone acetylation to gene activation, and indicate that
may have a more global influence on gene activationhistone acetylation is a targeted phenomenon.
through the direct modification of chromatin templates.

Introduction

Results

Histone acetylation has long been considered a hallmark
of transcriptionally active chromatin, as suggested by Isolation of the Gene Encoding Tetrahymena p55

Recently we reported the identification of a single cata-a wealth of mostly correlative evidence (Csordas, 1990;
Turner, 1993; Loidl, 1994; Wolffe, 1994). Although the lytically active subunit (p55) of HAT A from Tetrahymena

(Brownell and Allis, 1995). We obtained the amino acidexact molecular relationship between histone acetyla-
tion and transcription remains undefined (Turner and sequences of six internal p55 peptides and used them

to design degenerate oligonucleotide primers. TheseO’Neill, 1995), a commonly held view is that acetylation
of specific lysine residues in the highly conserved his- primers were used in various combinations in the poly-

merase chain reaction (PCR) either with macronucleartone N-terminal tail domains weakens histone–DNA in-
teractions, thereby relieving repressive chromatin struc- genomic DNA as template or using reverse tran-

scriptase–PCR with total RNA isolated from vegetativeture (Allfrey et al., 1964). Numerous in vivo and in vitro

experiments have indicated that transcription of some cells as template (Figure 1B). PCR products were cloned

and sequenced, and DNA segments encoding p55 weregenes is directly influenced by specific acetylatable ly-
sine residues present in specific histones (Kayne et al., judged to be correct if they contained peptide sequence

not included in the PCR primers. For example, four inter-1988; Durrin et al., 1991; Thompson et al., 1994) and

that transcriptional silencing is associated with reduced nal peptide sequences were confirmed in two PCR prod-
ucts generated with the K36 sense primer and eithernucleosomal acetylation in yeast (Braunstein et al., 1993;

Braunstein et al., submitted). The N-terminal histone the K17 or K8 antisense primer (Figure 1B).
Genomic Southern blots using the largest PCR cDNAtails have been shown to play a crucial role in restricting

factor access to nucleosomal templates (Lee et al., 1993; product as probe revealed that the gene encoding p55 is
single copy (data not shown). Standard protocols usingJuan et al., 1994; Vettese-Dadey et al., 1994; Fisher-

Adams and Grunstein, 1995) and are involved in direct rapid amplification of cDNA ends (RACE) were used to

obtain the 5� and 3� ends of the p55 cDNA. The completeinteractions with regulatory factors (Johnson et al., 1990;
Roth et al., 1992; Thompson et al., 1994; Hecht et al., cDNA appears smaller (by approximately 600 bp) than
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Figure 4. Gcn5p Has HAT Activity in the Gel Activity Assay

(A) Samples corresponding to macronuclear extracts (lane 1) or
SDS-generated whole cell extracts of recombinant Gcn5p from ei-
ther induced (lane 2) or uninduced cells (lane 3) or from inducedFigure 3. Yeast Gcn5p Is Highly Homologous to Tetrahymena p55
cells containing the expression vector lacking the GCN5 gene insertSearches of available database sequences using the BLAST algo-
(vector only, lane 4) were electrophoresed in an 8% SDS–rithm demonstrate that yeast Gcn5p is highly homologous to p55
polyacrylamide gel and inspected for HAT activity using the activity(shown in bold). Alignment of the two sequences is shown where

gel assay. Shown is a fluorograph of [3H]acetate incorporation intoan overall �40% identity and �60% similarity is observed. Note

histone products. The arrowhead next to lane 1 denotes the positionthe existence of five domains (see brackets labeled I–V) that are

of p55 in Tetrahymena as reported previously (Brownell and Allis,extremely well conserved (�80% identity) between the ciliate and
1995). The arrow next to lane 2 denotes the position of a 60 kDayeast proteins; similar percentages exist between yeast and human
product band resulting from the expression of Gcn5p in E. coli. ThisGcn5p homologs (Candau et al., 1996). Asterisks in domains I and
band is not detected in negative controls (lanes 3 and 4) or in parallelIV denote invariant residues that may act as active site residues;
gels containing nonhistone substrates (data not shown).domain V corresponds to the bromodomain. See text for details.

mutation that reduces the activity of CAT III 106-fold
Figure 3, we have identified five domains (brackets la- relative to the wild-type enzyme (Shaw and Leslie, 1991).
beled I–V) that are highly conserved (�80% identity) By analogy to the well-studied CATs, we propose that
between the ciliate and yeast HAT A enzymes. Searches His-94 of p55 (see asterisk in domain I of Figure 3) and
of available databases using the BLAST algorithm His-231 of Hat1p are active site residues in A- and B-
(Altschul et al., 1990) revealed that domains I–IV share, type HATs.
to varying extents, features in common with acetyltrans- BLAST searches with domains III and IV revealed ho-
ferases and other enzymes that bind acetyl-CoA. Each mology to other classes of enzymes that bind and me-
of these domains is discussed separately below. tabolize acetyl-CoA, including acetoacetyl-CoA thiolase

Several lines of evidence suggest that domain I may (Kurihara et al., 1992) and HMG (3-hydroxy-3-methyl-
be part of the catalytic center of A- and B-type HATs. glutaryl)-CoA lyase (Hruz et al., 1992), respectively. In
First, when Tetrahymena p55 and yeast Gcn5p are di- the case of HMG-CoA lyase, a cysteine (Cys-237) has
rectly compared (Figure 5A, I), the high identity observed been identified as an active site residue (Hruz et al.,
in this region suggests that an important function has 1992), and we note the existence of a conserved cys-
been conserved between the ciliate and yeast HAT A. teine in domain IV (see asterisk in domain IV of Figure

Second, this region shows homology to a region of 3) of Gcn5p and p55. The presence of a cysteine at the

Hat1p (Figure 5A, II) that overlaps in part with a bipartite active site of p55 is suggested by sensitivity of
CoA-binding domain identified in other N-acetyltransfer- the enzyme to inactivation by sulfhydryl-directed re-
ases (region A; Kleff et al., 1995). Third, comparison of agents, including iodoacetamide and N-ethylmaleimide

this region in Hat1p to a well-characterized chloram- (Brownell and Allis, 1995), although effects of these re-
phenicol acetyltransferase (CAT), CAT III (Shaw and Les- agents on enzyme structure cannot be discounted.
lie, 1991), reveals several features of the CAT III active Based upon these results and the extreme conservation
center in Hat1p (see bold residues identified by asterisks exhibited in domains I through IV among p55 and Gcn5p
in Figure 5A, III). Fourth, all of these acetyltransferases homologs in yeast (this report), human (Candau et al.,
contain an invariant histidine (see darkly stippled box 1996), and Drosophila (E. Smith and C. D. A., unpub-
indicated by arrows in Figure 5A) that is typically the lished data), we speculate that these regions may play
second residue of a basic pair, often histidine–histidine. an important function in catalysis. We also note that
This histidine (His-195 of CAT III) is conserved in all the histidine and cysteine residues described above are

known CAT variants and is an active site residue impor- absolutely conserved between all known Gcn5p ho-
mologs.tant for catalysis, as demonstrated by a His-195→Ala
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A Mammalian Histone Deacetylase Related to
the Yeast Transcriptional Regulator Rpd3p
Jack Taunton, Christian A. Hassig, Stuart L. Schreiber*

Trapoxin is a microbially derived cyclotetrapeptide that inhibits histone deacetylation in
vivo and causes mammalian cells to arrest in the cell cycle. A trapoxin affinity matrix was
used to isolate two nuclear proteins that copurified with histone deacetylase activity. Both
proteins were identified by peptide microsequencing, and a complementary DNA en-
coding the histone deacetylase catalytic subunit (HD1) was cloned from a human Jurkat
T cell library. As the predicted protein is very similar to the yeast transcriptional regulator
Rpd3p, these results support a role for histone deacetylase as a key regulator of eu-
karyotic transcription.

Reversible acetylation of lysine residues
clustered near the NH2-terminus of nucleo-
somal histones is thought to modulate the
accessibility of transcription factors to their
respective enhancer and promoter ele-
ments. Transcriptionally silent regions of
the genome are enriched in underacetylated
histone H4 (1), and histone hyperacetyla-
tion facilitates the ability of transcription
factor TFIIIA to bind to chromatin tem-
plates (2). Although a histone acetyltrans-
ferase gene (HAT)) has been identified in
yeast (3), the molecular entities responsible
for histone deacetylation are unknown.
A requirement for a functional histone

deacetylase in cell cycle progression has
been implicated by the discovery that two
cytostatic agents, trapoxin and trichostatin
(Fig. IA), inhibit histone deacetylation in
cultured mammalian cells and in fractionat-
ed cell extracts. In addition to causing GI
and G2 phase cell cycle arrest, these natural
products alter gene expression and induce
certain mammalian cell lines to differentiate
(4). Whereas sodium butyrate also has these
properties, both trapoxin and trichostatin
are five orders of magnitude more potent.

Trapoxin is an "irreversible" inhibitor of
histone deacetylase activity, and its molec-
ular structure offers clues as to how it could
form a covalent bond with a nucleophilic
active site residue. First, trapoxin contains

Howard Hughes Medical Institute, Departments of
Chemistry and Chemical Biology, Molecular and Cellular
Biology, Harvard University, 12 Oxford Street, Cam-
bridge, MA 02138, USA.
*To whom correspondence should be addressed.

an electrophilic epoxyketone that is essen-
tial for biological activity (5). Second, the
aliphatic epoxyketone side chain is approx-
imately isosteric with N-acetyl lysine (Fig.
1A). Trapoxin likely acts as a substrate
mimic, with its expoxyketone poised to al-
kylate an active site nucleophile. We there-
fore regarded trapoxin as a tool that could
reveal the molecular identity of histone
deacetylase, so that its role in transcription-
al regulation and cell cycle progression

A
N:

H -

Histone
deacetylase

H NH3+

could be elucidated.
Tritium-labeled trapoxin was prepared

by total synthesis and used to identify trap-
oxin binding proteins in crude extracts from
bovine thymus. We used a charcoal precip-
itation assay to detect a specific trapoxin
binding activity primarily in the nuclear
fraction of the extracts (6). The binding
activity was saturable with nanomolar con-
centrations of [3H]trapoxin and was not
detected in the presence of unlabeled trap-
oxin. Trichostatin also competed for bind-
ing with [3H]trapoxin, which suggests that
both of these compounds exert their cellu-
lar effects by targeting the same molecule.

If trapoxin and trichostatin induce cell
cycle arrest by directly inhibiting histone
deacetylase, then their binding and enzy-
matic activities should copurify. To inves-
tigate this possibility, we fractionated nu-
clear thymus proteins by ammonium sulfate
precipitation and MonoQ anion-exchange
chromatography (7). Two peaks of histone
deacetylase activity eluted from the MonoQ
column between 250 and 350 mM NH4G1
(Fig. iB). Trapoxin binding activity, as re-
vealed by the charcoal precipitation assay
(40 nM [3H]trapoxin), precisely coeluted
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Fig. 1. (A) Chemical structures of trapoxin and trichosta-FT 5 10 15 20 25 30
tin, natural products that inhibit the enzymatic deacetyla- Fraction
tion of lysine residues near the NH2-terminus of histones.
The epoxyketone side chain of trapoxin is approximately isosteric with N-acetyl lysine and likely alkylates
an active site nucleophile. (B) Copurification of trapoxin binding and histone deacetylase activities.
Nuclear proteins from bovine thymus were precipitated with ammonium sulfate and fractionated on a
MonoQ column (7). Trapoxin binding was assayed by charcoal precipitation with [3Hltrapoxin (6). For the
histone deacetylase assay, a peptide corresponding to bovine histone H4 (residues 1 to 24) was
synthesized. The peptide was chemically acetylated with sodium [3H]acetate (5.3 Ci/mmol, New England
Nuclear)-BOP reagent (Aldrich) and purified by reversed-phase HPLC. Two microliters of [3H]peptide
(-40,000 dpm) was used per 200-,ul assay. After incubation at 37°C for 1 hour, the reaction was
quenched with 1 M HCI and 0.16 M acetic acid (50 ,ul). Released [3H]acetic acid was extracted with 600
[LI of ethyl acetate and quantified by scintillation counting. Pretreatment of crude or partially purified
enzyme with trapoxin or trichostatin (20 nM) for 30 min at 40C abolished deacetylase activity. A280,
absorbance at 280 nm; Fr, flow-through.

SCIENCE * VOL. 272 * 19 APRIL 1996

ON" WASP15"WWWWOM

408

 o
n
 N

o
v
e
m

b
e
r 

1
5
, 
2
0
0
7
 

w
w

w
.s

c
ie

n
c
e
m

a
g
.o

rg
D

o
w

n
lo

a
d
e
d
 f
ro

m
 

RL72 (IgM antibodies to mouse CD4), 31 M (IgM anti-
bodies to mouse CD8), and BP-1 07 (antibodies to
mouse MHC class 11 Ab) [R. Ceredig, J. W. Lowenthal,
M. Nabholz, H. R. MacDonald, Nature 314,98 (1985);
F. W. Symington and J. Sprent, Immunogenetics 14,
53 (1981); M. Sarmiento, A. L. Glasebrook, F. W.
Fitch, J. Immunol. 125, 2665 (1980)]. Cedarlane Lo-
Tox complement was added to 10% concentration,
and the cells were incubated for a further 1 hour at
37°C. After two washes in Dulbecco's minimum es-
sential medium containing 5% fetal bovine serum, live
cells were counted and resuspended (1 x 107 cells
per milliliter) for use in cytotoxicity assays.

27. W. J. Murphy et al., J. Exp. Med. 166, 1499 (1987).
28. Recipient mice were exposed to -y radiation (9.4 Gy)

and then injected intravenously with 5 x 106 bone
marrow cells from 32M-'+ or 32M-'- mice (12).
After 5 days, the mice were injected intraperitoneally
with 3 RCi of 5-[1251]iodo-2'-deoxyuridine. Isotope
incorporated by the spleens of the recipients was
determined the next day after extensive rinsing of the
spleens with phosphate-buffered saline.
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A Mammalian Histone Deacetylase Related to
the Yeast Transcriptional Regulator Rpd3p
Jack Taunton, Christian A. Hassig, Stuart L. Schreiber*

Trapoxin is a microbially derived cyclotetrapeptide that inhibits histone deacetylation in
vivo and causes mammalian cells to arrest in the cell cycle. A trapoxin affinity matrix was
used to isolate two nuclear proteins that copurified with histone deacetylase activity. Both
proteins were identified by peptide microsequencing, and a complementary DNA en-
coding the histone deacetylase catalytic subunit (HD1) was cloned from a human Jurkat
T cell library. As the predicted protein is very similar to the yeast transcriptional regulator
Rpd3p, these results support a role for histone deacetylase as a key regulator of eu-
karyotic transcription.

Reversible acetylation of lysine residues
clustered near the NH2-terminus of nucleo-
somal histones is thought to modulate the
accessibility of transcription factors to their
respective enhancer and promoter ele-
ments. Transcriptionally silent regions of
the genome are enriched in underacetylated
histone H4 (1), and histone hyperacetyla-
tion facilitates the ability of transcription
factor TFIIIA to bind to chromatin tem-
plates (2). Although a histone acetyltrans-
ferase gene (HAT)) has been identified in
yeast (3), the molecular entities responsible
for histone deacetylation are unknown.
A requirement for a functional histone

deacetylase in cell cycle progression has
been implicated by the discovery that two
cytostatic agents, trapoxin and trichostatin
(Fig. IA), inhibit histone deacetylation in
cultured mammalian cells and in fractionat-
ed cell extracts. In addition to causing GI
and G2 phase cell cycle arrest, these natural
products alter gene expression and induce
certain mammalian cell lines to differentiate
(4). Whereas sodium butyrate also has these
properties, both trapoxin and trichostatin
are five orders of magnitude more potent.

Trapoxin is an "irreversible" inhibitor of
histone deacetylase activity, and its molec-
ular structure offers clues as to how it could
form a covalent bond with a nucleophilic
active site residue. First, trapoxin contains

Howard Hughes Medical Institute, Departments of
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Biology, Harvard University, 12 Oxford Street, Cam-
bridge, MA 02138, USA.
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an electrophilic epoxyketone that is essen-
tial for biological activity (5). Second, the
aliphatic epoxyketone side chain is approx-
imately isosteric with N-acetyl lysine (Fig.
1A). Trapoxin likely acts as a substrate
mimic, with its expoxyketone poised to al-
kylate an active site nucleophile. We there-
fore regarded trapoxin as a tool that could
reveal the molecular identity of histone
deacetylase, so that its role in transcription-
al regulation and cell cycle progression
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could be elucidated.
Tritium-labeled trapoxin was prepared

by total synthesis and used to identify trap-
oxin binding proteins in crude extracts from
bovine thymus. We used a charcoal precip-
itation assay to detect a specific trapoxin
binding activity primarily in the nuclear
fraction of the extracts (6). The binding
activity was saturable with nanomolar con-
centrations of [3H]trapoxin and was not
detected in the presence of unlabeled trap-
oxin. Trichostatin also competed for bind-
ing with [3H]trapoxin, which suggests that
both of these compounds exert their cellu-
lar effects by targeting the same molecule.

If trapoxin and trichostatin induce cell
cycle arrest by directly inhibiting histone
deacetylase, then their binding and enzy-
matic activities should copurify. To inves-
tigate this possibility, we fractionated nu-
clear thymus proteins by ammonium sulfate
precipitation and MonoQ anion-exchange
chromatography (7). Two peaks of histone
deacetylase activity eluted from the MonoQ
column between 250 and 350 mM NH4G1
(Fig. iB). Trapoxin binding activity, as re-
vealed by the charcoal precipitation assay
(40 nM [3H]trapoxin), precisely coeluted
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Fig. 1. (A) Chemical structures of trapoxin and trichosta-FT 5 10 15 20 25 30
tin, natural products that inhibit the enzymatic deacetyla- Fraction
tion of lysine residues near the NH2-terminus of histones.
The epoxyketone side chain of trapoxin is approximately isosteric with N-acetyl lysine and likely alkylates
an active site nucleophile. (B) Copurification of trapoxin binding and histone deacetylase activities.
Nuclear proteins from bovine thymus were precipitated with ammonium sulfate and fractionated on a
MonoQ column (7). Trapoxin binding was assayed by charcoal precipitation with [3Hltrapoxin (6). For the
histone deacetylase assay, a peptide corresponding to bovine histone H4 (residues 1 to 24) was
synthesized. The peptide was chemically acetylated with sodium [3H]acetate (5.3 Ci/mmol, New England
Nuclear)-BOP reagent (Aldrich) and purified by reversed-phase HPLC. Two microliters of [3H]peptide
(-40,000 dpm) was used per 200-,ul assay. After incubation at 37°C for 1 hour, the reaction was
quenched with 1 M HCI and 0.16 M acetic acid (50 ,ul). Released [3H]acetic acid was extracted with 600
[LI of ethyl acetate and quantified by scintillation counting. Pretreatment of crude or partially purified
enzyme with trapoxin or trichostatin (20 nM) for 30 min at 40C abolished deacetylase activity. A280,
absorbance at 280 nm; Fr, flow-through.
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Trapoxin is a microbially derived cyclotetrapeptide that inhibits histone deacetylation in
vivo and causes mammalian cells to arrest in the cell cycle. A trapoxin affinity matrix was
used to isolate two nuclear proteins that copurified with histone deacetylase activity. Both
proteins were identified by peptide microsequencing, and a complementary DNA en-
coding the histone deacetylase catalytic subunit (HD1) was cloned from a human Jurkat
T cell library. As the predicted protein is very similar to the yeast transcriptional regulator
Rpd3p, these results support a role for histone deacetylase as a key regulator of eu-
karyotic transcription.

Reversible acetylation of lysine residues
clustered near the NH2-terminus of nucleo-
somal histones is thought to modulate the
accessibility of transcription factors to their
respective enhancer and promoter ele-
ments. Transcriptionally silent regions of
the genome are enriched in underacetylated
histone H4 (1), and histone hyperacetyla-
tion facilitates the ability of transcription
factor TFIIIA to bind to chromatin tem-
plates (2). Although a histone acetyltrans-
ferase gene (HAT)) has been identified in
yeast (3), the molecular entities responsible
for histone deacetylation are unknown.
A requirement for a functional histone

deacetylase in cell cycle progression has
been implicated by the discovery that two
cytostatic agents, trapoxin and trichostatin
(Fig. IA), inhibit histone deacetylation in
cultured mammalian cells and in fractionat-
ed cell extracts. In addition to causing GI
and G2 phase cell cycle arrest, these natural
products alter gene expression and induce
certain mammalian cell lines to differentiate
(4). Whereas sodium butyrate also has these
properties, both trapoxin and trichostatin
are five orders of magnitude more potent.

Trapoxin is an "irreversible" inhibitor of
histone deacetylase activity, and its molec-
ular structure offers clues as to how it could
form a covalent bond with a nucleophilic
active site residue. First, trapoxin contains
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an electrophilic epoxyketone that is essen-
tial for biological activity (5). Second, the
aliphatic epoxyketone side chain is approx-
imately isosteric with N-acetyl lysine (Fig.
1A). Trapoxin likely acts as a substrate
mimic, with its expoxyketone poised to al-
kylate an active site nucleophile. We there-
fore regarded trapoxin as a tool that could
reveal the molecular identity of histone
deacetylase, so that its role in transcription-
al regulation and cell cycle progression
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could be elucidated.
Tritium-labeled trapoxin was prepared

by total synthesis and used to identify trap-
oxin binding proteins in crude extracts from
bovine thymus. We used a charcoal precip-
itation assay to detect a specific trapoxin
binding activity primarily in the nuclear
fraction of the extracts (6). The binding
activity was saturable with nanomolar con-
centrations of [3H]trapoxin and was not
detected in the presence of unlabeled trap-
oxin. Trichostatin also competed for bind-
ing with [3H]trapoxin, which suggests that
both of these compounds exert their cellu-
lar effects by targeting the same molecule.

If trapoxin and trichostatin induce cell
cycle arrest by directly inhibiting histone
deacetylase, then their binding and enzy-
matic activities should copurify. To inves-
tigate this possibility, we fractionated nu-
clear thymus proteins by ammonium sulfate
precipitation and MonoQ anion-exchange
chromatography (7). Two peaks of histone
deacetylase activity eluted from the MonoQ
column between 250 and 350 mM NH4G1
(Fig. iB). Trapoxin binding activity, as re-
vealed by the charcoal precipitation assay
(40 nM [3H]trapoxin), precisely coeluted
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Fig. 1. (A) Chemical structures of trapoxin and trichosta-FT 5 10 15 20 25 30
tin, natural products that inhibit the enzymatic deacetyla- Fraction
tion of lysine residues near the NH2-terminus of histones.
The epoxyketone side chain of trapoxin is approximately isosteric with N-acetyl lysine and likely alkylates
an active site nucleophile. (B) Copurification of trapoxin binding and histone deacetylase activities.
Nuclear proteins from bovine thymus were precipitated with ammonium sulfate and fractionated on a
MonoQ column (7). Trapoxin binding was assayed by charcoal precipitation with [3Hltrapoxin (6). For the
histone deacetylase assay, a peptide corresponding to bovine histone H4 (residues 1 to 24) was
synthesized. The peptide was chemically acetylated with sodium [3H]acetate (5.3 Ci/mmol, New England
Nuclear)-BOP reagent (Aldrich) and purified by reversed-phase HPLC. Two microliters of [3H]peptide
(-40,000 dpm) was used per 200-,ul assay. After incubation at 37°C for 1 hour, the reaction was
quenched with 1 M HCI and 0.16 M acetic acid (50 ,ul). Released [3H]acetic acid was extracted with 600
[LI of ethyl acetate and quantified by scintillation counting. Pretreatment of crude or partially purified
enzyme with trapoxin or trichostatin (20 nM) for 30 min at 40C abolished deacetylase activity. A280,
absorbance at 280 nm; Fr, flow-through.
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of trapoxin's cyclic core with a lysine that
could then be covalently linked to a solid
support. This molecule, which we call K-
trap, was prepared by a 20-step synthesis
starting with commercially available (R)-
proline and (S,S)-threitol acetonide (Fig.
2A). Synthetic K-trap inhibited [3H]thymi-
dine incorporation in MG-63 human osteo-
sarcoma cells with a potency approximately
one tenth that of trapoxin. In vitro histone
deacetylase activity was also inhibited po-
tently by this compound (with complete
inactivation at 20 nM) (8).

K-trap was deprotected with Pd(Ph3P)4

B

PE
p46-pd

K-trap affinity matrix

.-

Ex ,0 E .
E E
a O0 0.

=_~~~-116

- 66
50

-45

Bovine Human
thymus Jurkat

Fig. 2. Purification of trapoxin binding proteins by affinity chromatography. (A) Synthesis of K-trap and the
K-trap affinity matrix. K-trap contains a protected lysine residue in place of the phenylalanine at position
2 in trapoxin. Alloc, allyloxycarbonyl; Pd(Ph3P)4, tetrakis(triphenylphosphine)palladium. (B) Silver-stained
gel showing bovine and human trapoxin binding proteins. Proteins bound to the K-trap affinity matrix in
the presence or absence of trapoxin or trichostatin were eluted by boiling in SDS loading buffer and
analyzed by SDS-PAGE (9% gel). Nuclear proteins from human Jurkat T cells were prepared identically
to those from bovine thymus (7). Molecular size standards (in kilodaltons) are indicated to the right.

A
1 MAQTQGTRRK VCYYYDGDVG NYYYGQGHPM KPHRIRMTHN LLLNYGLYRK MEIYRPHKAN AEEMTKYHSD

71 DYIKFLRSIR PDNMSEYSKQ MQRFNVGEDC PVFDGLFEFC QLSTGGSVAS AVKLNK~~IA AGGLH

141 HAKKSEASGF CYVNDIVLAI LELLKYHQRV LYIDIDIHHG DGVEEAFYTT DR MTSFHK YGEYFPGTGDl
211 DIGAGKGK YYAVNYPLD GIDDESYEAI FKPVMSME MFQPSAVVLQ CGSDSLSGDR LGCFNLTIKG
281 HAKCVEFVKS FNLPMLMLGG GGYTIRNVAR CWTYETAVAL DTEIPNELPY NDYFEYFGPD FKLHISPSNM
351 TNQNTNEYLE KIKQRLFENL RMLPHAPGVQ MQAIPEDAIP EESGDEDEDD PDKRISICSS DKRIACEEEF
421 SDSEEEGEGG RKNSSNFKKA KRVKTEDEKE KDPEEKKEVT EEEKTKEEKP EAKGVKEEVK LA

Fig. 3. Molecular characterization of the trapoxin B

receptor HD1, a nuclear histone deacetylase. (A)
Predicted amino acid sequence of human HD1. An .x x
in-frame stop codon was found upstream of the E co E .c
starting methionine. Regions equivalent to microse- a o 0 m
quenced tryptic peptides from the purified bovine co

protein are boxed. Underlined amino acids 319 to 4
334 and 467 to 482 denote the sequences of syn-
thetic peptides that were conjugated to keyhole lim- p55-

pet hemocyanin and used to generate polyclonal -HD1

antisera. Abbreviations for the amino acid residues p46-p49 [3
are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe;
G, Gly; H, His; I, lIe; K, Lys; L, Leu; M, Met; N, Asn;
P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp;
and Y, Tyr. (B) Protein immunoblot analogous to the p50- uw p50- RbAp48
silver-stained gel in Fig. 2B, showing the relation
between bovine p46 to p49 and human p55 (top)
and confirming the identity of p50 (bovine and hu- Bovine Human
man) as RbAp48 (boftom). Proteins eluted from the thymus Jurkat
K-trap affinity matrix (Fig. 2) were separated by
SDS-PAGE and transferred to Immobilon-P (Millipore). Blots were probed with polyclonal antibody to
HD1 (residues 319 to 336; top panels) or monoclonal antibody to RbAp48 (bottom panels), and bound
antibodies were detected with enhanced chemiluminescence (Amersham).
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and coupled to an activated agarose matrix
(Fig. 2A). MonoQ fractions containing nu-
clear proteins from bovine thymus were in-
cubated with the K-trap affinity matrix and
then tested for both trapoxin binding and
histone deacetylase activity. Both activities
were depleted (>90%) by treatment with
the K-trap matrix, although a control ma-
trix capped with ethanolamine had no ef-
fect on either activity (8). Bound polypep-
tides were eluted by boiling the matrix in
1% SDS buffer and separated by polyacryl-
amide gel electrophoresis (PAGE) (9).

The silver-stained gel of the affinity ma-
trix eluates revealed six major polypeptides
with apparent molecular sizes between 45
and 50 kD (Fig. 2B). The interaction be-
tween bovine p46-p50 and the K-trap ma-
trix appeared to be specific, because these
proteins were not retained when the incu-
bation was done in the presence of either
trapoxin or trichostatin (Fig. 2B) nor were
they retained by an ethanolamine-capped
control matrix (8). When the affinity puri-
fication was repeated with Jurkat nuclear
extracts, only two major bands, p5O and
p55, were observed by silver staining (Fig.
2B). Recovery of human p5O and p55 was
similarly abolished by trapoxin (Fig. 2B)
and trichostatin (8). Because the relative
intensities of bovine p46 to p49 vary with
each protein preparation, we suspect that
they are proteolytic fragments derived from
the bovine equivalent of human p55. One
of the bands (p5O) is common to both
human and bovine sources.

Large-scale purification of the bovine
proteins led to the resolution of two major
bands of -46 and -50 kD in the final
preparative electrophoresis step, both of
which were submitted for microsequencing
(10). The -50-kD bovine protein corre-
sponds to a known protein, RbAp48 (11),
that consists of seven WD repeat domains
(where W is Trp and D is Asp) (12). Orig-
inally identified as a protein that binds to
the retinoblastoma gene product (pRb),
RbAp48 may constitute an adaptor subunit
that targets the histone deacetylase to spe-
cific chromatin domains.

The -46-kD bovine protein is related to
the protein encoded by the yeast RPD3
gene, which has been implicated by several
genetic screens as a transcriptional regula-
tor but whose biochemical function is un-
known (13). Partial complementary DNA
(cDNA) sequences for the human gene
were identified in the expressed sequence
tag database (dbEST) and were used to
design polymerase chain reaction (PCR)
primers (14). Screening a Jurkat T cell
cDNA library with the resultant 1-kb PCR
product allowed for the isolation of several
positive clones, one of which was fully se-
quenced and found to contain a putative
full-length open reading frame (Fig. 3A)

409

B

with the histone deacetylase peaks. Further-
more, all detectable histone deacetylase ac-
tivity was abolished by treatment with ei-
ther trapoxin or trichostatin (20 nM). Sim-
ilar results were obtained with MonoQ-frac-
tionated nuclear extracts prepared from
human Jurkat T cells.

To purify the histone deacetylase fur-
ther, we synthesized an affinity matrix
based on the trapoxin structure. Because
trapoxin itself is not amenable to direct
modification and the epoxyketone side
chain is indispensable for activity, we chose
to replace one of the phenylalanine residues
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NURF-140, are similar in size to the Drosophila BRM and 

ISWI proteins, respectively. We therefore explored in 

parallel the possibility that NURF polypeptides might be 

immunologically related to members of the SWl2/SNF2 
ATPase family in Drosophila. In a convergence of experi- 

mental findings, the peptide microsequencing and immu- 
nological approaches simultaneously identified the 140 

kDasubunitof NURFastheimitationswitch(ISWI)protein. 

Results 

Microsequence Analysis of NURF-140 

To determine the identity of NURF polypeptides by micro- 
sequencing, we purified - 100 pg of NURF protein from 
nuclear extracts of O-12 hr Drosophila embryos through 
seven chromatographic steps as described previously 

(Tsukiyamaand Wu, 1995). The four major NURFpolypep- 

tides from the glycerol gradient fraction in the final step 
of two independent purifications can be observed by SDS- 

polyacrylamide gel electrophoresis (SDS-PAGE) and 
Coomassie blue staining (Figure 1A). The 140 kDa NURF 
polypeptide (NURF-140) was subjected to in-gel digestion 

by Lysyl endopeptidase, and the resulting peptides were 

eluted and separated by reverse-phase high pressure liq- 
uid chromatography (HPLC) (Collins et al., 1995). The se- 

quences of six peptides were determined by micro- 
sequence analysis (Figure 1 B). In a search of the available 
sequence databases, all six peptide sequences were 

found to match uniquely and completely sequences in the 
predicted Drosophila ISWI protein, a member of the SWl2/ 

SNFP ATPase family of previously unknown function 
(Elfring et al., 1994). The peptide sequences of NURF-140 
are located within the conserved ATPase domain of ISWI 

as well as sequences N- and C-terminal to this region. 

Immunological Analysis of NURF 
In a parallel approach to investigate the relationship be- 

tween NURF and members of the SWl2/SNF2 family, we 
compared the immunoreactivity of NURF with rabbit poly- 

clonal antibodies prepared against the C-terminal 134 resi- 
dues of BRM (L. Elfring and J. T., unpublished data), and 

the C-terminal 117 residues of ISWI fused to glutathione 
S-transferase (GST-ISW1910-1027). The C-terminal 117 resi- 

dues of ISWI lie away from the conserved ATPase domain 
(Elfring et al., 1994), generating an antibody that does not 
cross-react with the BRM protein or other members of the 

SWl2/SNF2 family in Drosophila (data not shown; see also 
Figure 3). 

As revealed by Western blotting, the BRM protein was 

found to copurify with NURF activity only in the initial three 
steps of NURF purification, while the ISWI protein tracked 
with NURF activity to the end of the seven-step purification 
(data not shown). Moreover, a comparative analysis of the 

immunoreactivities of the GST-ISW1910-1027 fusion protein 
and purified NURF-140 protein showed that similar molar 

amounts of GST-ISW19,0-1027 and NURF-140 produced ap- 
proximately equivalent signals on the Western blot (Figure 
1C). The data strongly suggest that ISWI is NURF-140, 
as opposed to a minor contaminant in the purified NURF 

31- 

Figure 1. /SW/ Encodes NURF-140 

(A) SDS-PAGE and Coomassie blue staining of purified NURF. Two 

independently purified preparations of NURF are shown in lanes 1 

and 2. 

(B) Amino acid sequences of NURF-140 peptides (top). The sequence 

matches to residues of ISWI are shown (bottom). Computer matches 

were determined using BLAST (Altschul et al., 1990). 

(C) Immunological reactivity of NURF-140 and GST-C-terminal ISWI 

fusion protein. Approximately equimolar quantities of these polypep- 

tides were analyzed by SDS-PAGE and Western blotting. The slightly 

lower signal from NURF-140 may be due to differential blotting efficien- 

cies between large and small polypeptides. The position of NURF-140 

exactly overlaps the ISWI polypeptide on the Western blot. 

preparations. Since the antibody employed in these stud- 
ies was raised to the C-terminal portion of the ISWI protein 

where none of the sequenced NURF-140 peptides are lo- 

cated, the microsequencing and immunological analyses 
complement each other and rigorously support the conclu- 

sion that /SW/ encodes NURF-140. The antibody to GST- 
ISW1910-1027 failed to show reactivity with NURF in coimmu- 
noprecipitation and neutralization assays, possibly be- 

cause of the restricted nature of the antigen. 

ISWI and BRM Form Distinct Complexes in the Cell 
To investigate further the relationship between ISWI and 

BRM, the putative Drosophila SWl2/SNF2 homolog, we 
compared the native state of BRM and ISWI proteins in 

whole Drosophila embryo extracts by gel filtration chroma- 
tography and Western blotting (Figure 2). The ISWI protein 
chromatographed in a complex of -500 kDa, which is 
consistent with the native molecular weight of NURF as 

measured by glycerol gradient centrifugation (Tsukiyama 
and Wu, 1995). The coincidence of thevalues of the native 

molecular weight obtained by these two techniques indi- 
cates that the native NURF complex has a globular, rather 
than an extended shape. 
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Summary 

The generation of an accessible heat shock promoter 

in chromatin in vitro requires the concerted action of 
the GAGA transcription factor and NURF, an ATP- 
dependent nucleosome remodeling factor. NURF is 

composed of four subunits and is biochemically dis- 
tinct from the SWl2/SNF2 multiprotein complex, a 

transcriptional activator that also appears to alter 

nucleosome structure. We have obtained protein mi- 
crosequence and immunological evidence identifying 
the 140 kDa subunit of NURF as ISWI, previously of 

unknown function but highly related to SWl2/SNF2 
only in the ATPase domain. The ISWI protein is local- 

ized to the cell nucleus and is expressed throughout 

Drosophila development at levels as high as 100,000 
molecules/cell. The convergence of biochemical and 

genetic studies on ISWI and SWl2/SNF2 underscores 
these ATPases and their close relatives as key com- 
ponents of independent systems for chromatin re- 

modeling. 

Introduction 

The packaging of eukaryotic DNA in nucleosomes pres- 

ents an obstacle to the process of transcription that must 
be unraveled to facilitate access of transcription factors 
and RNA polymerases (for reviews see Grunstein, 1990; 

Felsenfeld, 1992; Kornberg and Larch, 1992). How nucleo- 
some structure is perturbed so as to allow the assembly 

of protein-DNA complexes at promoters and other regula- 
tory sequences is a key problem in the study of chromatin 

and transcription. In addition to the influence of DNA se- 
quence and structure, histone modification, and the bind- 
ing of sequence-specific transcription factors, the sources 

of nucleosome disruption include a number of cofactors 
whose function may be specialized for the purpose of 
nucleosome reconfiguration (for reviews see Becker, 

1994; Kornberg and Larch, 1995; Owen-Hughes and 
Workman, 1994; Paranjape et al., 1994; Wallrath et al., 
1994; Wolffe, 1994). 

One such cofactor, the 11 -subunit yeast SWVSNF com- 
plex, may assist sequence-specific transcription factors 

in counteracting the repressive effects of nucleosomal his- 
tones on transcription (for reviews see Winston and Carl- 

son, 1992; Carlson and Laurent, 1994; Peterson and Tam- 
kun, 1995). The SWl2/SNF2 subunit of this complex 

contains sequence motifs closely related to those found 

in DNA-stimulated ATPases (Davis et al., 1992; Laurent 
et al., 1992; Henikoff, 1993) and the recombinant SWl2/ 
SNF2 protein as well as the whole SWllSNF complex pos- 

sesses DNA-stimulated ATPase activity in vitro (Laurent 
et al., 1993; Cairns et al., 1994; C&e et al., 1994). Recent 

biochemical studies have suggested that the SWVSNF 
complex uses the energy of ATP hydrolysis to facilitate 

the binding of activator proteins to nucleosomal DNA by 
promoting the dissociation of histone H2A-H26 dimers 
(0% et al., 1994). 

Several candidates for functional homologs of SW/2/ 

SNF2 have been identified in higher eukaryotes, including 
the Drosophila brahma (brm) gene, an activator of homeo- 
tic genes (Kennison and Tamkun, 1988; Tamkun et al., 

1992) and the highly related human BRG7 and hbrm 

genes (Khavari et al., 1993; Muchardt and Yaniv, 1993). 

Other close relatives of SW/2/SNF2 include the yeast STH7 

(Laurentetal., 1992), Drosophila/SW/(Elfringetal., 1994), 
mouse CHD7 (Delmas et al., 1993; Stokes and Perry, 
1995), and human SNF2L genes (Okabe et al., 1992). Al- 

though the functions of most of these genes and their 
encoded proteins are unknown, it is possible that multiple 

protein complexes, each containing a different member 
of the SWl2/SNF2 ATPase family, may be involved in as- 

pects of chromatin remodeling in eukaryotic cells. 
We have employed a biochemical approach to investi- 

gate mechanismsof nucleosomedisruption, using acrude 

Drosophila embryo extract that is capable of assembling 

long arrays of regularly spaced nucleosomes in vitro 
(Becker and Wu, 1992). Recently, we have been able to 
achieve the disruption of a nucleosomal array in vitro as 

revealed by the creation of a DNase I hypersensitive site 

on the Drosophila hsp70 promoter and a redistribution of 
neighboring nucleosomes (Tsukiyama et al., 1994). The 
process of disruption was found to involve the constitu- 
tively active GAGA transcription factor and an unknown, 

ATP-dependent cofactor present in Drosophila embryo ex- 
tracts. This cofactor, referred to as the nucleosome remod- 

eling factor (N URF), has been purified to homogeneity and 

consists of four major polypeptides of 215 kDa, 140 kDa, 
55 kDa, and 38 kDa associating in a native complex of 
-500 kDa (Tsukiyama and Wu, 1995 [this issue of Cell]). 

The native size and subunit composition of NURF contrast 
sharply with the size and composition of the yeast SWll 
SNF complex, and unlike the DNA-dependent ATPase ac- 

tivityof SWl2/SNF2, the ATPase activity of NURF isstimu- 
lated by nucleosomes rather than by free DNA (Tsukiyama 

and Wu, 1995). 
To elucidate the composition and mechanism of NURF 

action, we have sought to identify and clone the subunits 
of the NURFcomplex. Our approach involved the purifica- 
tion of sufficient quantities of NURF polypeptides for pep- 

tide microsequencing and reverse genetic analysis. Al- 

though the size, composition, and activity in vitro of NURF 
appeared to be distinct from those of the SWllSNF com- 
plex, two subunits of the NURF complex, NURF-215 and 

Cell 
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Evolutionary Conservation of ISWI 

Computer comparisons of ISWI with the available se- 

quence databases suggest that ISWI is widely conserved 

among the eukaryotes. Based on extensive sequence 

identity with ISWI, human SNF24ke (hSNF2L; Okabe et 

al., 1992), a fortuitously identified gene of unknown func- 

tion, was suggested to be a human /SW/ homolog (Elfring 

et al, 1994). Further computer searches revealed potential 

/SW/ homologs in Saccharomyces cerevisiae (Y/395, 

Swiss-Prot accession number P38144; Feldmann et al., 

1994) Caenorhabditis elegans (Swiss-Prot accession 

number P41877), and Arabidopsis thaliana (e.g., Gen- 

Bank accession numbers R65181 and H37089). The Dro- 

sophila ISWI protein is remarkably related to both the yeast 

YB95 and human SNFPL proteins over its entire length 

(Figure 4). In contrast, the similarities between ISWI and 

yeast SWl2/SNF2 and Drosophila BRM are limited only 

to the ATPase domain (Figure 4; Elfring et al., 1994). The 

results suggest that the ISWI, and hence NURF, may 

perform a highly conserved function in all eukaryotic or- 

ganisms. 

Discussion 

Previous biochemical investigations have revealed an 

ATP-dependent chromatin remodeling activity in whole 

Drosophila embryo extracts that facilitates GAGA tran- 

scription factor-mediated disruption of a nucleosomal 

array in vitro (Tsukiyama et al., 1994). These studies led to 

the purification of a nucleosome remodeling factor, NURF, 

that is composed of at least four distinct subunits and pos- 

sesses a novel ATPase activity that is stimulated by 

nucleosomes (Tsukiyama and Wu, 1995). In this report, 

we show that a key subunit of NURF is encoded by ISWI, 

a member of the SWl2/SNF2 family of ATPases. SW/2/ 

SNF2 was originally identified by genetic studies as a tran- 

scriptional activator that directly or indirectly counteracts 

the repressive effects of nucleosomal histones (for reviews 

see Winston and Carlson, 1992; Carlson and Laurent, 

1994; Peterson and Tamkun, 1995). The purified yeast 

SWl2/SNF2 multiprotein complex was subsequently found 

to have ATP-dependent nucleosome disruption activity in 

vitro (Cote et al., 1994), and similar results were obtained 

with partially purified, related human proteins (Imbalzano 

Figure 4. Schematic Comparison of ISWI and 

SWl26NF2 Family Members 

The Drosophila ISWI protein is compared with 

the human SNFZL protein and the yeast YE95 

and SWl2/SNF2 proteins. The positions of the 

bipartite ATP-binding site and other highly con- 

served blocks of sequence within the ATPase 

domain (Henikoff, 1993) are marked by closed 

boxes. Drosophila ISWI, yeast YB95, and hu- 

man SNF2L are highly related over their entire 

lengths; in contrast, the similarities between 

the ISWI and the SWl2/SNF2 proteins are 

limited solely to the DNA-dependent ATPase 

domain. 

200 a.a. 

et al., 1994; Kwon et al,, 1994). The remarkable conver- 

gence of the biochemical and genetic studies on two mem- 

bers of the SWl21SNF2 family underscores the importance 

of this group of ATPases as the energy-transducing com- 

ponents of independent multiprotein complexes with po- 

tential to alter the structure of chromatin. 

The SWIS/SNF2 Family of ATPases 
The discovery that ISWI is part of a chromatin remodeling 

complex suggests that other members of the SWl2/SNF2 

ATPasefamily mayplaysimilar roles in transcription. More 

than twenty members of this family have been identified 

and classified by molecular phylogenetic techniques (for 

review see Eisen et al., 1995). Those that are more closely 

related to ISWI and may have similar functions include 

STHl, an essential yeast protein (Laurent et al., 1992, 

1993), mouse CHDl (Delmas et al., 1993; Stokes and 

Perry, 1995), and yeast YEZ4 (Swiss-Prot accession num- 

ber P32657) proteins. In contrast, many other SWl2/SNF2 

family members are not involved in transcriptional activa- 

tion. Thus, a more cautious interpretation is that SWl2/ 

SNF2 family members share the common property of 

energy-dependent modulation of protein-DNA interac- 

tions in a variety of contexts. 

NURF and SWIISNF, Two Distinct Chromatin 
Remodeling Complexes 

Although NURF and the SWllSNF complex both perturb 

nucleosome structure in an ATP-dependent manner, the 

two complexes are quite distinct in size, in abundance, 

and in mode of contact with the nucleosome (Cote et al., 

1994; Tsukiyama and Wu, 1995). Perhaps the most reveal- 

ing distinction lies in the means by which the ATPase activ- 

ities of the SWVSNF and NURF complexes are stimulated. 

The ATPase activity of the SWllSNF complex is stimulated 

by DNA (Laurent et al., 1993; Cairns et al., 1994; C&e et 

al., 1994), while that of NURF is stimulated by assembled 

nucleosomes (Tsukiyama and Wu, 1995). These results 

suggest that the substrate for the SWVSNF complex is 

DNA in the nucleosome core particle or in the linker region, 

while the substrate for NURF is the combined DNA-his- 

tone complex, i.e., the nucleosome itself. It is possible that 

the underlying mechanism for nucleosome disruption by 

the two complexes is also different. 
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17

ヒストン修飾とヒストンコード仮説

K S K
9 1410

Me

PAc Ac

�	
�
��

���
����

��
����

���

�������

�����

ヒストンコード：ヒストン上に刻まれた情報
　複雑なヒストン修飾のバリエーション
　認識する多様な蛋白質

エピジェネティック情報

18

PEV(Position Effect Variegation)

19

!"#$%& ' ()* +,- ' ., "$/$0# 1,,, ' 22234567893:;< !"#

$%&'()*+

!"#$%&'()* )+ ,-.)/&'(*
0'.$,'$." 12 0('"304",(5, -(0')*" 67
/"'-2%'.&*0+".&0"0
8'"4-"* !"&=9 :.&*; <(0"*-&1".=9 =)>*&% ?@A&..)%%=9 B.(&* =C 8'.&-%>9 D$3E"* 8$*>9 F&*+."G 8,-/(G=9 8$0&**" ?4.&H(%=9 I&.% F",-'%".=9
A-.(0 JC J)*'(*#?9 AC =&H(G K%%(0> L M-)/&0 N"*$O"(*=

=!"#"$%&' ()#*+*,*" -. /-0"&,0$% 1$*'-0-23 4(/156 7'" 8+"))$ 9+-&")*"%6 :%; 9-'%2$##" <6 =>?@A@ 8+"))$6 =,#*%+$
>:"B$%*C")* -. 9+-&'"C+#*%3 $)D /-0"&,0$% E")"*+&#6 F)+G"%#+*3 -. 8+%2+)+$ H"$0*' I&+")&" J")*"%6 J'$%0-**"#G+00"6 8+%2+)+$ KKL@M6 FI=
?/!J6 N,)&*+-)$0 E")"*+&# F)+*6 :"B$%*C")* -. H,C$) =)$*-C3 $)D E")"*+&#6 F)+G"%#+*3 -. OP.-%D6 OQ? ARQ6 FS

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

!"# $%&'()*'+)$( $, -"%$.'+)( )(+$ ")&"#%/$%0#% 1+%2-+2%#1 )(32#(-#1 -"%$.$1$.# ,2(-+)$( '(0 #4)&#(#+)- &#(# %#&25'+)$(6
7)&"#%/$%0#% -"%$.'+)( "'1 8##( 4%$4$1#0 +$ 8# (2-5#'+#0 89 +"# -$:'5#(+ .$0);-'+)$( $, ")1+$(# +')51 '(0 +"# 1281#<2#(+
#1+'85)1".#(+ $, -"%$.$1$.'5 1280$.')(1 89 ($(/")1+$(# .$0);#% ,'-+$%16 7#%# =# 1"$= +"'+ "2.'( !"#$%&' '(0 .2%)(#
!()$%*'>.'..'5)'( "$.$5$&2#1 $, +,-.-/*012 !(3)2,4$5% '(0 $, !6*07-.266*2,-896:. /-8;: 61,<>#(-$0# ")1+$(#
7?/14#-);- .#+"95+%'(1,#%'1#1 +"'+ 1#5#-+):#59 .#+"95'+# 591)(# @ $, +"# '.)($ +#%.)(21 $, ")1+$(# 7? 0= )0>,-6 A# .'44#0 +"#
-'+'59+)- .$+), +$ +"# #:$52+)$('%)59 -$(1#%:#0 BC! 0$.')(D =")-" %#<2)%#1 '0E'-#(+ -91+#)(#/%)-" %#&)$(1 +$ -$(,#% ")1+$(#
.#+"95+%'(1,#%'1# '-+):)+96 F#+"95'+)$( $, 591)(# @ )(+#%,#%#1 =)+" 4"$14"$%95'+)$( $, 1#%)(# GHD 82+ )1 '51$ )(32#(-#0 89 4%#/
#I)1+)(& .$0);-'+)$(1 )( +"# '.)($ +#%.)(21 $, 7?6 ?= )0)-D 0#%#&25'+#0 !"#$%&' $% 0)1%24+#0 !()$%* '-+):)+9 .$025'+# 7? 1#%)(#
GH 4"$14"$%95'+)$( )( ('+):# -"%$.'+)( '(0 )(02-# '8#%%'(+ .)+$+)- 0):)1)$(16 J2% 0'+' %#:#'5 ' ,2(-+)$('5 )(+#%0#4#(0#(-# $, 1)+#/
14#-);- 7? +')5 .$0);-'+)$(1 '(0 12&&#1+ ' 09('.)- .#-"'()1. ,$% +"# %#&25'+)$( $, ")&"#%/$%0#% -"%$.'+)(6

@ABC98D;8E98 :C8;<56A4 AF 9FF946A5G H;8 9IAB9496A: B949 :;468;G 54E
H;8 6C9 H74:6A;45G ;8B54AJ56A;4 ;H :C8;<;F;<9F3 KAHH9894:9F A4
CABC98D;8E98 :C8;<56A4 F687:6789 C5L9 M994 GA4N9E 2A6C EAF6A4:6
:;L5G946 <;EAO:56A;4F ;H CAF6;49 65AGF 6C56 89B7G569 6854F:8AI6A;45G
P;4Q ;8 P;HH Q F6569F.RS 54E A4T794:9 :C8;<;F;<9 :;4E94F56A;4 54E
F9B89B56A;4+UV3 W;F6D6854FG56A;45G <;EAO:56A;4F ;H CAF6;49 ! 698D
<A4AU I586A:7G58GX ;H @+ 54E @SU 589 29GG E;:7<9469E 54E C5L9
H74:6A;45GGX M994 :C585:698AJ9E 5F :C54B9F A4 5:96XG56A;4.RSU
IC;FIC;8XG56A;4V 54EU <;F6 89:946GXU <96CXG56A;4-UY3 Z4 :;4685F6 6;
6C9 G58B9 47<M98 ;H E9F:8AM9E CAF6;49 5:96XG6854FH985F9F [@"#F\ 54E
CAF6;49 E95:96XG5F9F [@K"]F\U B949F 94:;EA4B 94JX<9F 6C56 89BD
7G569 IC;FIC;8XG56A;4^U_ ;8 <96CXG56A;4- ;H CAF6;49 ! 698<A4A 589
;4GX 4;2 M9A4B AE946AO9E3 `;89;L98U 6C9 A4698E9I94E94:9 ;H 6C9
EAHH98946 CAF6;49 65AG <;EAO:56A;4F H;8 6C9 A469B856A;4 ;H 6854F:8AID
6A;45G ;76I76 ;8 CABC98D;8E98 :C8;<56A4 ;8B54AJ56A;4 AF :788946GX
4;6 74E98F6;;E3
/9496A: F:8994F H;8 F7II89FF;8F ;H I;FA6A;4 9HH9:6 L58A9B56A;4

[W&(\ A4 :%-#-B'+0$., 54E I; B-CT".. C5L9 AE946AO9E 5 F7MH5<AGX ;H
5M;76 S,R+, G;:AU 2CA:C 589 89H9889E 6; 5F I,4G$%5DB8;7I.1 B949F3
09L985G CAF6;49 E95:96XG5F9F.SU.+U I8;69A4 IC;FIC565F9 6XI9 . [89H3 .V\
54E 0D5E94;FXG <96CA;4A49 FX46C965F9.- C5L9 M994 :G5FFAO9E 5F
M9G;4BA4B 6; 6C9 I,4G$%5 B8;7I3 Z4 :;4685F6U I,4G$%5K>U [2CA:C AF
5GG9GA: 6; H1?\.YU I,4G$%5A>< [89H3 .^\ 54E I,4G$%5A>L [89HF ._U 1,\
94:;E9 C9698;:C8;<56A4D5FF;:A569E I8;69A4F3 I,4G$%5 B949 H74:6A;4
6C7F F7BB9F6F 5 <;E9GU A4 2CA:C <;EAO:56A;4F 56 6C9 47:G9;F;<5G
G9L9G <5X A4A6A569 6C9 H;8<56A;4 ;H E9O49E :C8;<;F;<5G F7ME;D
<5A4F 6C56 589 6C94 F65MAGAJ9E 54E I8;I5B569E MX C9698;:C8;<56A:
0$[("%\ I8;69A4F1.3
I,4G$%5A>L AF E;<A4546 ;L98 <;F6 W&(<;EAO98<7656A;4F._U 54E

<76546F A4 6C9 :;889FI;4EA4B I; B-CT" &0%V B94911U EAF87I6 C9698;D
:C8;<56A4 5FF;:A56A;4 ;H ;6C98 <;EAHXA4B H5:6;8F 54E 89F7G6 A4
:C8;<;F;<9 F9B89B56A;4 E9H9:6F1S3 a9 AF;G569E I,4G$%5A>L C;<;D
G;B79F H8;< C7<54F [IF8ALH?\1+ 54E <A:9 [I,GAL'?\1+U 54E
FC;29E 6C56 6C9X 94:;E9 C9698;:C8;<56A: I8;69A4F 6C56 5FF;:A569
2A6C <5<<5GA54 @W. [89H3 1+\3 #C9 0$[("%\SD_ I8;69A4 H5<AGX
:;<MA49F 62; ;H 6C9 <;F6 9L;G76A;458AGX :;4F98L9E E;<5A4F

;H P:C8;<56A4 89B7G56;8FQb 6C9 :C8;<;1VU1- 54E 0&#1Y E;<5A4F3
aC9895F 6C9 -,D5<A4;D5:AE :C8;<; E;<5A4 89I89F946F 54 54:A946
CAF6;49DGAN9 H;GE1^ 6C56 EA89:6F 97:C8;<56A: ;8 C9698;:C8;<56A:
G;:5GAJ56A;4F1_U 6C9 <;G9:7G58 8;G9 ;H 6C9 .S,D5<A4;D5:AE 0&#
E;<5A4 C5F 89<5A49E 74N4;243 @989 29 89I;86 6C56 <5<<5GA54
0$(S_@. ;8 07LS_C I8;69A4F 589 0&#DE;<5A4DE9I94E946U @SD
FI9:AO: CAF6;49 <96CXG6854FH985F9F [@`#5F9F\ 2CA:C F9G9:6AL9GX
<96CXG569 GXFA49 _ [*XF _\ ;H 6C9 @S ! 698<A47Fc5 <;EAO:56A;4
6C56 5II958F A468A4FA:5GGX GA4N9E 6; 6C9 ;8B54AJ56A;4 ;H CABC98D;8E98
:C8;<56A43

!"# BC! 0$.')( '(0 .#+"95+%'(1,#%'1#1
#C9 9L;G76A;458AGX :;4F98L9E 0&# E;<5A4 25F A4A6A5GGX :C585:698D
AJ9E 5F 5 :;<<;4 <;6AH A4 6C9 W&(<;EAO98 0$[("%\SD_ [89H3 ._\U
6C9 1-03&-CTDB8;7I I8;69A4 &[d\S, 54E 6C9 *%+*'-%$PDB8;7I I8;69A4
#%eS.3 Z4 5EEA6A;4 6; 6C9F9 H;74EA4B :%-#-B'+0$ <9<M98FU 29
E969:69E 0&# E;<5A4 <;6AHF A4 ;L98 .+, B949 F9f794:9FS1

;H EAL98F9 54E 9L94 5465B;4AF6A: H74:6A;4F 854BA4B H8;<
I$&&'$%-C3&"# &"%"G+#+$" 6; <54U M76 5GF; A4:G7EA4B F;<9 M5:698A5
54E LA87F9F3 $FA4B 6C9 0&# E;<5A4F ;H 6C9 0$[("%\SD_ I8;69A4
H5<AGX 5F 5 F6586A4B 5GAB4<946U 29 AE946AO9E FAB4AO:546 F9f794:9
54E F9:;4E58XDF687:6789 FA<AG58A6A9F 6; FAg IG546 <96CXG6854FH985F9F
[hAB3 .\3 "G6C;7BC F;<9 ;H 6C9F9 IG546 F9f794:9F C5L9 M994 :G5FFAO9E
5F I;6946A5G CAF6;49 GXFA49 !D<96CXG6854FH985F9FU ;4GX ;49 C5F M994
H74:6A;45GGX :C585:698AJ9E 54E 25F H;74E 6; G5:N @`#5F9
5:6ALA6XSSUS+3 "GG FAg IG546 F9f794:9F :;465A4 54 A4F986A;4 ;H 5M;76
.,, 5<A4; 5:AEF A4 6C9 <AEEG9 ;H 6C9 0&# E;<5A4 54E E; 4;6
:;<I8AF9 5 0&#DE;<5A4D5FF;:A569E :XF69A49D8A:C 89BA;4 ;8 6C9
:58M;gXD698<A45G 65AG 2A6C A6F 6C899 :;4F98L9E :XF69A49F3 aC9895F
6C9 F9:;4E58X F687:6789 54E F9f794:9 FA<AG58A6A9F 9g694E ;L98 6C9
946A89 0&# E;<5A4 [E565 4;6 FC;24\U CABC9F6 AE946A6A9F 589 H;74E
A4 62; FC;86 5<A4;D5:AE F6896:C9F A4 6C9 ]D698<A45G C5GH ;H 6C9
0&# E;<5A4 :;89b !@0] 54E /&[g\Vi [F99 hAB3 .\3 )78 5GAB4D
<946 F7BB9F6F 5 MAI586A69 F687:6789 ;H 6C9 0&# E;<5A4U A4 2CA:C
6C9F9 62; :;4F98L9E <;6AHF <5X M9 ;H I586A:7G58 H74:6A;45G
A<I;8654:93

© 2000 Macmillan Magazines Ltd

!"#$%& ' ()* +,- ' ., "$/$0# 1,,, ' 22234567893:;< !"#

$%&'()*+

!"#$%&'()* )+ ,-.)/&'(*
0'.$,'$." 12 0('"304",(5, -(0')*" 67
/"'-2%'.&*0+".&0"0
8'"4-"* !"&=9 :.&*; <(0"*-&1".=9 =)>*&% ?@A&..)%%=9 B.(&* =C 8'.&-%>9 D$3E"* 8$*>9 F&*+."G 8,-/(G=9 8$0&**" ?4.&H(%=9 I&.% F",-'%".=9
A-.(0 JC J)*'(*#?9 AC =&H(G K%%(0> L M-)/&0 N"*$O"(*=

=!"#"$%&' ()#*+*,*" -. /-0"&,0$% 1$*'-0-23 4(/156 7'" 8+"))$ 9+-&")*"%6 :%; 9-'%2$##" <6 =>?@A@ 8+"))$6 =,#*%+$
>:"B$%*C")* -. 9+-&'"C+#*%3 $)D /-0"&,0$% E")"*+&#6 F)+G"%#+*3 -. 8+%2+)+$ H"$0*' I&+")&" J")*"%6 J'$%0-**"#G+00"6 8+%2+)+$ KKL@M6 FI=
?/!J6 N,)&*+-)$0 E")"*+&# F)+*6 :"B$%*C")* -. H,C$) =)$*-C3 $)D E")"*+&#6 F)+G"%#+*3 -. OP.-%D6 OQ? ARQ6 FS

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

!"# $%&'()*'+)$( $, -"%$.'+)( )(+$ ")&"#%/$%0#% 1+%2-+2%#1 )(32#(-#1 -"%$.$1$.# ,2(-+)$( '(0 #4)&#(#+)- &#(# %#&25'+)$(6
7)&"#%/$%0#% -"%$.'+)( "'1 8##( 4%$4$1#0 +$ 8# (2-5#'+#0 89 +"# -$:'5#(+ .$0);-'+)$( $, ")1+$(# +')51 '(0 +"# 1281#<2#(+
#1+'85)1".#(+ $, -"%$.$1$.'5 1280$.')(1 89 ($(/")1+$(# .$0);#% ,'-+$%16 7#%# =# 1"$= +"'+ "2.'( !"#$%&' '(0 .2%)(#
!()$%*'>.'..'5)'( "$.$5$&2#1 $, +,-.-/*012 !(3)2,4$5% '(0 $, !6*07-.266*2,-896:. /-8;: 61,<>#(-$0# ")1+$(#
7?/14#-);- .#+"95+%'(1,#%'1#1 +"'+ 1#5#-+):#59 .#+"95'+# 591)(# @ $, +"# '.)($ +#%.)(21 $, ")1+$(# 7? 0= )0>,-6 A# .'44#0 +"#
-'+'59+)- .$+), +$ +"# #:$52+)$('%)59 -$(1#%:#0 BC! 0$.')(D =")-" %#<2)%#1 '0E'-#(+ -91+#)(#/%)-" %#&)$(1 +$ -$(,#% ")1+$(#
.#+"95+%'(1,#%'1# '-+):)+96 F#+"95'+)$( $, 591)(# @ )(+#%,#%#1 =)+" 4"$14"$%95'+)$( $, 1#%)(# GHD 82+ )1 '51$ )(32#(-#0 89 4%#/
#I)1+)(& .$0);-'+)$(1 )( +"# '.)($ +#%.)(21 $, 7?6 ?= )0)-D 0#%#&25'+#0 !"#$%&' $% 0)1%24+#0 !()$%* '-+):)+9 .$025'+# 7? 1#%)(#
GH 4"$14"$%95'+)$( )( ('+):# -"%$.'+)( '(0 )(02-# '8#%%'(+ .)+$+)- 0):)1)$(16 J2% 0'+' %#:#'5 ' ,2(-+)$('5 )(+#%0#4#(0#(-# $, 1)+#/
14#-);- 7? +')5 .$0);-'+)$(1 '(0 12&&#1+ ' 09('.)- .#-"'()1. ,$% +"# %#&25'+)$( $, ")&"#%/$%0#% -"%$.'+)(6

@ABC98D;8E98 :C8;<56A4 AF 9FF946A5G H;8 9IAB9496A: B949 :;468;G 54E
H;8 6C9 H74:6A;45G ;8B54AJ56A;4 ;H :C8;<;F;<9F3 KAHH9894:9F A4
CABC98D;8E98 :C8;<56A4 F687:6789 C5L9 M994 GA4N9E 2A6C EAF6A4:6
:;L5G946 <;EAO:56A;4F ;H CAF6;49 65AGF 6C56 89B7G569 6854F:8AI6A;45G
P;4Q ;8 P;HH Q F6569F.RS 54E A4T794:9 :C8;<;F;<9 :;4E94F56A;4 54E
F9B89B56A;4+UV3 W;F6D6854FG56A;45G <;EAO:56A;4F ;H CAF6;49 ! 698D
<A4AU I586A:7G58GX ;H @+ 54E @SU 589 29GG E;:7<9469E 54E C5L9
H74:6A;45GGX M994 :C585:698AJ9E 5F :C54B9F A4 5:96XG56A;4.RSU
IC;FIC;8XG56A;4V 54EU <;F6 89:946GXU <96CXG56A;4-UY3 Z4 :;4685F6 6;
6C9 G58B9 47<M98 ;H E9F:8AM9E CAF6;49 5:96XG6854FH985F9F [@"#F\ 54E
CAF6;49 E95:96XG5F9F [@K"]F\U B949F 94:;EA4B 94JX<9F 6C56 89BD
7G569 IC;FIC;8XG56A;4^U_ ;8 <96CXG56A;4- ;H CAF6;49 ! 698<A4A 589
;4GX 4;2 M9A4B AE946AO9E3 `;89;L98U 6C9 A4698E9I94E94:9 ;H 6C9
EAHH98946 CAF6;49 65AG <;EAO:56A;4F H;8 6C9 A469B856A;4 ;H 6854F:8AID
6A;45G ;76I76 ;8 CABC98D;8E98 :C8;<56A4 ;8B54AJ56A;4 AF :788946GX
4;6 74E98F6;;E3
/9496A: F:8994F H;8 F7II89FF;8F ;H I;FA6A;4 9HH9:6 L58A9B56A;4

[W&(\ A4 :%-#-B'+0$., 54E I; B-CT".. C5L9 AE946AO9E 5 F7MH5<AGX ;H
5M;76 S,R+, G;:AU 2CA:C 589 89H9889E 6; 5F I,4G$%5DB8;7I.1 B949F3
09L985G CAF6;49 E95:96XG5F9F.SU.+U I8;69A4 IC;FIC565F9 6XI9 . [89H3 .V\
54E 0D5E94;FXG <96CA;4A49 FX46C965F9.- C5L9 M994 :G5FFAO9E 5F
M9G;4BA4B 6; 6C9 I,4G$%5 B8;7I3 Z4 :;4685F6U I,4G$%5K>U [2CA:C AF
5GG9GA: 6; H1?\.YU I,4G$%5A>< [89H3 .^\ 54E I,4G$%5A>L [89HF ._U 1,\
94:;E9 C9698;:C8;<56A4D5FF;:A569E I8;69A4F3 I,4G$%5 B949 H74:6A;4
6C7F F7BB9F6F 5 <;E9GU A4 2CA:C <;EAO:56A;4F 56 6C9 47:G9;F;<5G
G9L9G <5X A4A6A569 6C9 H;8<56A;4 ;H E9O49E :C8;<;F;<5G F7ME;D
<5A4F 6C56 589 6C94 F65MAGAJ9E 54E I8;I5B569E MX C9698;:C8;<56A:
0$[("%\ I8;69A4F1.3
I,4G$%5A>L AF E;<A4546 ;L98 <;F6 W&(<;EAO98<7656A;4F._U 54E

<76546F A4 6C9 :;889FI;4EA4B I; B-CT" &0%V B94911U EAF87I6 C9698;D
:C8;<56A4 5FF;:A56A;4 ;H ;6C98 <;EAHXA4B H5:6;8F 54E 89F7G6 A4
:C8;<;F;<9 F9B89B56A;4 E9H9:6F1S3 a9 AF;G569E I,4G$%5A>L C;<;D
G;B79F H8;< C7<54F [IF8ALH?\1+ 54E <A:9 [I,GAL'?\1+U 54E
FC;29E 6C56 6C9X 94:;E9 C9698;:C8;<56A: I8;69A4F 6C56 5FF;:A569
2A6C <5<<5GA54 @W. [89H3 1+\3 #C9 0$[("%\SD_ I8;69A4 H5<AGX
:;<MA49F 62; ;H 6C9 <;F6 9L;G76A;458AGX :;4F98L9E E;<5A4F

;H P:C8;<56A4 89B7G56;8FQb 6C9 :C8;<;1VU1- 54E 0&#1Y E;<5A4F3
aC9895F 6C9 -,D5<A4;D5:AE :C8;<; E;<5A4 89I89F946F 54 54:A946
CAF6;49DGAN9 H;GE1^ 6C56 EA89:6F 97:C8;<56A: ;8 C9698;:C8;<56A:
G;:5GAJ56A;4F1_U 6C9 <;G9:7G58 8;G9 ;H 6C9 .S,D5<A4;D5:AE 0&#
E;<5A4 C5F 89<5A49E 74N4;243 @989 29 89I;86 6C56 <5<<5GA54
0$(S_@. ;8 07LS_C I8;69A4F 589 0&#DE;<5A4DE9I94E946U @SD
FI9:AO: CAF6;49 <96CXG6854FH985F9F [@`#5F9F\ 2CA:C F9G9:6AL9GX
<96CXG569 GXFA49 _ [*XF _\ ;H 6C9 @S ! 698<A47Fc5 <;EAO:56A;4
6C56 5II958F A468A4FA:5GGX GA4N9E 6; 6C9 ;8B54AJ56A;4 ;H CABC98D;8E98
:C8;<56A43

!"# BC! 0$.')( '(0 .#+"95+%'(1,#%'1#1
#C9 9L;G76A;458AGX :;4F98L9E 0&# E;<5A4 25F A4A6A5GGX :C585:698D
AJ9E 5F 5 :;<<;4 <;6AH A4 6C9 W&(<;EAO98 0$[("%\SD_ [89H3 ._\U
6C9 1-03&-CTDB8;7I I8;69A4 &[d\S, 54E 6C9 *%+*'-%$PDB8;7I I8;69A4
#%eS.3 Z4 5EEA6A;4 6; 6C9F9 H;74EA4B :%-#-B'+0$ <9<M98FU 29
E969:69E 0&# E;<5A4 <;6AHF A4 ;L98 .+, B949 F9f794:9FS1

;H EAL98F9 54E 9L94 5465B;4AF6A: H74:6A;4F 854BA4B H8;<
I$&&'$%-C3&"# &"%"G+#+$" 6; <54U M76 5GF; A4:G7EA4B F;<9 M5:698A5
54E LA87F9F3 $FA4B 6C9 0&# E;<5A4F ;H 6C9 0$[("%\SD_ I8;69A4
H5<AGX 5F 5 F6586A4B 5GAB4<946U 29 AE946AO9E FAB4AO:546 F9f794:9
54E F9:;4E58XDF687:6789 FA<AG58A6A9F 6; FAg IG546 <96CXG6854FH985F9F
[hAB3 .\3 "G6C;7BC F;<9 ;H 6C9F9 IG546 F9f794:9F C5L9 M994 :G5FFAO9E
5F I;6946A5G CAF6;49 GXFA49 !D<96CXG6854FH985F9FU ;4GX ;49 C5F M994
H74:6A;45GGX :C585:698AJ9E 54E 25F H;74E 6; G5:N @`#5F9
5:6ALA6XSSUS+3 "GG FAg IG546 F9f794:9F :;465A4 54 A4F986A;4 ;H 5M;76
.,, 5<A4; 5:AEF A4 6C9 <AEEG9 ;H 6C9 0&# E;<5A4 54E E; 4;6
:;<I8AF9 5 0&#DE;<5A4D5FF;:A569E :XF69A49D8A:C 89BA;4 ;8 6C9
:58M;gXD698<A45G 65AG 2A6C A6F 6C899 :;4F98L9E :XF69A49F3 aC9895F
6C9 F9:;4E58X F687:6789 54E F9f794:9 FA<AG58A6A9F 9g694E ;L98 6C9
946A89 0&# E;<5A4 [E565 4;6 FC;24\U CABC9F6 AE946A6A9F 589 H;74E
A4 62; FC;86 5<A4;D5:AE F6896:C9F A4 6C9 ]D698<A45G C5GH ;H 6C9
0&# E;<5A4 :;89b !@0] 54E /&[g\Vi [F99 hAB3 .\3 )78 5GAB4D
<946 F7BB9F6F 5 MAI586A69 F687:6789 ;H 6C9 0&# E;<5A4U A4 2CA:C
6C9F9 62; :;4F98L9E <;6AHF <5X M9 ;H I586A:7G58 H74:6A;45G
A<I;8654:93

© 2000 Macmillan Magazines Ltd

!"#$%&'(

)*+ !"#$%& ' ()* +,- ' ., "$/$0# 1,,, ' 22234567893:;<

!"#$%& ' !"#$"%&" '()(*+,(-. /0 !12 3/)+(%' 4(-5 6*+%- )"-5.*-,+%'0",+'"'7 2/68 -5" 9:;

+)(%/ +&(3' /0 5$)+% !<=>?@: 6,/-"(%8 5(A5*(A5-(%A -5" &5,/)/ 3/)+(% B,"3 C/DE8 -5"

FG-",)(%+* !12 3/)+(% BC*+&H C/DI ,"'(3$"' ;9?J>KLE +%3 !12 3/)+(%G+''/&(+-"3

&.'-"(%"G,(&5 ,"A(/%' BA,". '5+3(%AE;98>L7 M/--/)8 +)(%/G+&(3 +%3 '"&/%3+,. '-,$&-$,"8

!G'5""- BCE /, "G5"*(D B5E8 '()(*+,(-("' /0 -5" FG-",)(%+* 5+*N"' /0 !12 3/)+(% '"#$"%&"'

0,/) 5$)+% !<=>?@: B,"07 ;9E8 )$,(%" !$N>?5: B,"07 ;9E8 )$,(%" !$N>?5; BO7 PQF7 !" #$%8

)+%$'&,(6- (% 6,"6+,+-(/%E8 &'()(*+,$# !<B=RSE>G? B,"07 :?E8 + -% !$!.#/) !<B=RSE>G?G*(H"

/6"% ,"+3(%A 0,+)" F:L@::7L BFRMT;K>KE8 0% *(12! FUS9 B,"07 ;;E8 5$)+% 1V@;

B,"07 >WE8 -5" 5$)+% -,(-5/,+D 5/)/*/A$" @SX>K +%3 Y2+'"' 0,/) 3% )#",451 B,$C('&/ *'G

Y2E>>8>9 +%3 6% "+#$,#/# BPWL;:ZE7 25" 6*+%- Y2+'" '"#$"%&"' &/%-+(% +% (%'",-(/% /0

+C/$- :TT +)(%/ +&(3' (% -5" )(33*" /0 -5" !12 3/)+(% B+,,/4E7 F.'-"(%" +%3 5('-(3(%"

,"'(3$"' +," 5(A5*(A5-"3 (% 6(%H8 +%3 (3"%-(&+* +)(%/G+&(3 6/'(-(/%' (% +- *"+'- ? /0 -5" :T

!12 3/)+(%' +," 5(A5*(A5-"3 (% A,""%7

!"#$%& ( @('-/%" )"-5.*-,+%'0",+'" +&-(N(-. /0 -,+%'0"&-"3 +%3 ,"&/)C(%+%- !<=>?@: +%3

!$N>?5: 6,/-"(%'7 )8 2,(6*" ).&G-+AA"3 0$**G*"%A-5 5$)+% !<=>?@: B,"'(3$"' >J9:;E /,

+ FG-",)(%+**. -,$%&+-"3 !<=>?@: 6,/-"(% B,"'(3$"' >J::ZE 4"," ())$%/6,"&(6(-+-"3

0,/) ['-+C*.Q -,+%'0"&-"3 @"U+ &"** *(%"'>L +%3 $'"3 (% ,/ 4,"'( @Y2+'" ,"+&-(/%' 4(-5 0,""

5('-/%"' +' '$C'-,+-"' +%3 !G+3"%/'.*G\)"-5.*G:9F]GUG)"-5(/%(%" +' )"-5.* 3/%/,7

F//)+''(" '-+(% B-/6 6+%"*E '5/4' 6$,(^"3 6,/-"(%' B+,,/45"+3'E +%3 0,"" 5('-/%"' B3/-'E7

_*$/,/A,+65. BC/--/) 6+%"*E (%3(&+-"' @> @Y2+'" +&-(N(-. /0 B).&E>J!<=>?@:7

*8 S"&/)C(%+%- `!2 0$'(/% 6,/-"(%' "%&/3(%A 3(00","%- 3/)+(%' /0 )$,(%" !$N>?5: 4","

$'"3 (% (%&,"+'(%A 6,/-"(% &/%&"%-,+-(/%' 0/, ,/ 4,"'( @Y2+'" ,"+&-(/%' 4(-5 0,"" 5('-/%"'7

+8 RC/$- :T#A /0 -5" (%3(&+-"3 0$'(/% 6,/-"(%' "%&/3(%A `!2J!<=:BZ;J9:;E B5$)+%

!<=>?@:E +%3 '"N"% `!2J!<=>?@: )$-+%-' 4"," +%+*.'"3 (% ,/ 4,"'( @Y2+'" ,"+&-(/%'

4(-5 0,"" 5('-/%"'7 _/, -5" 5.6",+&-(N" @>;TS )$-+%-8 /%*. :#A B:TaE /0 -5"

&/,,"'6/%3(%A 0$'(/% 6,/3$&- 4+' $'"37

© 2000 Macmillan Magazines Ltd

!"#$%&'(

)*+ !"#$%& ' ()* +,- ' ., "$/$0# 1,,, ' 22234567893:;<

!"#$%& ' !"#$"%&" '()(*+,(-. /0 !12 3/)+(%' 4(-5 6*+%- )"-5.*-,+%'0",+'"'7 2/68 -5" 9:;

+)(%/ +&(3' /0 5$)+% !<=>?@: 6,/-"(%8 5(A5*(A5-(%A -5" &5,/)/ 3/)+(% B,"3 C/DE8 -5"

FG-",)(%+* !12 3/)+(% BC*+&H C/DI ,"'(3$"' ;9?J>KLE +%3 !12 3/)+(%G+''/&(+-"3

&.'-"(%"G,(&5 ,"A(/%' BA,". '5+3(%AE;98>L7 M/--/)8 +)(%/G+&(3 +%3 '"&/%3+,. '-,$&-$,"8

!G'5""- BCE /, "G5"*(D B5E8 '()(*+,(-("' /0 -5" FG-",)(%+* 5+*N"' /0 !12 3/)+(% '"#$"%&"'

0,/) 5$)+% !<=>?@: B,"07 ;9E8 )$,(%" !$N>?5: B,"07 ;9E8 )$,(%" !$N>?5; BO7 PQF7 !" #$%8

)+%$'&,(6- (% 6,"6+,+-(/%E8 &'()(*+,$# !<B=RSE>G? B,"07 :?E8 + -% !$!.#/) !<B=RSE>G?G*(H"

/6"% ,"+3(%A 0,+)" F:L@::7L BFRMT;K>KE8 0% *(12! FUS9 B,"07 ;;E8 5$)+% 1V@;

B,"07 >WE8 -5" 5$)+% -,(-5/,+D 5/)/*/A$" @SX>K +%3 Y2+'"' 0,/) 3% )#",451 B,$C('&/ *'G

Y2E>>8>9 +%3 6% "+#$,#/# BPWL;:ZE7 25" 6*+%- Y2+'" '"#$"%&"' &/%-+(% +% (%'",-(/% /0

+C/$- :TT +)(%/ +&(3' (% -5" )(33*" /0 -5" !12 3/)+(% B+,,/4E7 F.'-"(%" +%3 5('-(3(%"

,"'(3$"' +," 5(A5*(A5-"3 (% 6(%H8 +%3 (3"%-(&+* +)(%/G+&(3 6/'(-(/%' (% +- *"+'- ? /0 -5" :T

!12 3/)+(%' +," 5(A5*(A5-"3 (% A,""%7

!"#$%& ( @('-/%" )"-5.*-,+%'0",+'" +&-(N(-. /0 -,+%'0"&-"3 +%3 ,"&/)C(%+%- !<=>?@: +%3

!$N>?5: 6,/-"(%'7 )8 2,(6*" ).&G-+AA"3 0$**G*"%A-5 5$)+% !<=>?@: B,"'(3$"' >J9:;E /,

+ FG-",)(%+**. -,$%&+-"3 !<=>?@: 6,/-"(% B,"'(3$"' >J::ZE 4"," ())$%/6,"&(6(-+-"3

0,/) ['-+C*.Q -,+%'0"&-"3 @"U+ &"** *(%"'>L +%3 $'"3 (% ,/ 4,"'( @Y2+'" ,"+&-(/%' 4(-5 0,""

5('-/%"' +' '$C'-,+-"' +%3 !G+3"%/'.*G\)"-5.*G:9F]GUG)"-5(/%(%" +' )"-5.* 3/%/,7

F//)+''(" '-+(% B-/6 6+%"*E '5/4' 6$,(^"3 6,/-"(%' B+,,/45"+3'E +%3 0,"" 5('-/%"' B3/-'E7

_*$/,/A,+65. BC/--/) 6+%"*E (%3(&+-"' @> @Y2+'" +&-(N(-. /0 B).&E>J!<=>?@:7

*8 S"&/)C(%+%- `!2 0$'(/% 6,/-"(%' "%&/3(%A 3(00","%- 3/)+(%' /0 )$,(%" !$N>?5: 4","

$'"3 (% (%&,"+'(%A 6,/-"(% &/%&"%-,+-(/%' 0/, ,/ 4,"'( @Y2+'" ,"+&-(/%' 4(-5 0,"" 5('-/%"'7

+8 RC/$- :T#A /0 -5" (%3(&+-"3 0$'(/% 6,/-"(%' "%&/3(%A `!2J!<=:BZ;J9:;E B5$)+%

!<=>?@:E +%3 '"N"% `!2J!<=>?@: )$-+%-' 4"," +%+*.'"3 (% ,/ 4,"'( @Y2+'" ,"+&-(/%'

4(-5 0,"" 5('-/%"'7 _/, -5" 5.6",+&-(N" @>;TS )$-+%-8 /%*. :#A B:TaE /0 -5"

&/,,"'6/%3(%A 0$'(/% 6,/3$&- 4+' $'"37

© 2000 Macmillan Magazines Ltd

20



ヒストンのメチル化とサイレンシング
ヘテロクロマチン形成に関与するSUV39H1

H3-K9 メチル化酵素
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HP1(heterochromatin protein 1)

SUV39H1
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遺伝子サイレンシング

出芽酵母テロメアのへテロクロマチン化

���

	��	�

�����
��
������

����

���

������

������	�
����

����������


22

DNAメチル化とヒストンメチル化
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Chromatin Structures

Mitotic Chromosome

M phase
condensed chromatin

30nm fiber30nm fiber

euchromatin
heterochromatin

Nucleosomes

Nucleosome Core: H2A, H2B, H3, H4

Histone modifications (Acetylation, 
Methylation, Phosphorylation, etc)
Histone variants (H2A.Z, H3.3, CENP-A, etc)
Non histone proteins (HP-1, HMGs, etc)

Histone Modifiers (HAT, HDAC, HMT, etc)
ATP-dependent Remodelers (SWI/SNF, etc)
Histone chaperones        Laskey et al., Nature (1978)

H4

H2A

H3

H2B

Luger et al., Nature (1997)

24


