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ReviewCellular Memory
and the Histone Code

histones are shown in Figure 1. These modifications are
not just a means of reorganizing nucleosome structure,
but provide a rich source of epigenetic information. It
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has been suggested that specific tail modifications, orUniversity of Birmingham Medical School
combinations thereof, constitute a code that definesBirmingham B15 2TT
actual or potential transcriptional states (Jenuwein andUnited Kingdom
Allis, 2001; Richards and Elgin, 2002; Spotswood and
Turner, 2002). The code is set by histone modifying en-
zymes of defined specificity and read by nonhistone
proteins that bind in a modification-sensitive manner.The histone tails on the nucleosome surface are sub-
In order to realize its full information carrying potential,ject to enzyme-catalyzed modifications that may, sin-
the code must use combinations of modifications. Thisgly or in combination, form a code specifying patterns
requires not only proteins that can read such combinedof gene expression. Recent papers provide insights
modifications, but mechanisms by which they can beinto how a combinatorial code might be set and read.
put in place and maintained. Recent papers have pro-They show how modification of one residue can influ-
vided new insights into how specific combinations ofence that of another, even when they are located on
tail modification might be generated and revealed mech-different histones, and how modifications at specific
anisms by which the modification of one residue cangenomic locations might be perpetuated on newly as-
determine that of another.sembled chromatin.

Interplay of Modifications in cisIt is an obvious but easily forgotten truth that cells must
Selected lysines and arginines can be methylated in thehave a mechanism for remembering who they are. A
N-terminal tail domains of H3 and H4 (Figure 1). Thecell’s identity is defined by its characteristic pattern of
enzymes responsible, the histone methyl transferasesgene expression and silencing, so remembering who it is
(HMT), are either lysine or arginine specific and severalconsists of maintaining that pattern of gene expression
have now been identified and characterized (Zhang andthrough the traumas of DNA replication, chromatin as-
Reinberg, 2001). In higher eukaryotes, two H3 lysines,sembly, and the radical DNA repackaging that accompa-
K4 and K9, are commonly methylated. They seem tonies mitosis. The mechanisms by which around 2 m of
have complementary functions, with methyl K4 beingDNA is packaged into the cell nucleus while remaining
enriched in transcriptionally active regions and methylfunctional border on the miraculous and are still poorly
K9 in silent regions, particularly heterochromatin (seeunderstood. However, we do know more about the first
Zhang and Reinberg, 2001; Richards and Elgin, 2002,stage in this packaging process, the nucleosome core
for references). In vitro peptide binding assays and im-

particle. This structure comprises an octamer of core
munolocalization have provided strong evidence that

histones (two each of H2A, H2B, H3, and H4), around
heterochromatin formation is mediated by the preferen-

which are wrapped 146 base pairs of DNA in 1 3/4 super-
tial binding of the heterochromatin protein HP1 to chro-

helical turns (Luger et al., 1997). The reduction in DNA matin in which H3 tails are methylated at K9 (Nielsen et
length produced by this histone-induced supercoiling al., 2002; Jacobs and Khorasanizadeh, 2002, and refer-
is modest, but is an essential first step in the formation ences therein). Methylation of H3 K9 in mammals is
of higher-order chromatin structures. In recent years it carried out by the enzyme SUV39H (Rea et al., 2000)
has become clear that the nucleosome has an additional and in fission yeast by the homologous enzyme Clr4.
role, perhaps equally important and conserved, namely Reinberg and colleagues (Nishioka et al., 2002a) have
regulation of gene expression. Particularly exciting is the isolated from HeLa cells an enzyme designated Set9,
growing probability that the nucleosome can transmit which catalyzes the methylation of H3 specifically at
epigenetic information from one cell generation to the lysine 4. It is homologous to the budding yeast enzyme
next and has the potential to act, in effect, as the cell’s Set1. The various histone (lysine) methyl transferases
memory bank. featured in this review are listed in Table 1.

This information storage function resides primarily in Using in vitro peptide binding assays, Nishioka and
the amino-terminal tails of the four core histones. The colleagues show that methylation of H3 K4 has two
tails are exposed on the nucleosome surface and are potentially important functional effects. First, the prefer-
subject to a variety of enzyme-catalyzed, posttransla- ential association of the NuRD chromatin remodeling
tional modifications of selected amino acids, including and deacetylase complex with the H3 tail is inhibited by
lysine acetylation, lysine and arginine methylation, ser- K4 (but not K9) methylation, a finding also reported by
ine phosphorylation, and attachment of the small pep- Zegerman et al. (2002). Second, the in vitro methylation
tide ubiquitin (Spotswood and Turner, 2002). Potential of H3 K9 by purified SUV39H complexes is strongly
sites of posttranslational modification on nucleosomal inhibited if the H3 peptide substrate is methylated at

K4. Thus, methylation of H3 K4 by Set9 has the ability
to block both chromatin remodeling/deacetylation and
methylation of H3 K9 by SUV39H, thereby preventing1Correspondence: b.m.turner@bham.ac.uk
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Figure 1. Histone Modifications on the Nu-
cleosome Core Particle

The nucleosome core particle showing 6 of
the 8 core histone N-terminal tail domains
and 2 C-terminal tails. Sites of posttransla-
tional modification are indicated by colored
symbols that are defined in the key (lower
left); acK, acetyl lysine; meR, methyl arginine;
meK, methyl lysine; PS, phosphoryl serine;
and uK, ubiquitinated lysine. Residue num-
bers are shown for each modification. Note
that H3 lysine 9 can be either acetylated or
methylated. The C-terminal tail domains of
one H2A molecule and one H2B molecule are
shown (dashed lines) with sites of ubiquitina-
tion at H2A lysine 119 (most common in mam-
mals) and H2B lysine 123 (most common in
yeast). Modifications are shown on only one
of the two copies of histones H3 and H4 and
only one tail is shown for H2A and H2B. Sites
marked by green arrows are susceptible to
cutting by trypsin in intact nucleosomes. Note
that the cartoon is a compendium of data
from various organisms, some of which may
lack particular modifications (e.g., there is no
H3meK9 in S. cerevisiae). Adapted from
Spotswood and Turner (2002).

the placement of a silencing mark to be read by HP1. H4 specifically at lysine 20 (Fang et al., 2002; Nishioka
et al., 2002b; Rice et al., 2002). The native enzyme isThese interactions are summarized in Figure 2. The data

complements earlier work showing that phosphorylation highly specific for nucleosomal H4 K20. Some results
suggest that the functional effects of H4meK20 may beof H3 S10 and, not surprisingly, acetylation of H3 K9

both prevented K9 methylation by SUV39H in vitro (Rea modulated by acetylation of H4 K16 or vice versa. For
example, Rice and colleagues present immunofluores-et al., 2000; Zhang and Reinberg, 2001). In the same

assays, acetylation of H3 K14 caused only a modest cence and Western blotting data to show that H4meK20
levels vary through the cell cycle, being highest in mito-reduction in K9 methylation. However, fission yeast mu-

tants deficient in the H3 K14-specific histone deacety- sis (where H4acK16 levels are lowest) and lowest in S
phase (where H4acK16 levels are highest). Also,lase (HDAC) Clr3 also showed reduced H3 K9 methyla-

tion (Nakayama et al., 2001), leaving open the possibility H4meK20 levels are low on the male polytene X chromo-
some in Drosophila, a chromosome marked by relativelyof a functional interaction between these two modifica-

tions (Figure 2). It is interesting to note that there is high levels of H4acK16 and increased transcription. It
may be that H4meK20 is a mark associated with chroma-evidence of physical interaction between the Drosophila

HMT SU(VAR)3-9 and a histone deacetylase (Czermin tin condensation and reduced transcription, whereas
H4acK16 specifies just the opposite chromatin stateet al., 2001) and also between the HAT CBP and a methyl

transferase activity (Vandel and Trouche, 2000). (Rice et al., 2002). However, this attractive idea is not
consistent with other results, using similar approaches,Further evidence for a possible interaction between

methylation and acetylation comes from three papers but a different antibody to H4meK20. These show that
levels of H4meK20 are highest during S phase and low-identifying an enzyme (SET8, Table 1) that methylates

Table 1. Histone Methyltransferases (HMT) Referred to in the Text and Their Specificities

Enzyme
Primary Specificity S. cerevisiae S. pombe Drosophila Mammals

H3K4 Set1 Set1 Set9a

H3K9 -b Clr4 SU(VAR)3-9c SUV39Hd

H3K27 E(Z)e G9ae

H3K36 Set2
H3K79 Dot1 DOT1L
H4K20 -f dSET8 SET8/PR-Set7g

H3K9,K27, H4K20 ASH1

a Nishioka et al. (2002a); originally designated Set7 by Wang et al. (2001).
b There is no detectable H3 K9 methylation in S. cerevisiae.
c Suppressor of position effect Variegation
d Human nomenclature (Suv39h in mice); there are two homologs and the enzyme is sometimes referred to as SUV39H1/2.
e E(Z) and G9a also methylate H3 K9 (Tachibana et al., 2001; Czermin et al., 2002). E(Z) � Enhancer of Zeste.
f No H4meK20 detected by Western blotting in S. cerevisiae (Nishioka et al., 2002b).
g Alternative nomenclature from different groups (Nishioka et al., 2002b; Müller et al., 2002; Feng et al., 2002).
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Figure 2. Modifications of the Histone H3
N-Terminal Tail Interact through Their Effects
on Chromatin Modifying Enzymes

The amino acid sequence of the H3 N-ter-
minal tail domain is shown in single letter
code. Residues on the N-terminal side of the
trypsin cutting site (arrowed) are accessible
on the nucleosome surface. Only those resi-
dues highlighted in yellow have been located
in nucleosome core particle crystals (Luger
et al., 1997). Lysines (K) and arginines (R) that
can be methylated are blocked in blue, ly-
sines that can be acetylated are in red, and
the serine (S) that can be phosphorylated is
in green. Lysine 9 can be either acetylated or
methylated and is blocked in violet. The

enzyme Set9 methylates H3 lysine 4 specifically. Methylation of this residue prevents association of the H3 tail with the NuRD chromatin
remodeling and deacetylase complex and the SUV39H histone methyl transferase. Methylation of H3 K9 by SUV39H is also prevented or
inhibited by acetylation of K9, phosphorylation of S10, and possibly, acetylation of K14. Methylation of K9 is enhanced by removal of K9 and
K14 acetates by deacetylases (HDAC) such as the yeast enzyme Clr3. Methylation of H3 K9 facilitates binding of the heterochromatin protein
HP1. For references, see text.

est during mitosis (Fang et al., 2002). The explanation seen in cells in which H3 K4 (but not K9) is substituted
with arginine or alanine. Several genes in yeast, in addi-for this discrepancy may lie in the detailed specificities

of the antisera involved, and it raises an interesting and tion to SET1, are known to be required for efficient telo-
meric and rDNA silencing, and in a recent paper, Sunimportant issue. Suppose that two antisera, both spe-

cific for H4meK20, differ in that one is inhibited by acet- and Allis (2002) ask whether mutation of any of these
might also alter H3 K4 methylation. They find that muta-ylation at H4K16, whereas the other is unaffected. The

antiserum that fails to recognize H4 tails that are also tions in just one, RAD6, completely abolish H3 K4 meth-
ylation detected by Western blotting. The same resultacetylated at K16, but not its acetylation-insensitive

counterpart, will give weak staining where H4 acetyla- has been reported by Dover et al. (2002), who screened
a bank of yeast mutant strains for levels of H3 K4 methyl-tion is high, irrespective of the actual level of K20 methyl-

ation. It is perfectly possible for two antisera to differ in ation, also by Western blotting.
The Rad6 protein is a ubiquitin conjugating enzymethis way, even ones raised in parallel using the same

peptide immunogens. This experimental issue is easily involved in many cellular processes, including gene si-
lencing, DNA repair, and sporulation. Rad6 attaches theresolved by testing the antisera involved with the appro-

priate doubly modified peptides, but the general point 76 amino acid peptide ubiquitin to selected protein ly-
sines via an isopeptide bond, thereby targeting theseit raises is an important one, namely that it is crucial to

know exactly how the binding properties of a specific proteins for degradation by the proteasome system (see
Sun and Allis, 2002, for references). Certain histone ly-antiserum are influenced by modification of residues

adjacent to its primary target. Such information allows sines are also targets for ubiquitination, and Rad6 in
yeast is the major activity responsible for attachment ofresults to be interpreted in terms of combinations of

modification on the same histone tail (i.e., in cis) and ubiquitin to lysine 123 in the C-terminal tail of H2B (Fig-
ure 1). This activity seems to provide the link to H3will not only minimize the possible misinterpretation of

experimental findings, but will raise antibody-based methylation because substitution of H2B lysine 123 with
an alanine, thereby preventing ubiquitination, also abol-analysis of the histone code to a new level of detail. In

this regard, it should be noted that the lysine �-amino ished methylation of H3 lysine 4 (Sun and Allis, 2002).
This substitution mutant also showed defective silenc-group can carry one, two, or three methyl moieties. All

three levels of methylation occur in vivo and seem to ing at telomeres.
The effect on telomeric silencing may be related to aexert different functional effects (Santos-Rosa et al.,

2002). Antibodies may recognize one level of methyla- second remarkable property of H2B K123 substitution
and rad6 deletion mutants, namely the complete ab-tion but not another.
sence of methylation at H3 lysine 79 (Briggs et al., 2002).
H3 K79 is located in the globular domain of the histone,Interplay of Modifications in trans

The results outlined so far are not altogether unex- far away from the N-terminal tail, but is exposed (i.e.,
potentially accessible in vivo) on the upper and lowerpected. Posttranslational modifications within or adja-

cent to sites of protein-protein interaction are likely to faces of the core particle (Figure 1). Around 90% of H3
molecules are methylated at this site in wild-type cellshave some sort of effect on that interaction. However,

recent experiments in yeast to investigate how H3 K4 (van Leeuwen et al., 2002). H3 K79 methylation is carried
out exclusively by the enzyme Dot1, an unusual HMTmethylation itself is regulated have revealed a much

more surprising relationship. In budding yeast, H3 K4 that lacks a SET domain (Feng et al., 2002; Ng et al.,
2002; van Leeuwen et al., 2002). dot1 mutants are defec-methylation requires the SET1 gene and strains carrying

mutations of SET1 not only lack H3 K4 methylation but tive in telomeric silencing. Thus, Rad6-catalyzed ubiqui-
tination of H2B K123 seems to be essential for methyla-show a slow-growth phenotype with loss of silencing of

rDNA genes (Bryk et al., 2002). A similar phenotype is tion of both H3 K4 and H3 K79 and, consequently, for
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appropriate patterns of gene silencing. A third H3 meth- sheltered from methylation in wild-type cells. The hy-
ylation site in S. cerevisiae, lysine 36, shows no change pothesis was consistent with ChIP data and the proper-
in methylation level in either rad6 or H2B K123 substitu- ties of dot1 and H3 K79 substitution mutants, but there
tion mutants, so there is no generic effect of H2B ubiqui- is as yet no biochemical data to show how H3 K79
tination on histone methylation, nor does it alter levels methylation might influence, directly or indirectly, bind-
of the methylating enzymes Set1 and Dot1 (Sun and ing of Sir proteins to the nucleosome.
Allis, 2002). The trans interactions discussed so far all relate to

What might be the mechanism by which modification the mechanisms by which the histone code is set. In a
of one histone tail determines that of another? Sun and recent paper, Sauer and colleagues (Beisel et al., 2002)
Allis show that H3 K4 methylation and H2B ubiquitina- show that they can also determine how the code is
tion occur on the same nucleosome, but also point out read. They show that the Drosophila epigenetic activator
a large overall difference in frequency between the two ASH1 (Absent, Small or Homeotic discs 1), is a histone
modifications, with about 35% of H3 molecules methyl- methyltransferase with a rather broad substrate speci-
ated at K4 and less than 5% of H2B molecules ubiquiti- ficity, methylating H3 at lysines 4 and 9 and H4 at lysine
nated at K123. It is suggested that ubiquitination of H2B 20. They present a powerful mix of genetic and biochem-
on a single nucleosome acts as a “wedge” to open ical evidence to show that this combination of methyl-
up a stretch of chromatin, making other nucleosomes ated lysines both facilitates binding of the activator
accessible to the Set1 methylating enzyme. This re- BRAHMA (an ATPase component of a SWI/SNF-like re-
quires Set1 to be capable of methylating H3 K4 on modeling complex) and inhibits binding of epigenetic
nucleosomes in which H2B is not ubiquitinated. Alterna- repressors such as polycomb (PC) and HP1. Thus, in
tively, the different frequencies of methylation and ubi- the presence of H3meK4 and H4meK20, H3meK9 is not
quitination could reflect their different turnover rates. a determinant of silencing. Instead, it is part of a combi-
Methylation is usually a stable modification (Zhang and nation of marks that constitutes a binding platform for
Reinberg, 2001) and could be retained long after the a BRAHMA-containing remodeling complex and thereby
ubiquitin, which allowed its attachment in the first place, maintains a transcriptionally active state.
has been lost. In this case, ubiquitination of H2B K123
could be an absolute requirement for Set1-catalyzed Memory Mechanisms
methylation of H3 K4 and K79. Histone acetylation does not provide an obvious candi-

There are other puzzles. For one, it is by no means date for a component of cellular memory, in that it is
clear how H3 K4 methylation relates to silencing. By generally a dynamic modification, maintained by the
combining chromatin immunoprecipitation (ChIP) with ongoing activity of histone acetyltransferases (HATs)
DNA microarray analysis, Bernstein et al. (2002) have and deacetylases (HDACs). However, it has been known
shown that in budding yeast, levels of H3 K4 methylation for some time that certain bromodomains, sequence
along coding regions show a strong positive correlation elements found in many chromatin-associated proteins
with levels of transcription. Silent regions, including and most HATs (Zeng and Zhou, 2002), bind preferen-
rDNA genes, are relatively undermethylated. This pat-

tially to acetylated peptides in in vitro binding assays,
tern of association is consistent with results in higher

leading to speculation that acetylated histone tails could
eukaryotes but argues against the proposition that Set1-

form targets for the binding of bromodomain-containing
mediated H3 K4 methylation in the chromatin packaging

proteins in vivo. Recent experiments provide direct evi-rDNA is itself responsible for silencing.
dence for this.A second puzzle is highlighted by the thorough mass

Hassan et al. (2002) in this issue of Cell use nucleo-spectrometric analysis of H3 K79 methylation levels re-
some arrays attached to magnetic beads to study theported by van Leeuwen et al. (2002). About 90% of H3
binding of the SWI/SNF chromatin remodeling complexmolecules in wild-type yeast are methylated at K79, with
and the SAGA and NuA4 HAT complexes to chromatinmost (about 50%) being trimethylated, a finding that
in vitro. The SWI/SNF complex is attracted to chromatinargues against a role for this modification itself as a
by the activator Gal4-VP16 (the assembled arrays con-silencing signal at telomeres or anywhere else. This high
tain a block of four Gal4 binding sites). The authors havefrequency of methylation is consistent with earlier work
shown previously that prior acetylation of the array withon H3 and H4 methylation levels in higher eukaryotes
SAGA or NuA4 complexes does not enhance SWI/SNF(see Zhang and Reinberg, 2001; Spotswood and Turner,
binding but does allow retention of the complex when2002, for references). So what role can there be for such
the activator Gal4-VP16 is removed by treatment witha common and widely distributed histone modification?
competing oligonucleotides. In the present paper, theyOne possibility is that silenced regions are marked by
show that this retention requires the bromodomain oflow levels of H3 K79 methylation. Van Leeuwen et al.
the Swi2/Snf2 subunit of the SWI/SNF complex. Further,(2002) propose that H3 K79 methylation blocks the bind-
the SAGA complex itself is anchored to acetylateding to active chromatin of “sticky” proteins, such as the
arrays following removal of VP16, but only if the bromo-silencing proteins Sir2 and Sir3. Absence of H3 K79
domain of the Gcn5 subunit is intact. The bromodomainmethylation in dot1 mutant cells will allow promiscuous
of the Spt7 subunit is not required. In contrast, the NuA4binding of such proteins across the genome, with conse-
complex, which lacks a bromodomain, is not retainedquent depletion of their levels at silent regions. Overex-
following removal of Gal4-VP16. To study the role of thepression of Dot1, leading to methylation (almost exclu-
Swi2/Snf2 bromodomain in vivo, SWI/SNF binding tosively trimethylation) of 98% of H3 molecules at K79,
the promoter of the SUC2 gene was studied by ChIPwas found to diminish silencing, presumably by forcing

H3 K79 methylation in potentially silent regions that are in Swi2/Snf2-deficient cells carrying plasmids encoding



Review
289

epitope-tagged, wild-type Swi2/Snf2 or Swi2/Snf2 lack- immuno-depleted of another HAT, CBP. The results lead
to a model in which transcription initiation involves se-ing a bromodomain. Only the wild-type Swi2/Snf2

showed enhanced association with the SUC2 promoter quential modifications at defined sites on the histone
tails, each of which facilitates recruitment/binding of theunder inducing conditions. Thus, the SAGA HAT com-

plex binds to acetylated nucleosomes through the Gcn5 next element in the assembly pathway. A similar model
can accommodate the recently described changes thatbromodomain, providing a self-perpetuating, epigenetic

mark tethered to a small chromatin domain. occur on activation of the pS2 promoter by estrogen.
Here, CBP is recruited within 15 min of estrogen stimula-Silencing complexes may also have the self-perpetu-

ating potential required of an efficient memory mecha- tion, leading to acetylation of H3 K18. This is followed
by acetylation of H3 K23, recruitment of the argininenism. Proteins of the Polycomb group (PcG) were first

identified in Drosophila on the basis of their ability to HMT CARM1, methylation of H3 R17, and transcription
complex assembly (Daujat et al., 2002).associate with genes and gene clusters silenced during

development and thereby to maintain the silent state
through subsequent developmental stages. Two recent What Should We Expect of a Histone Code?
papers show that E(Z) (Enhancer of Zeste), a component It is in the nature of scientific progress that simple ideas,
of PcG silencing complexes isolated from Drosophila like people, grow more complex with age. It is now
embryos, has histone methyltransferase activity (Czer- ten years since evidence was first presented that the
min et al., 2002; Müller et al., 2002). Mutations in the modification (acetylation) of particular residues on the
E(Z) SET domain remove this activity and also disrupt histone tails was functionally significant (see Turner,
silencing of HOX genes in vivo (Müller et al., 2002). With 1993, for references). Since then, it has been established
nucleosome substrates (which it prefers), the E(Z) HMT beyond all reasonable doubt that specific modifications
methylates H3 K27 exclusively (Müller et al., 2002), but and combinations thereof mediate protein-protein inter-
can methylate both H3 K27 and H3 K9 when presented actions crucial for the long-term and short-term regula-
with peptide substrates (Czermin et al., 2002). H3 meth- tion of transcriptional activity. Some of these interac-
ylated by the E(Z) complex binds specifically to Poly- tions involve the modifying enzymes themselves, and
comb protein (Czermin et al., 2002), arguing for a direct much recent data, some of which is discussed here,
relationship between H3 methylation by E(Z) and assem- shows how particular histone tail modifications can in-
bly of the PcG silencing complex. Further, immunofluo- teract, both to put in place defined patterns of modifica-
rescence microscopy shows an almost perfect colocali- tion and to control their recognition. But do these find-
zation of H3 trimethylated at K9 and PSC, a component ings support the existence of a histone code, or even
of the PcG silencing complex (Czermin et al., 2002). In more grandly, an epigenetic code?
contrast, there is no correspondence between PSC and In attempting to answer this question, it is useful to
H3 dimethylated at K9. The authors note the important distinguish between short-term and long-term transcrip-
caveat that their antibody to H3 trimethylated at K9 tional effects. Studies on the rapid transcriptional upreg-
crossreacts (albeit weakly) with H3 peptides trimethyl- ulation of inducible genes provide evidence for a “cas-
ated at K27 (the two sites share an ARKS tetrapeptide cade” of events, each dependent on the one preceding
motif). It remains possible that H3 methylated at K27 it and each involving specific histone tail modifications
contributes to the staining pattern. But, whatever lysines (Agalioti et al., 2002; Daujat et al., 2002, and references
may be involved, the results show that E(Z)-containing therein). The final pattern of modifications will represent
PcG silencing complexes have the potential to place a the end result of this cascade and thus may have no
self-sustaining epigenetic mark. significance in itself. Also, high levels of induced tran-

scriptional activity are often necessarily transient, with
no requirement for heritability from one cell generationThe Histone Code in Transcription Initiation

So far, we have focused on the possible roles of the to the next. It is also noteworthy that induction of the
pS2 and IFN-� genes involves quite different sets ofhistone code in the long-term maintenance and heritabil-

ity of transcriptional states. However, changes in histone histone modifications. This is perhaps not surprising
given that different HATs are involved, and further stud-modifications, particularly acetylation, have long been

associated with more short-term aspects of transcrip- ies may yet reveal other modifications shared by the two
systems, but there is as yet no evidence for a universaltional regulation, particularly initiation. Recent data

strongly suggest that transcriptional initiation involves histone code involved in induced transcriptional upregu-
lation.the progressive setting of precisely-defined patterns of

histone modification. Agalioti et al., in this issue of Cell, A histone code could be particularly valuable where
there is a requirement for long-term maintenance of ause ChIP to show that activation of the endogenous

IFN-� gene in response to viral infection is accompanied transcriptional state, i.e., for heritability. What could be
the nature of this long-term code? The idea that a singleby the progressive acetylation of H4 K8 and H3 K9 and

K14. In vitro experiments with immobilized mononucleo- modification of a particular tail residue can, unfailingly,
specify a particular functional effect becomes, at leastsomes carrying an IFN-� promoter fragment showed

that H4acK8 was necessary for recruitment of the SWI/ as a general principle, increasingly unlikely. Specific
modifications certainly have the potential to exert suchSNF complex and that H3acK9 and H3acK14 were nec-

essary for recruitment of TFIID, probably through bind- effects, but whether they do or not is largely dependent
on the context in which they are presented. For example,ing of the double bromodomain of the TAFII250 subunit.

Acetylation and transcription complex assembly re- H3 methylated at K9 has the potential to initiate chroma-
tin condensation and silencing, in part through its abilityquired GCN5/PCAF but occurred as normal in extracts
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Reuter, G., and Imhof, A. (2001). Physical and functional associationto bind proteins such as HP1 and possibly PcG proteins
of SU(VAR)3–9 and HDAC1 in Drosophila. EMBO Rep. 2, 915–919.(see above). However, in the context of a nucleosome
Czermin, B., Melfi, R., McCabe, D., Seitz, V., Imhof, A., and Pirrotta,also methylated at H3 K4 and H4 K20, it provides part
V. (2002). Drosophila Enhancer of Zeste/ESC complexes have aof a binding platform for the chromatin remodeling com-
histone H3 methyltransferase activity that marks chromosomal Poly-

ponent BRAHMA and a mark for the long-term mainte- comb sites. Cell 111, 185–196.
nance of a transcriptionally active state (Beisel et al.,

Daujat, S., Bauer, U.-M., Shah, V., Turner, B.M., Berger, S., and
2002). The silencing potential of H3meK9 may also be Kouzarides, T. (2002). Cross-talk between CARM1 methylation and
overridden by more transient modification of adjacent CBP acetylation on histone H3. Curr. Biol., in press.
sites, such as phosphorylation of the adjacent residue Dover, J., Schneider, J., Boateng, M.A., Wood, A., Dean, K., John-
(S10) or acetylation of K14. It may even be removed ston, M., and Shilatifard, A. (2002). Methylation of histone H3 by

COMPASS requires ubiquitination of histone H2B by Rad6. J. Biol.altogether, along with other H3 and H4 tail modifications,
Chem. 277, 28368–28371.through replication-independent chromatin assembly, a
Fang, J., Feng, Q., Ketel, C.S., Wang, H., Cao, R., Xia, L., Erdjument-process that replaces existing H3/H4 tetramers with new
Bromage, H., Tempst, P., Simon, J.A., and Zhang, Y. (2002). Purifica-tetramers containing the H3.3 histone variant and that
tion and functional characterization of SET8, a nucleosomal histoneoperates within transcriptionally active chromatin (re-
H4-lysine 20-specific methyltransferase. Curr. Biol. 12, 1086–1099.

viewed by Ahmad and Henikoff, 2002 [this issue of Cell]).
Feng, Q., Wang, H., Ng, H.H., Erdjument-Bromage, H., Tempst, P.,

To add further complexity, the setting of chromatin Struhl, K., and Zhang, Y. (2002). Methylation of H3-lysine 79 is medi-
marks must also involve DNA methylation, which, at ated by a new family of HMTases without a SET domain. Curr. Biol.
least in fungi, can be triggered by histone methylation 12, 1052–1058.
(Selker et al., 2002) and binding of silencing RNAs (Volpe Hassan, A.H., Prochasson, P., Neely, K.E., Galasinski, S.C., Chandy,
et al., 2002; see also Richards and Elgin, 2002). Viewed M., Carrozza, M.J., and Workman, J.L. (2002). Function and selectiv-

ity of bromodomains in anchoring chromatin-modifying complexesin this light, the histone code can be seen as part of a
to promoter nucleosomes. Cell 111, this issue, 369–379.sequence of events, possibly involving structural and
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