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P
osttranslational modifications
of histones have attracted en-
during interest ever since it was
realized that histones are hyper-

acetylated on lysines at actively tran-
scribed genes (1). Because it neutralizes
the charge on a lysine, acetylation was
thought to reduce interactions with
DNA phosphates, making the DNA
more accessible for active processes
such as transcription (2). In recent
years, this simple charge neutralization
model has been succeeded by a complex
alternative: the histone code, in which
combinations of different histone modi-
fications specify alternative chromatin
states (3). In this issue of PNAS, Dion
et al. (4) present a critical test of these
competing models.

The concept of a histone code was
introduced in the early 1990s by Turner
(5), based on seminal studies of the in-
volvement of histone lysine acetylation
in a dosage compensation process. In
flies, histone H4 is hyperacetylated on
lysine-16 (K16) on the male, but not the
female, X chromosome, a feature that
was later shown to be instrumental in
the process whereby the male X chro-
mosome is 2-fold up-regulated to com-
pensate for being hemizygous (6). Thus,
H4 K16 appears to be dedicated to the
process of X chromosome dosage com-
pensation in Drosophila. The subsequent
discovery that histone acetyltransferases
and deacetylases are components of ac-
tivator or repressor complexes (7), and
the realization that histone methyltrans-
ferases provide potentially enormous
combinatorial complexity (8), led to
elaborations of Turner’s original concept
and considerable excitement in the chro-
matin field.

One would think that an abundance
of evidence underlies this paradigm shift
from a model based on structural prop-
erties to an information-based code.
However, experiments claimed to sup-
port the histone code hypothesis might
also be accommodated by structural al-
ternatives. For example, histone H3 K9
methylation is regarded as an epigenetic
‘‘mark’’ for heterochromatin because it
provides a platform for binding by het-
erochromatin-associated protein 1
(HP-1) (8). It is not known whether the
modification step occurs on the chroma-
tin template, which could be interpreted

as ‘‘writing’’ a code, or instead on solu-
ble H3 before assembly, in which case
H3 K9 methylation is just a prerequisite
for assembly of a heterochromatic struc-
ture. In at least one case, H3 K9 is
found to be methylated within a soluble
nucleosome assembly complex, which
favors the structural model (9).

To experimentally distinguish the his-
tone code from structural alternatives,
such as charge neutralization and nu-
cleosome assembly, the concept needs to
be rigorously defined. It is worth noting
that the term ‘‘code,’’ as commonly un-
derstood, involves a translation machine.
The Morse code, a computer code, and
the genetic code each have a translation
machine in the form of a telegraph, a
program, or a ribosome. However, the
binding of HP-1 to methylated H3 K9 in
heterochromatin does not constitute a
translation machine, because ‘‘reading’’
is synonymous to simply ‘‘binding,’’ with
only one bound state, like a telegraph
key that can only read a single dot. Mul-
tiple inputs or outputs are needed for a
nontrivial code. These must be distinct,
not simply cumulative: one Morse code
dot reads ‘‘e’’ and two read ‘‘i,’’ not
‘‘e’’ and ‘‘ee.’’ Thus, what is needed to
distinguish a nontrivial histone code
from cumulative alternatives like charge
neutralization is the demonstration of
distinct outputs using different combina-
tions of input components.

In the case of H3 K9 methylation, a
recent study in Arabidopsis provides
compelling evidence that different com-
binations of input components can pro-
vide distinct outputs. Genetic studies
indicate that methylation by the DNA
methyltransferase, CHROMOMETHY-
LASE3 (CMT3), is maintained by the
action of an H3 K9 methyltransferase
(10, 11). Recently, Lindroth et al. (12)
showed that the CMT3 enzyme requires
methylation of both H3 K9 and H3 K27
for avid binding to an H3 N-terminal
tail peptide in vitro. Thus, there are
multiple states of this histone tail, and
CMT3 binds effectively to only one of
them. In vivo, this would result in a bi-
nary output, the methylation of DNA
cytosine bases by CMT3.

In some other cases, histone modifica-
tions might act only indirectly, compli-
cating interpretations of cause and effect.
For example, ubiquitylation of H2B

K123 leads to the methylation of H3 K4
in budding yeast, which contributes to
increased transcription (13). Although
it remains possible that this is a direct
interaction between modified histone
lysines within single nucleosomes, an
attractive alternative hypothesis is that
ubiquitylated H2B at the promoter facil-
itates transcription, resulting in modifi-
cation of nucleosomes in the body of the
gene (14). In this case, the combinato-
rial read-out is not necessarily evidence
for a code but rather would simply be
one of many consequences of transcrip-
tional activation.

Budding yeast provides an attractive
model system for a critical test of the
histone code hypothesis. Histone lysines
are often differentially acetylated, espe-
cially in the vicinity of promoters (2).
Although chromatin immunoprecipita-
tion (ChIP) analysis using microarrays
has revealed that acetylations on all four
core histones are mostly strongly corre-
lated with one another, a sensitive sta-
tistical analysis detected differences
(15). These differences were suggested
to reflect specific combinations of acety-
lated histone lysines that contribute to
transcriptional regulation. If so, then
loss of individual sites of lysine acetyla-
tion should impact transcription ge-
nome-wide in a combinatorial manner.
Alternatively, if acetylation only neutral-
izes charge, then substituting lysines for
a similar residue that cannot be acety-
lated should have simple cumulative ef-
fects on transcription.

Dion et al. (4) used microarrays to
profile expression of yeast genes for a
series of strains in which one, two, or
three lysines on the N-terminal tail of
histone H4 have been substituted with
arginine (K-to-R), thus preventing acet-
ylation while retaining the positive
charge. Dion et al. used hierarchical
cluster analysis to identify similarly reg-
ulated genes in the different mutant
lines. If effects on expression result
from charge effects, then similar group-
ings should be found for all four cases
in which only a single lysine was substi-
tuted with arginine, for all combinations
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of two substitutions and for all combina-
tions of three substitutions; by and
large, these similar groupings were
found. In addition, changes in gene ex-
pression levels attributable to K-to-R
substitutions at positions 5, 8, and 12
were indistinguishable for all �1,200
affected genes (Fig. 1). Only K16-to-R16
did not fully conform to a cumulative
model, with �10% of affected genes
showing expression changes that were
discordant with expression changes seen
for K-to-R substitutions at the other
three positions.

The general interchangeability of sites
of histone H4 acetylation provides sup-
port for the charge neutralization
model. In addition, Dion et al. (4) found
that coregulated genes comprise novel
nonrandom clusters along each of the
chromosomes. Clusters of coregulated
genes have been described in Drosophila
(16), and charge clusters resulting from
extensive histone acetylation provide a
possible structural basis.

Exceptions to the general rule of in-
terchangeability described by Dion et al.
(4) are consistent with studies of Sir3
and Bdf1, two proteins that bind to H4
tails and depend on K16 acetylation to
silence or activate transcription (17, 18).
As is the case for Drosophila dosage
compensation, H4 K16 acetylation ap-
pears to be a special modification in
yeast. However, a single special modifi-
cation is not a code, and we seem to be
no farther along in establishing a non-
trivial code for transcriptional regulation
than Turner was over a decade ago (5).
Nevertheless, by directly testing predic-
tions of the histone code hypothesis,
Dion et al. (4) have provided strong evi-
dence for the impact of charge on gene
expression, and this should focus re-

newed attention on charge-dependent
interactions (7).

There are indications that the findings
of Dion et al. (4) will generalize to
other histone modifications and other
organisms. For example, a ChIP study
using microarrays in Drosophila showed
striking correlations between H4 acety-
lation and several modifications on H3,
including di- and trimethylation of K4
and a core modification, dimethylation
of K79 (19). The correlations between
different modifications were similar in

magnitude to correlations between repli-
cate samples for the same modification,
leaving little if any room for modifica-
tion differences to contribute to biological
processes. Strong correlations between
tail modifications were also reported in
human cells (20). That study also re-
vealed that at some sites trimethylated
H3 K4 was better correlated with tran-
scriptional starts than dimethylated H3
K4, an observation that might reflect
the action of a recently discovered
mono- and dimethyl H3 K4 demethylase
within a transcriptional corepressor
complex (21). Therefore, although spe-
cific modifications contribute to gene
expression in important ways, the exis-
tence of a combinatorial histone code
for gene expression is in doubt.

The histone code was proposed and
popularized before revolutionary find-
ings that small double-stranded RNAs
are often involved in heterochromatin
formation and DNA methylation (22)
with corresponding changes in histone
modification. In addition, it appears that
nucleosomes can be replaced as part of
the transcriptional process, so that coor-
dinated histone patterns at active genes
might result from turnover during tran-
scriptional initiation and elongation
(23). Transiently hyperacetylated nucleo-
somes are evicted from yeast promoters
upon transcriptional induction (24),
consistent with a role for acetylation in
mobilizing nucleosomes rather than
marking them. The rapid turnover of
acetylation, the eviction and transcrip-
tion-coupled assembly of nucleosomes,
and the presence of nucleosome remod-
eling subunits in histone replacement
complexes (23–26) all support the no-
tion that modifications facilitate the as-
sembly and disassembly of chromatin.
These processes provide attractive test-
able mechanisms for gene regulation.
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Fig. 1. Testing the histone code hypothesis. Dion
et al. (4) constructed all combinations in which one,
two, or three of the four histone lysine residues
were changed to arginine (black rectangles) and
measured expression levels (vertical bars). For gene
1, monotonic decreases in expression are seen with
increases in the number of K-to-R changes regard-
less of the particular residue changed. For gene 2,
monotonic increases in expression are seen. For
gene 3, there are significant incremental expres-
sion changes attributable to K16 (magenta bars),
calculated by comparing the K16 value to the av-
erage of K5, -8, and -12 values (green bars). This
finding indicates that changing K16 to R has an
effect on gene 3 that is discordant with changes of
K5, -8, and -12 to R.
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