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Regulated nucleosome mobility and the histone code

Michael S Cosgrove!, Jef D Boeke?? & Cynthia Wolberger!*

Post-translational modifications of the histone tails are
correlated with distinct chromatin states that regulate access
to DNA. Recent proteomic analyses have revealed several new
modifications in the globular nucleosome core, many of which
lie at the histone-DNA interface. We interpret these
modifications in light of previously published data and propose
a new and testable model for how cells implement the histone
code by modulating nucleosome dynamics.

The organization of eukaryotic DNA into chromatin regulates whether
proteins that mediate many essential cellular processes can gain access
to specific genomic regions. Because the position of nucleosomes on
DNA and the organization of chromatin into higher-order structures
can affect the binding of proteins to DNA, eukaryotes have evolved a
complex array of enzymes that modify chromatin. Central mechanisms
for regulating chromatin activity include reorganization of nucleosome
position by ATP-dependent nucleosome-remodeling factors and cova-
lent modification of histone proteins!. Nucleosome-remodeling
enzymes harness the energy of ATP hydrolysis to alter the position of
nucleosomes on DNA, leading to either activation or repression of
transcription. Histone-modifying enzymes introduce a complex array
of post-translational modifications that can either activate or repress
transcription, depending on the type of chemical modification and its
location in the histone octamer. Previous studies have pointed to the
flexible N-terminal histone tails as targets of numerous functionally
important modifications. This has led to the proposal that particular
patterns of histone modifications form a ‘histone code’ that alters the
structure of higher-order chromatin and helps recruit effector mole-
cules®3. However, the mechanism by which these modifications alter
transcriptional activity, either directly or via the binding of effectors,
has remained unclear. Various observations have suggested a connec-
tion between nucleosome remodeling and covalent histone modifica-
tions, but no clear mechanism has emerged that explains how these
processes may work in concert to regulate chromatin activity.

Recent proteomics analyses have revealed a large number of previ-
ously unknown histone modifications*®, many of which have been
mapped by Freitas et al.” onto the nucleosome structure. Surprisingly,
many newly identified modifications lie in the structured globular
histone core, some of which are in a position to interfere with the
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binding of DNA to the nucleosome lateral surface. This contrasts
markedly with previously identified modifications, most of which are
not in a position to interfere with the wrapping of DNA about the
histone octamer. These observations require rethinking about how
modification of residues at the histone-DNA interface functions in the
context of chromatin. We review here these recent findings and
present a further analysis of the core histone modifications, focusing
primarily on the modifications on the nucleosome lateral surface that
are likely to regulate histone-DNA interactions. These data lead us to
propose a new model for the mechanism and regulation of chromatin
activity, which is controlled by factors that regulate the equilibrium
between nucleosomes with low mobility and those with high mobility.
This model provides a basis for understanding how post-translational
modification enzymes and ATP-dependent nucleosome-remodeling
complexes work in concert to catalyze nucleosome mobility. In addi-
tion, it provides a new and testable framework for understanding how
the histone code is implemented.

Mechanisms for regulating chromatin activity
Nature has evolved a vital mechanism to regulate the delicate balance
between organizing chromatin within the limited volume of the
nucleus and allowing macromolecular complexes access to DNA.
Central in this process is the nucleosome, which consists of a 147-base
pair segment of genomic DNA wrapped around the lateral surface of a
disc-shaped octamer comprising histone proteins H2A, H2B, H3 and
H4. Protruding from the globular portion of the octamer are the
N-terminal tails of the histone proteins, which are unstructured in the
context of a single nucleosome but are thought to take part in forma-
tion of higher-order chromatin organization by mediating interactions
with nucleosomes and other chromatin proteins®. The histone core
binds the DNA backbone at 14 superhelix locations, making >120
direct atomic interactions®. Despite this, nucleosomes are highly
dynamic and can slide along DNA over substantial distances in vitro'°.
The considerable energy barrier for sliding in vivo is overcome by the
input of energy in the form of ATP hydrolysis by ATP-dependent
nucleosome-remodeling complexes!!2. These enzymes are multi-
protein complexes containing a central nucleic acid—stimulated ATPase
belonging to the Swi2/Snf2 superfamily!3. Nucleosome-remodeling
complexes are thought to weaken histone-DNA contacts, generating
a stably remodeled nucleosome that has increased mobility'4 and
whose DNA is more accessible to interacting proteins“. However, the
molecular mechanism by which nucleosome-remodeling complexes
weaken histone-DNA contacts has remained elusive.

Several models have been proposed to explain catalyzed nuc-
leosome mobility. The ‘twisting’ model predicts that histone-DNA
contacts at the entry sites of the nucleosome are disrupted by a
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Table 1 Summary of known and new histone modifications in the globular nucleosome core domain

Histone Residue = Mod.? Nucleosome  Secondary  Function Mutation Phenotype Reference
location structure unmodified
(SHL)®
H3 Argh52 M L6.0 Indirect (H,0-mediated)
DNA binding
Argh3 M L6.0 Unknown, R53K in CENP-A 46
>5 A from DNA
{Lys56} M L Indirect DNA binding
Lys79 M T/B 3.0 Loop 1 Unknown, methylated by DOT1 K79E/R/A Lrs 34,58
K79T in CENP-A
Lys115 A LO Loop 2 Indirect DNA binding K115G in CENP-A 60
Thr118 P L0.5 Loop 2 DNA binding, H4 Arg46 binding T118I Sin increases 39
nucleosome sliding,
5x bias in one direction
Lys122 A/M LO a3 Indirect DNA binding
H4 Lys31 L0.5 al Indirect DNA binding
Serd7 P L0.5 Loop 1 Indirect DNA binding S47C Sin, little effect on sliding 39,61
Lys59 M T/B1.5 a2 Salt bridge with H4 Glu63, K59A Loss of silencing 6
surface-exposed K59R Support silencing at HML
Lys77 A L3.5 Loop 2 Indirect DNA binding
Lys79 A/M L2.5 Loop 2 DNA binding K79M Lrs 34
Lys91 A C a3 Forms salt bridge with H2B Glu63
Arg92 M C a3 Unknown
H2A Lys36 A L4.5 al Unknown K36R in H2A.Z variant 46
{Lys74} M L5.5 Loop 2 Unknown
{Lys75} M L5.5 Loop 2 DNA binding
{Arg77} M Lb5.5 Loop 2 Inserts into minor groove
Lys99¢ M C Unknown K99G in H2A X variant 46
Lys119 A/U C-TO Unknown
H2B {Lys31} M L Unknown
Ser33 P L4.5 DNA binding, cap of helix dipole Transcriptional activation 62
Lys40 M L4.5 al Indirect DNA binding
{Arg76} M C a2 Unknown
Lys82 A L2.5 Loop 2 Charge neutralizes negative helix dipole
{Arg83} M L3.5 Loop 2 DNA binding
{Arg89} M T/B 3.5 a3 Unknown
Arg96 M T/B 3.5 a3 Unknown
Lys105 A T/B 4.5 Unknown
Lys113 A T/B 4.5 Unknown
Lys117 A/U T/B 4.5 Unknown K123R (yeast) Loss of H3 Lys4 63-65

and Lys79 methylation
and silencing at telomeres

Curly brackets indicate residues that are possibly modified, but whose assignment was ambiguous®.
2Mod., modification. M, methylation; A, acetylation; P, phosphorylation; U, ubiquitylation. °Nucleosome location: C, center; L, lateral surface; T/B, top/bottom; C-T, C-terminal tail; and superhelix

location (SHL). °H2A Lys99 in B. taurus is H2A Arg99 in X. laevis.

catalyzed distortion of DNA that is propagated over the surface of
the histone octamer, resulting in nucleosome relocation. However,
the observation that nicked DNA does not interfere with nuc-
leosome sliding is inconsistent with this model'>. The ‘loop recap-
ture’ model proposes that linker DNA lying in the path of the
histone movement is pulled into the nucleosome to replace a
looped-out DNA segment!®. Propagation of this loop through the
nucleosome could then lead to nucleosome sliding. However, it has
not been demonstrated how this model can be used to explain the
generation of stably remodeled nucleosomes, which retain increased
DNA accessibility and elevated rates of nucleosome sliding even

after depletion of the nucleosome-remodeling enzyme and in the
absence of further ATP hydrolysis!”~22,

Post-translational modification of histone proteins can alter chro-
matin activity by creating binding sites for protein domains that recog-
nize specific histone modifications. Bromodomains, which recognize
acetyl-lysine, and chromodomains, which recognize methyl-lysine,
are two types of effector domains commonly found in many
complexes that interact with chromatin, including nucleosome-
remodeling enzymes and many transcription factors?>?*, Acetylation
and methylation are therefore chemical marks that can trigger
recruitment of proteins that act specifically on chromatin or on DNA.
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Figure 1 Annotated map of previously known and newly identified histone modifications on the surface of the X. /aevis nucleosome core particle26.

(a) Surface representation of the vertebrate nucleosome core particle (without flexible tails) viewed down the DNA superhelix axis. The functional groups of
modified residues are colored according to the type of post-translational modification, with acetylation in green, phosphorylation in red, methylation in blue,
sites that can be either acetylated or ubiquitylated in purple, and sites that can be either acetylated or methylated in light blue. The DNA superhelix is
transparent light blue, with superhelix locations (0-7) indicated. Ambiguous sites of modification are indicated by curly brackets and dashed lines. (b) View
as in a but rotated 90° around the molecular dyad axis (®). (c) View as in a but rotated 90° around the horizontal axis looking down at the top of the molecule
in a. Representations of nucleosomes were generated using PyMOL (http://www.pymol.org).

Phosphorylation of tyrosine/serine/threonine and ubiquitylation of
lysine can similarly be recognized by specialized domains. The dense
clustering of many of these modifications in the N-terminal tails of his-
tone proteins has led to the suggestion that particular combinations of
modifications may be specifically recognized?, although the details of
this combinatorial readout mechanism remain to be elucidated.

Lateral surface histone modifications
Several recent studies have used mass spectrometry to identify a large
number of new histone modifications located primarily in the globular
core of the histone octamer*~. Although most previously known modifi-
cations are located in the flexible N-terminal tails of the histone proteins,
the location of these new modifications in the well-structured histone core
made it possible to map their precise location on the nucleosome. Freitas
et al” modeled the position of these modifications onto the 3.1-A struc-
ture of the yeast nucleosome? and noted the presence of many modifi-
cations at the protein-DNA interface. We mapped the same set of
modifications onto the crystal structure of the Xenopus laevis nucleosome
core particle determined at a resolution of 1.9 A (ref. 26). In the
X. laevis nucleosome, 96% of the core histone residues are identical to
those in Bos taurus, the species studied by Zhang et al®. Our modeling
treated only those residues identical between the two species. Of the new
modifications, 27 were unambiguously mapped to the structured
nucleosome core domain (Table 1). Twelve of the modified residues map
to the top, bottom or center of the nucleosome core, and do not contact
DNA (Fig. 1a). The remaining 15 modified residues map to the nuc-
leosome lateral surface, and lie at the protein-DNA interface. The posi-
tions of the modified residues on the nucleosome lateral surface form a
striking ‘railroad track’-like pattern of serine and threonine phosphor-
ylation, lysine and arginine methylation, and lysine acetylation that fol-
lows the path of the DNA around the histone octamer (Fig. 1b,c). Many of
these residues are either directly involved in histone-DNA interactions or
are located near the DNA, suggesting that these modifications could
directly modulate the association of the histones with DNA”.

The observed lateral surface modifications are expected to alter the
free energy of histone-DNA interactions. This suggests that different

combinations of covalent modifications on the nucleosome lateral
surface could affect the relative rates of nucleosome mobility (Fig. 2).
Stable modifications, such as lysine methylation, may be a mechanism
for establishing differential basal rates of nucleosome mobility
depending on the type of chromatin and the number and position of
methyl marks. Further control of nucleosome mobility can be
achieved by reversible acetylation and phosphorylation. The recent
discovery of methyl-arginine citrullination adds another potential
mechanism for altering interactions with nucleosomal DNAZ?728,
Because the DNA would block any histone-modifying enzymes from
targeting these side chains in the context of the nucleosome, either the
modifications must occur in the absence of DNA, or there must be a
mechanism for temporarily exposing the nucleosome lateral surface so
that modifying enzymes could gain access to the target residues.

New model for chromatin dynamics

The presence of histone modifications on the nucleosome lateral
surface indicates that the modifications could play a direct role in
modulating histone-DNA interactions within the nucleosome, and
could determine the stability of nucleosome positioning and the
ease with which a nucleosome can be translocated along the DNA.
We propose here a new model for modulating chromatin dynamics,
the ‘regulated nucleosome mobility’ model, in which changes in the
affinity of the histone octamer for DNA result in changes in the
equilibrium between mobile and relatively stationary nucleosomes
(Fig. 2). We suggest that this equilibrium may be regulated by the
concerted action of macromolecular nucleosome-remodeling
machines and histone-modifying enzymes that modify histone side
chains at the histone-DNA interface in either the presence or
absence of nucleosomal DNA. These macromolecular complexes
include ATP-dependent nucleosome-remodeling enzymes, which
catalyze either nucleosome movement or histone variant exchange,
and nucleosome assembly and disassembly machines (Fig. 3). By
modulating the energy of histone-DNA interactions, the access-
ibility of genomic DNA and its packaging into higher-order chro-
matin can be regulated.

NATURE STRUCTURAL & MOLECULAR BIOLOGY VOLUME 11

NUMBER 11

NOVEMBER 2004 1039



http://www.nature.com/nsmb

© 2004 Nature Publishing Group

npg

PERSPECTIVE

a
ADNR
Low_ : Actlvatlon High
mobility mobility
Repressmn

Ax ADNR

swi/snfA gcnbA

,—>

Low High

mobility mobility

The regulated nucleosome mobility model can be used to explain
the mechanism of catalyzed nucleosome mobility by ATP-
dependent nucleosome-remodeling enzymes. We suggest that one
role of nucleosome-remodeling enzymes is to use the energy of
ATP hydrolysis to expose potential sites for post-translational
modification on the nucleosome lateral surface that otherwise
would be occluded by superhelical DNA. One or more of these
exposed side chains could then be chemically modified by histone-
modifying enzymes, thereby interfering with optimal histone-DNA
contacts and allowing the histone octamer to slide along the DNA
in a stably remodeled state. Mobile nucleosomes could then be
more readily displaced by proteins and enzymes that must access
the DNA for DNA replication, repair, recombinsation and tran-
scription. A nucleosome could be returned to a less mobile state by
removing reversible modifications such as acetylation and phos-
phorylation, again with the aid of ATP-dependent nucleosome-
remodeling enzymes to expose the histone core to histone
deacetylases or phosphatases. This model therefore readily explains
how ATP-dependent nucleosome-remodeling enzymes can both
activate and repress transcription.

The proposed model provides a mechanistic link between
nucleosome remodeling and covalent histone modifications and
explains why several ATP-dependent nucleosome remodeling com-
plexes associate with histone-modifying enzymes (Table 2)!. A func-

Figure 3 Regulated nucleosome mobility, a missing link in the regulation of
chromatin dynamics. Regulated nucleosome mobility suggests how the
histone code is implemented. Cellular factors that may affect nucleosome
mobility are indicated.

Figure 2 The regulated nucleosome mobility model. (a) Chromatin is
regulated by factors that control the equilibrium between nucleosomes with
low versus high mobility. Proposed intermediates are shown on the pathway of
transcriptional activation and repression, catalyzed by the concerted action of
ATP-dependent nucleosome-remodeling factors (ADNR) and covalent histone-
modification enzymes. Activation can be achieved by histone modifications
that weaken histone-DNA contacts, such as acetylation by HATs, resulting in
increased nucleosome mobility. Repression is achieved by histone
modifications that restore histone DNA contacts, such as deacetylation by
HDACs, resulting in decreased nucleosome mobility. (b) Uncoupling
regulation of nucleosome mobility by GCN5 or Swi/Snf knockouts blocks gene
expression by preventing the switch from nucleosomes with low mobility to
nucleosomes with high mobility. Mutation of histone-DNA contacts

(Sin mutations) relieves repression in gcn5A and swi/snfA strains by
weakening histone-DNA contacts, resulting in increased nucleosome mobility
and access to DNA. Mutations that prevent restoration of histone-DNA
contacts (Lrs mutations) uncouple control of nucleosome mobility by
deacetylation, preventing the switch from nucleosomes with high mobility

to low mobility, resulting in the loss of gene silencing.

tional link between nucleosome remodeling and histone modifications
was first demonstrated by genetic studies in yeast>>*0. Mutations in
subunits of the Swi/Snf nucleosome-remodeling complex exhibit syn-
thetic lethality with mutations in components of the GCN5-dependent
histone acetyltransferase (HAT) complexes, SAGA and Ada, suggesting
that these complexes interact functionally in yeast. Several subunits of
the Swi/Snf complex were subsequently shown to be shared with a
Gen5p-containing HAT complex®, and the GCN5 bromodomain was
shown to be required for the stable association of Swi/Snf to promoters
in vivo®!. Although isolated Gen5p can acetylate the flexible histone N-
terminal tails®?, this modification is not sufficient for nucleosome
remodeling in vivo®!. In addition, the Swi/Snf complex can generate the
stably remodeled state in tailless nucleosomes even after depletion of
Swi/Snf33. This is consistent with our model, in which the associated
Gen5p HAT acetylates the core nucleosome lateral surface residues,
reducing the energy of interaction with DNA and allowing increased
nucleosome mobility once the enzyme complex is removed.

Experimental support for regulated nucleosome mobility

The regulated nucleosome mobility model is strongly supported by
the results of unbiased genetic screens in yeast>*3> (Table 1). Freitas et
al.” pointed out that several modified residues coincide with side
chains in histones H3 and H4 that are sites of ‘Sin’ mutations3, which
relieve the requirement for the Swi/Snf nucleosome-remodeling com-
plex for gene expression. Several of these mutations are located in
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Table 2 Examples of ATP-dependent nucleosome-remodeling
complexes and associated modification enzymes

Complex Central Histone- Recognition Reference

ATPase modification  domains

enzyme

Activation complexes
Swi/Snf Snf2 SAGA-Gen5  Bromo 29
hSwi/Snf Brgl P300/CBP Bromo 66
NURF ISWI P300/pcaf Sant/Bromo 67
INO8O ISWIl-related NuA4 68
RSC Sthl NuA4 Bromo 69
Repression complexes
NuRD Mi-2 HDAC1 Chromo/MDB 1,70
Isw2p ISWI Sin3-RPD3 Sant 71
hSwi/Snf Brgl Sin3-RPD3 Bromo 72
hSwi/Snf hBrm Sin3-RPD3 Bromo 72
NoRC Snf2H HDAC1 Sant 73

specialized loop regions (L1-L2 loops®®) that make many direct con-
tacts with DNA at superhelix location 0.5 (Fig. 1). Interestingly, the
same Sin mutations also relieve the GCN5 requirement for gene
expression®®37. The dual effects of Sin mutations are readily
explained by the proposed model, which predicts that Swi/Snf
exposes histone lateral surface residues and enables Gen5p to acety-
late side chains at the histone-DNA interface. This is expected to
reduce the affinity of nucleosomal DNA for the histone octamer,
thereby increasing nucleosome mobility (Fig. 2). Mutations in either
Swi/Snf components or GCN5 would decrease acetylation of lysine
residues on the nucleosome lateral surface, resulting in reduced
nucleosome mobility and decreased transcriptional expression.
In contrast, histone Sin mutations are expected to weaken histone-
DNA contacts, resulting in greater nucleosome mobility without
the requirement for GCN5 and Swi/Snf (Fig. 2b). This model is
further supported by recent studies showing that Sin mutations
indeed weaken histone-DNA contacts*® and increase nucleosome
sliding®®%°. It remains to be shown whether these ‘Sin’ residues are
indeed modified in yeast nucleosomes as they are in mammals.

The regulated nucleosome mobility model predicts that deacetyla-
tion of histone lateral surface residues will restore histone-DNA con-
tacts, increasing the affinity of nucleosomal DNA for the histone
octamer and decreasing nucleosome mobility. Consistent with this,
mutations in the Sin3p—RPD3 histone deacetylase complex can also
relieve the requirement for the Swi/Snf nucleosome-remodeling com-
plex?, as well as for the Gen5p histone acetyltransferase’®?’. The
Sin3p—RPD3 histone deacetylase complex is associated with several
ATP-dependent nucleosome-remodeling complexes (Table 2), consis-
tent with its proposed role in regulating nucleosome mobility by
deacetylating lateral surface residues.

Recent data suggest that heterochromatic genes can also be regu-
lated by changes in nucleosome mobility. In a screen for histone H3
and H4 point mutations that result in the loss of ribosomal DNA
silencing (Lrs mutations), Park et al.3* identified several additional
lateral surface residues important for histone-DNA interactions.
Recent studies®® show some of these to be targets of post-
translational modifications (Table 1). Like Sin mutations, Lrs
residues cluster in one of the L1-L2 loop regions of the histone
octamer that form numerous direct interactions with DNA at super-
helix location 3.0 (Fig. 1). These residues interact with DNA in a
manner analogous to that of Sin-L1-L2 loop residues at superhelix
location 0.5 (ref. 34), which is the location of the Sin mutations that

PERSPECTIVE

have increased nucleosome mobility®®3°. This suggests that covalent
modification of Lrs residues may also alter the affinity of the histone
octamer for DNA, thereby regulating nucleosome mobility.

Chromatin dynamics and nucleosome mobility

The regulated nucleosome mobility model is consistent with a criti-
cal role for nucleosome dynamics in the regulation of higher-order
chromatin. Varying degrees of nucleosome mobility are most likely
necessary to achieve the positioning and spacing of nucleosomes
needed to form higher-order chromatin. High nucleosome mobility
will be required for destabilization of the chromatin fiber, thereby
increasing DNA accessibility, whereas low nucleosome mobility will
be required to stabilize the chromatin fiber, with a concomitant
decrease in DNA accessibility. This model is strongly supported by
the observation that histone Sin mutations that increase nucleosome
mobility?®3° also prevent the formation of higher-order chromatin
fibers from nucleosome arrays?!.

A fundamental feature of the regulated nucleosome mobility
model is that DNA accessibility can be controlled by any factor that
directly or indirectly affects the affinity of nucleosomal DNA for the
histone octamer (Fig. 3). This is supported by the observation that
nonhistone components such as inositol polyphosphates*>*3 and
high mobility group-like proteins** can regulate transcriptional acti-
vation by altering nucleosome mobility. Indeed, high mobility
group-like proteins have been shown to partially relieve the require-
ment for Swi/Snf** and GCNG5 (ref. 37). Several studies have shown
that the recombinant ATPase subunit alone can induce nucleosome
remodeling in vitro, albeit at much lower rates than with the full
complex purified from native sources'!. It may be that, whereas
temporary breaks in histone DNA contacts can allow some nuc-
leosome mobility, adding modifications at the nucleosome lateral
surface helps perpetuate nucleosome mobility.

Post-translational modifications that disrupt histone-DNA or
histone-histone contacts may also be important for catalyzing
histone variant exchange (Fig. 3). Replacement of histone subunits
with specialized histone variants is also catalyzed by ATP-dependent
nucleosome-remodeling complexes that contain histone-modification
enzymes*>#, Similarly, regulated nucleosome mobility may also be
modulated by nucleosome assembly machines, which have recently
been linked to histone-modifying complexes*’. The decreased DNA
affinity that results from modifying DNA-contacting residues could
readily facilitate each of these processes.

The histone code and regulated nucleosome mobility

Much of the recent research in the chromatin field has justifiably
focused on post-translational modifications in the flexible N-terminal
histone tails, which are highly correlated with distinct chromosomal
states. For example, hyperacetylation of histone tails and H3 Lys4
methylation is associated with transcriptionally active euchromatin,
whereas hypoacetylation and H3 Lys9 methylation is associated with
heterochromatin®®, These observations gave rise to the histone code
hypothesis, which posits that histone N-terminal tail modifications
alter chromatin structure either directly, by influencing histone-DNA or
histone-histone interactions, or indirectly through the recruitment of
proteins that recognize the chemical marks in the histone tails®.
However, recent experiments indicate that interactions between histone
tails and DNA may be more limited in impact than previously thought,
as tailless nucleosome arrays still exhibit substantial compaction behav-
ior in analytical ultracentrifugation experiments*’. This suggests that
post-translational modifications of the histone tails may serve as an
intricate and dynamic signaling platform that indirectly regulates
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higher-order chromatin structure by an as yet undetermined mech-
anism. The recent discovery of several post-translational modifications
on the nucleosome lateral surface*® adds a new dimension to the
problem that must be accounted for by any model for the regulation of
chromatin activity.

The regulated nucleosome mobility model suggests a mechanism for
how the histone code is implemented (Fig. 3). This model predicts that
an important function of histone N-terminal tail modifications may be
to recruit effector proteins and nucleosome-remodeling activities that
ultimately lead to changes in nucleosome mobility. This is supported by
observations that the ISWI nucleosome-remodeling complexes, NURE,
CHRAC and ISWI, require the histone H4 N-terminal tail to induce
nucleosome sliding>*->2. Our model also provides a probable explana-
tion for why the central ATPase subunit of various Swi2/Snf2 family
members contains histone modification recognition motifs, such as the
‘bromo, ‘chromo, ‘sant’ and ‘slide’ domains®>. For example, the
Swi/Snf and Gen5p bromodomains are required for the stable asso-
ciation of Swi/Snf with acetylated promoters®>*. Additionally, the
tandem bromodomains of the RSC nucleosome-remodeling complex
recognize acetylated H3 Lys14, which is required for gene activation®.
Furthermore, the NuRD ATP-dependent nucleosome-remodeling
complex, which contains HDAC activity and a pair of chromodomains,
can be pulled down from HeLa cell nuclear extracts by peptides con-
taining the heterochromatic H3 Lys9 methylation mark, but not by
peptides containing euchromatic H3 Lys4 methylation mark>®, consis-
tent with its role in transcriptional repression®’.

The histone code model should therefore be modified to account
for two types of functional outcomes resulting from covalent histone
modification. We propose naming them class I and class II histone
code modifications, where class I modifications function primarily in
recruitment, and class II modifications function primarily by direct
chemical interference. Class I histone code modifications are located
primarily in the histone tails, and are involved in the recruitment of
chromatin-stabilizing proteins or ATP-dependent chromatin-
remodeling factors. Class II histone code modifications are located
primarily in the nucleosome lateral surface, and include all modifica-
tions that alter direct interactions between the histone octamer and
DNA. Modifications that lie elsewhere on the nucleosome may fall in
either of these functional classes. Those that have been mapped to the
top/bottom or center of the nucleosome are likely to have important
roles in chromatin compaction by regulating internucleosome inter-
actions?>3%3638 or by recruiting effector domains that may also
result in regulated nucleosome mobility.

The regulated nucleosome mobility model also suggests a mech-
anism for other epigenetic phenomena, such as transcriptional
silencing by DNA methylation. We propose that DNA methylation
may be another epigenetic mark that functions analogously to class I
histone modifications in the recruitment of chromatin-remodeling
complexes that ultimately regulate nucleosome mobility. This is sup-
ported by the observation that the transcriptionally repressive NuRD
chromatin-remodeling complex contains a component that specifi-
cally recognizes methylated DNA, called a methyl-binding domain
(MBD)*”. Silencing by DNA methylation may be the result of the
recruitment of NuRD, which would allow deacetylation of nuc-
leosome lateral surface residues by NuRD’s associated histone deacety-
lase activity, resulting in reduced nucleosome mobility.

Summary and outlook

The regulated nucleosome mobility model presented here outlines a
straightforward mechanism for regulating transcription and other
processes through the control of nucleosome mobility. This model

accounts for many previously published experimental observations,
unifies previously unconnected observations, and provides testable
hypotheses. A key feature is the proposal that a relatively simple mech-
anism can explain the seemingly complex action of ATP-dependent
nucleosome-remodeling complexes. By separating the DNA from the
lateral surface of the histone core, nucleosome-remodeling enzymes
can expose side chains at or near the protein-DNA interface to post-
translational modification enzymes, which in turn can facilitate an
increase or decrease in nucleosome mobility. An attractive feature of
this mechanism is that it would require much less ATP hydrolysis than
current models for catalyzed nucleosome mobility>?, which depend on
continued ATP hydrolysis to ‘pump’ DNA over the nucleosome surface.
The concerted action of ATP-dependent nucleosome-remodeling
factors and histone lateral surface modification enzymes would provide
a much more energetically efficient way to generate accessible DNA for
virtually all essential cellular processes that require DNA as a substrate.

The regulated nucleosome model is strongly supported by histone lat-
eral surface mutations that may mimic situations in which histone-DNA
contacts are prevented. The model therefore predicts that mutations
designed to mimic the deacetylated state should lead to increased gene
silencing or repression. Lys - Arg mutations could accomplish this by
uncoupling regulation of nucleosome mobility by reversible acetylation,
as arginine cannot be acetylated. Lys — Gln mutations at the same posi-
tion (which may mimic acetylated lysine) would be predicted to show
the opposite phenotypes. These predictions can be readily tested in yeast
gene-silencing assays. It will also be important to distinguish the role of
specific modifications in generating different types of nucleosome
mobility. For example, does the position of the modification determine
whether DNA will partially unwrap from the nucleosome®, or slide in
cis to a new location? Is a greater number of modifications required for
the trans displacement of the histone octamer from DNA? Are certain
modifications required for sliding in a particular direction, as suggested
by some Sin mutations**? Will core modifications that disrupt histone-
histone or histone-DNA interactions help catalyze histone variant
exchange? The discovery of these new modifications in the nucleosome
globular core opens a new and exciting chapter in the study of chro-
matin dynamics, and may provide new insights into the molecular basis
of genetic and epigenetic diseases.

ACKNOWLEDGMENTS

This work is supported in part by the Ruth L. Kirschstein National Research Service
Award postdoctoral fellowship to M.S.C. from the US National Cancer Institute,
and by a grant from the US National Institutes of Health to J.D.B. and C.W.

COMPETING INTERESTS STATEMENT
The authors declare that they have no competing financial interests.

Received 31 August; accepted 30 September 2004
Published online at http://www.nature.com/nsmb/

1. Narlikar, G.J., Fan, H.Y. & Kingston, R.E. Cooperation between complexes that regu-
late chromatin structure and transcription. Cell 108, 475-487 (2002).

2. Strahl, B.D. & Allis, C.D. The language of covalent histone modifications. Nature
403, 41-45 (2000).

3. Fischle, W., Wang, Y. & Allis, C.D. Binary switches and modification cassettes in his-
tone biology and beyond. Nature 425, 475-479 (2003).

4. Cocklin, R.R. & Wang, M. Identification of methylation and acetylation sites on
mouse histone H3 using matrix-assisted laser desorption/ionization time-of-flight and
nanoelectrospray ionization tandem mass spectrometry. J. Protein Chem. 22,
327-334 (2003).

5. Zhang, K. et al. Identification of acetylation and methylation sites of histone H3 from
chicken erythrocytes by high-accuracy matrix-assisted laser desorption ionization-
time-of-flight, matrix-assisted laser desorption ionization-postsource decay, and
nanoelectrospray ionization tandem mass spectrometry. Anal. Biochem. 306,
259-269 (2002).

6. Zhang, L., Eugeni, E.E., Parthun, M.R. & Freitas, M.A. Identification of novel histone
post-translational modifications by peptide mass fingerprinting. Chromosoma 112,
77-86 (2003).

1042 VOLUME 11

NUMBER 11

NOVEMBER 2004 NATURE STRUCTURAL & MOLECULAR BIOLOGY



http://www.nature.com/nsmb

© 2004 Nature Publishing Group

npg

PERSPECTIVE

7. Freitas, M.A., Sklenar, A.R. & Parthun, M.R. Application of mass spectrometry to the 41.Horn, PJ., Crowley, K.A., Carruthers, L.M., Hansen, J.C. & Peterson, C.L. The SIN
identification and quantification of histone post-translational modifications. J. Cell domain of the histone octamer is essential for intramolecular folding of nucleosomal
Biochem. 92, 691-700 (2004). arrays. Nat. Struct. Biol. 9, 167-171 (2002).

8. Hansen, J.C. Conformational dynamics of the chromatin fiber in solution: determi- 42. Steger, D.J., Haswell, E.S., Miller, A.L., Wente, S.R. & O’'Shea, E.K. Regulation of
nants, mechanisms, and functions. Annu. Rev. Biophys. Biomol. Struct. 31, chromatin remodeling by inositol polyphosphates. Science 299, 114-116 (2003).
361-392 (2002). 43. Shen, X., Xiao, H., Ranallo, R., Wu, W.H. & Wu, C. Modulation of ATP-dependent

9. Luger, K. Structure and dynamic behavior of nucleosomes. Curr. Opin. Genet. Dev. chromatin-remodeling complexes by inositol polyphosphates. Science 299,
13, 127-135 (2003). 112-114 (2003).

10. Pennings, S., Meersseman, G. & Bradbury, E.M. Mobility of positioned nucleosomes  44. Kruger, W. & Herskowitz, |. A negative regulator of HO transcription, SIN1 (SPT2), is
on 5 SrDNA. J. Mol. Biol. 220, 101-110 (1991). a nonspecific DNA-binding protein related to HMG1. Mol. Cell. Biol. 11, 4135-4146

11. Becker, P.B. & Horz, W. ATP-dependent nucleosome remodeling. Annu. Rev. (1991).

Biochem. 71, 247-273 (2002). 45. Mizuguchi, G. et al. ATP-driven exchange of histone H2AZ variant catalyzed by SWR1

12. Becker, P.B. Nucleosome sliding: facts and fiction. EMBO J. 21, 4749-4753 chromatin remodeling complex. Science 303, 343-348 (2004).

(2002). 46. Redon, C. et al. Histone H2A variants H2AX and H2AZ. Curr. Opin. Genet. Dev. 12,

13. Eisen, J.A., Sweder, K.S. & Hanawalt, P.C. Evolution of the SNF2 family of proteins: 162-169 (2002).
subfamilies with distinct sequences and functions. Nucleic Acids Res. 23, 47. McKittrick, E., Gafken, P.R., Ahmad, K. & Henikoff, S. Histone H3.3 is enriched in
2715-2723 (1995). covalent modifications associated with active chromatin. Proc. Natl. Acad. Sci. USA

14. Whitehouse, I. et al. Nucleosome mobilization catalysed by the yeast SWI/SNF com- 101, 1525-1530 (2004).
plex. Nature 400, 784-787 (1999). 48. Noma, K., Allis, C.D. & Grewal, S.I. Transitions in distinct histone H3 methylation

15. Langst, G. & Becker, P.B. ISWI induces nucleosome sliding on nicked DNA. Mol. Cell patterns at the heterochromatin domain boundaries. Science 293, 1150-1155
8, 1085-1092 (2001). (2001).

16. Guschin, D. & Wolffe, A.P. SWltched-on mobility. Curr. Biol. 9, R742-R746 (1999). 49. Dorigo, B., Schalch, T., Bystricky, K. & Richmond, T.J. Chromatin fiber folding:

17. Schnitzler, G., Sif, S. & Kingston, R.E. Human SWI/SNF interconverts a nucleosome requirement for the histone H4 N-terminal tail. J. Mol. Biol. 327, 85-96 (2003).
between its base state and a stable remodeled state. Cell 94, 17-27 (1998). 50. Clapier, C.R., Nightingale, K.P. & Becker, P.B. A critical epitope for substrate recog-

18. Lorch, Y., Cairns, B.R., Zhang, M. & Kornberg, R.D. Activated RSC-nucleosome com- nition by the nucleosome remodeling ATPase ISWI. Nucleic Acids Res. 30, 649-655
plex and persistently altered form of the nucleosome. Cell 94, 29-34 (1998). (2002).

19. Imbalzano, A.N., Schnitzler, G.R. & Kingston, R.E. Nucleosome disruption by human 51. Hamiche, A., Kang, J.G., Dennis, C., Xiao, H. & Wu, C. Histone tails modulate nucle-
SWI/SNF is maintained in the absence of continued ATP hydrolysis. J. Biol. Chem. osome mobility and regulate ATP-dependent nucleosome sliding by NURF. Proc. Natl.
271, 20726-20733 (1996). Acad. Sci. USA 98, 14316-14321 (2001).

20. Cote, J., Peterson, C.L. & Workman, J.L. Perturbation of nucleosome core structure 52. Clapier, C.R., Langst, G., Corona, D.F., Becker, P.B. & Nightingale, K.P. Critical role
by the SWI/SNF complex persists after its detachment, enhancing subsequent tran- for the histone H4 N terminus in nucleosome remodeling by ISWI. Mol. Cell. Biol. 21,
scription factor binding. Proc. Natl. Acad. Sci. USA 95, 4947-4952 (1998). 875-883 (2001).

21.0Owen-Hughes, T., Utley, R.T., Cote, J., Peterson, C.L. & Workman, J.L. Persistent 53. Langst, G. & Becker, P.B. Nucleosome remodeling: one mechanism, many phenom-
site-specific remodeling of a nucleosome array by transient action of the SWI/SNF ena? Biochim. Biophys. Acta 1677, 58-63 (2004).
complex. Science 273, 513-516 (1996). 54. Hassan, A.H. et al. Function and selectivity of bromodomains in anchoring chro-

22. Bazett-Jones, D.P., Cote, J., Landel, C.C., Peterson, C.L. & Workman, J.L. The matin-modifying complexes to promoter nucleosomes. Cell 111, 369-379 (2002).
SWI/SNF complex creates loop domains in DNA and polynucleosome arrays and can ~ 55. Kasten, M. et al. Tandem bromodomains in the chromatin remodeler RSC recognize
disrupt DNA-histone contacts within these domains. Mol. Cell. Biol. 19, 1470-1478 acetylated histone H3 Lys14. EMBO J. 23, 1348-1359 (2004).

(1999). 56. Nishioka, K. et al. Set9, a novel histone H3 methyltransferase that facilitates tran-
23.Zeng, L. & Zhou, M.M. Bromodomain: an acetyl-lysine binding domain. FEBS Lett. scription by precluding histone tail modifications required for heterochromatin for-
513, 124-128 (2002). mation. Genes Dev. 16, 479-489 (2002).

24.Brehm, A., Tufteland, K.R., Aasland, R. & Becker, P.B. The many colours of chro- 57. Ahringer, J. NuRD and SIN3 histone deacetylase complexes in development. Trends
modomains. Bioessays 26, 133-140 (2004). Genet. 16, 351-356 (2000).

25. White, C.L., Suto, R.K. & Luger, K. Structure of the yeast nucleosome core particle 58. van Leeuwen, F., Gafken, P.R. & Gottschling, D.E. Dot1p modulates silencing in yeast
reveals fundamental changes in internucleosome interactions. EMBO J. 20, by methylation of the nucleosome core. Cell 109, 745-756 (2002).

5207-5218 (2001). 59. Li, G. & Widom, J. Nucleosomes facilitate their own invasion. Nat. Struct. Mol. Biol.

26. Davey, C.A., Sargent, D.F., Luger, K., Maeder, A.W. & Richmond, T.J. Solvent medi- 11, 763-769 (2004).
ated interactions in the structure of the nucleosome core particle at 1.9 a resolution. ~ 60. Khorasanizadeh, S. The nucleosome: from genomic organization to genomic regula-
J. Mol. Biol. 319, 1097-1113 (2002). tion. Cell 116, 259-272 (2004).

27. Cuthbert, G.L. et al. Histone deimination antagonizes arginine methylation. Ce// 118, 61. Fleming, A.B. & Pennings, S. Antagonistic remodelling by Swi-Snf and Tup1-Ssn6 of
545-553 (2004). an extensive chromatin region forms the background for FLO1 gene regulation. EMBO

28.Wang, Y. et al. Human PAD4 regulates histone arginine methylation levels via J. 20, 5219-5231 (2001).
demethylimination. Science 306, 279-283 (2004). 62. Maile, T., Kwoczynski, S., Katzenberger, R.J., Wassarman, D.A. & Sauer, F. TAF1 acti-

29.Roberts, S.M. & Winston, F. Essential functional interactions of SAGA, a vates transcription by phosphorylation of serine 33 in histone H2B. Science 304,
Saccharomyces cerevisiae complex of Spt, Ada, and Genb proteins, with the Snf/Swi 1010-1014 (2004).
and Srb/mediator complexes. Genetics 147, 451-465 (1997). 63. Sun, Z.W. & Allis, C.D. Ubiquitination of histone H2B regulates H3 methylation and

30. Pollard, K.J. & Peterson, C.L. Role for ADA/GCN5 products in antagonizing chro- gene silencing in yeast. Nature 418, 104-108 (2002).
matin-mediated transcriptional repression. Mol. Cell. Biol. 17, 6212-6222 (1997). 64.Ng, H.H., Xu, R.M., Zhang, Y. & Struhl, K. Ubiquitination of histone H2B by Rad6 is

31. Syntichaki, P., Topalidou, I. & Thireos, G. The Gecn5 bromodomain co-ordinates required for efficient Dotl-mediated methylation of histone H3 lysine 79. J. Biol.
nucleosome remodelling. Nature 404, 414-417 (2000). Chem. 277, 34655-34657 (2002).

32. Brownell, J.E. et al. Tetrahymena histone acetyltransferase A: a homolog to yeast  65. Briggs, S.D. et al. Gene silencing: trans-histone regulatory pathway in chromatin.
Genbp linking histone acetylation to gene activation. Cel/ 84, 843-851 (1996). Nature 418, 498 (2002).

33. Guyon, J.R., Narlikar, G.J., Sif, S. & Kingston, R.E. Stable remodeling of tailless 66. DiRenzo, J. et al. BRG-1 is recruited to estrogen-responsive promoters and cooperates
nucleosomes by the human SWI-SNF complex. Mol. Cell. Biol. 19, 2088-2097 with factors involved in histone acetylation. Mol. Cell. Biol. 20, 7541-7549 (2000).
(1999). 67. Mizuguchi, G., Vassilev, A., Tsukiyama, T., Nakatani, Y. & Wu, C. ATP-dependent

34. Park, J.H., Cosgrove, M.S., Youngman, E., Wolberger, C. & Boeke, J.D. A core nucle- nucleosome remodeling and histone hyperacetylation synergistically facilitate tran-
osome surface crucial for transcriptional silencing. Nat. Genet. 32, 273-279 scription of chromatin. J. Biol. Chem. 276, 14773-14783 (2001).

(2002). 68. Galarneau, L. et al. Multiple links between the NuA4 histone acetyltransferase com-

35. Kruger, W. et al. Amino acid substitutions in the structured domains of histones H3 plex and epigenetic control of transcription. Mol. Cell 5, 927-937 (2000).
and H4 partially relieve the requirement of the yeast SWI/SNF complex for transcrip-  69. Reid, J.L., lyer, V.R., Brown, P.O. & Struhl, K. Coordinate regulation of yeast riboso-
tion. Genes Dev. 9, 2770-2779 (1995). mal protein genes is associated with targeted recruitment of Esal histone acetylase.

36. Luger, K., Mader, A.W., Richmond, R.K., Sargent, D.F. & Richmond, T.J. Crystal struc- Mol. Cell 6, 1297-1307 (2000).
ture of the nucleosome core particle at 2.8 A resolution. Nature 389, 251-260 (1997). 70. Kim, J. et al. Ikaros DNA-binding proteins direct formation of chromatin remodeling

37. Perez-Martin, J. & Johnson, A.D. Mutations in chromatin components suppress complexes in lymphocytes. Immunity 10, 345-355 (1999).

a defect of Genb protein in Saccharomyces cerevisiae. Mol. Cell. Biol. 18, 71. Fazzio, T.G. et al. Widespread collaboration of Isw2 and Sin3-Rpd3 chromatin remod-
1049-1054 (1998). eling complexes in transcriptional repression. Mol. Cell. Biol. 21, 6450-6460

38. Muthurajan, U.M. et al. Crystal structures of histone Sin mutant nucleosomes reveal (2001).
altered protein-DNA interactions. EMBO J. 23, 260-271 (2004). 72.Sif, S., Saurin, A.J., Imbalzano, A.N. & Kingston, R.E. Purification and characteriza-

39. Flaus, A., Rencurel, C., Ferreira, H., Wiechens, N. & Owen-Hughes, T. Sin mutations tion of mSin3A-containing Brgl and hBrm chromatin remodeling complexes. Genes
alter inherent nucleosome mobility. EMBO J. 23, 343-353 (2004). Dev. 15, 603-618 (2001).

40. Kadosh, D. & Struhl, K. Repression by Ume6 involves recruitment of a complex con- 73. Zhou, Y., Santoro, R. & Grummt, |. The chromatin remodeling complex NoRC targets
taining Sin3 corepressor and Rpd3 histone deacetylase to target promoters. Cell 89, HDAC1 to the ribosomal gene promoter and represses RNA polymerase | transcrip-
365-371 (1997). tion. EMBO J. 21, 4632-4640 (2002).

NATURE STRUCTURAL & MOLECULAR BIOLOGY VOLUME 11 NUMBER 11 NOVEMBER 2004 1043



