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Introduction

Compaction of the cukaryotic genome into chromatin inside the nucleus is essential
lor Taithlul segregation of mitotic chromosomes (o daughter celis without
deleteriously tanghing the DNA strands. To begin with, nuclear DNA is wrapped
around core histones H2ZAL H2B. 13, and H4 10 Torm nucleosomes (L uger, 2003:

Khorasanizadeh, 2004). Association of linker histones with the DNA connecling
adjacent nucleosomes leads 1o the higher order “solenoid” or 30 nm helical
chromatin Iibre. The 30 nm fibre is the prevalent form of interphase chromosomes
and is the stadium on which a varicty of nuclear activities take place. On the other
hand. packing DNA into chromatin restricts the access (6 DNA by many regulatory
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fuctors involved in such functions as replication, transcription. DNA repair. and
recombination. Dynamic changes in the focal and global organization ol chromatin
are thus key to regulating genomic functions (Wollfe, 2001 Kamakaka, 2003).
Conserved mechanisms that counterbalance the repressive natre of chromatin and
allow greater access 1o DNA include: (1} chromatin-remaodelling complexes that
contain ATPase subunits capable of sliding. replactng. or altering histone—DNA
interactions (Cairns, 2005): (21 covalent modilications of the histene tails, such as
acetylation. methylation, phosphorylation. and ubtquitinylation: and (3) incorpora-
tion of histone variants into the nucleosamal partickes {HenikofT and Ahmad. 2005).

This review will focus on histone moditications and their roles n regulation of
chromatin functions. Proteins that are recruited to specifically modilied histones are
described briefly.

Histone acetylation

Reversible acetylation in the amino terminal domains of the core histones correlates
positively with transcriptional activation. recombination, and repair (Hebbes er af.
19887 Kuo eral., 1996; Grunstein, 1997: Strahl, 1998 Kundu er of., 20000 Eberharter
and Becker, 20020 Carcozza e af.. 20033 Over the vears, mubiple histone
acetyltransterases (MATs) und deacetylases (HDACs) have been identificd (Roth e
al., 2001, A net local balance between the activitics of these HATS and HDACs thus
determines the acetylation state of chromatin. This functonal interplay is funda-
mental to regulation in growth and developmental processes, and dercgulation ol
such has been linked to the progression ol difterent types of cancers (c.g. leukacmia.
colorectal and breast cancer) and diverse human disorders. like the Rubinstein—Tabi
(Petrij er al., 1995) and (ragile X syndromes (Timmermann e al., 2001).

Several families of HATs have been recognized: GNAT (Gens-related N-
acctyliransferases): MY ST (MOZ-Y b2/Sus3-Sas2-Tip60): p300/CBP (although the
catalytic domains of p300 and CBYP are very similar to those of the GNAT tamily
HATS): nuclear kormone coactivators; and TAF! (fermerty TAFU230 10 human and
TAFU230 in Drosophiliy (Roth et af.. 20010, To date, the yeast Gen3 s the best
characterized of the HATs. both structuratly and functionally and both in vive and in
vitre (Candau er e 19972 Kuo e al., 1998 Wang er af.. 1998). fn vitro, recombinant
Gend can acetylate histone H3strongly on lysine 14 and Hd on lysine 8§ and 16 (Kuo
ef cd .. 1996}, In humans and mice. the Gen3 subclass of acetyltranslerases is repre-
sented by two ¢losely related proteins. GCN3 and p300/CREB-binding,
protein-associated factor (PCAF)Y (Xu er af.. 1998b). HAT and coactivator [unctions
ol PCAF have been demonstrated in myogenesis (Puri ef «f.. 1997) and nuclear
receptor-mediated (Chen er al., 1997 Blanco ef af.. 1998; Leo and Chen, 2000} and
erowth factor-signatled activation (Xu e af.. 1998a). Structural and kinetic studies
of GNAT and MYST familics of HATs have been thoroughly execunted (Marmorstein
and Roth, 2001). From yeast to mammals, many HATs form complexes with other
proteins. In the budding yeast Succharomyees cerevisive, there are several chro-
matographicaily distinct HAT complexes displaying specific preference for histones
and lysine residues (Grant ef af., 1997, 1998}, The SAGA (Spt-Ada-Gen5 acelylase)
and NuA3 complexes prefer H3, while NuA4 uses nucleosomal H4 as the predomi-
nant substrate. Compared 1o the yeast complexes, mammalian HAT complexes are
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less thoroughly characterized. PCAF is also part of a complex whose composition is
quite similar to that of SAGA (Ogryzko er al.. 1998). Both SAGA and PCAF
complexes contain selective TBP-associated factors (TAFs). Another GNAT family
member. Hatf. initgially shown (o be responsible for the predominant cytoplasmic
HAT activity in S, cerevisiae. can acelylate. in association with Hat2. lysine-12 of
the fustone H4 N-terminal tail region (Parthun e af.. 1996: Ruiz-Garcia ef af.. 1998).
Elp3 is capable of acetylating all four core histones and is involved in transcrip-
tional elongation (Wittschicben er o, 19997,

300 and CBP of higher eukaryotes are fughly similar to cach other throughow
the entire length (~300 kitodaltons in size) (Ogryzko er al.. 1996). In many cases.
p300 and CBP appear to perform redundant functions. However. animal maodels and
patient studies suggest non-overlapping roles as well (tyer ef al.. 2004 Kalkhoven.
2004). SAGAL PCAF, and p300/CBP HATS are recruited (o the target promoters by
interacting with selective transcriptional activators (Roth er af.. 200 ). Compared
with other HATs. recombinant p300/CBP is exceptionally versatile in that it is able
to acetylate all four histones within nucleosomes. as well as in lree-histone form
{Qgryzko er ol 1996; Martinez-Balbas 7 al.. 1998).

The MYST family of HATs possesses in their catalytic domain an acetyl CoA
binding motil and a CHC zine finger (Carrozza er af.. 20033, In addition. some
MYST family members contain a chromodomain, whereas others possess the PHD
(planthomeodomain) finger that is also shared in many chromatin regulators { Aastand
et af . 1995). The chromodomain has been shown 1o interact with methylated lysines
{see beiow). Consistent with the largely repressive functions ol chromodomain
proteins, at Jeast two MYST proteins. Sas? and Sasi. promote transcriptional
silencimg at HM mating type loci (Ehrenhofer-Murray e al.. 19973 and at telomeres
(Reifsnyder er af. 1996) in yeast. Another MYST family protein, Esal.is an essential
HAT for cell eyele progression (Clarke o7 af.. 1999). Some MYST HAT complexes
exert their activity across a much larger chromosomal locus, For cxample. in
Drosophila. the niale insect has only one X chromosame. while the female has two.
To compensale for the dosage differcnce. male insecis cxpress X chromosomal genes
twice as efficiently as each of the two female X, This dosage compensation requires
acetylation of Lys 16 of Hd across the male X chromosame by MOF (Lucchesi, 1998:
Akbtar and Becker. 2000t Birchler o7 of.. 20037,

There are three major families of HDACSs (Grozinger and Schreiber, 2002): Class [
and I members are cach homologous to the yeast Rpd3 and Hdal proteins. respec-
tively. These enzymes require a zine ton and a water molecule for catalysis. and they
are sensitive to several HDAC inhibitors. some of which are promising cancer
therapeutic agents (Drummond ef al.. 2005). On the other hand. the Class [[] HDACY
are homalogues of the yeast Sis2 protein. These HDACS are NAD-dependent
enzymes insensitive o the inhibitors for the other two elasses of HDACS
(Marmorstein, 2001, 20043 The Sir2-related Class 11 HDACs, beeause of their
obligatory need of NAD for catalysis. have been linked 1o intracelular sensing of
nutrient/energy status and senescence (Blander and Guarente. 2004 CGuarente,
2005). Interestingly. the product of deacetylation by Sir2 family cnzymes is 2-0-
aceiyl-ADP-ribose. which has been suggested 1o be a novel secondary messenger,
Unique activators and inhibitors for Sir2-related deacetylases were recently reported
(sce Denu, 2005 (or a review),
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Many HDACs Tuncuen within large complexes that are recruited to specific loci
hy DNA-binding transcriptional repressor proteins (Robye or o 2002}, [n addition
10 deacetylating histones and other proteins, HDACs also colluborate with other
enzyme activities, most notably histone and DNA methyltransferases. such as Suv39h
and Dnmul, respectively (Jepsen and Rosenfeld. 2002: Narlikar er af.. 2002). Recent
data showed that a lysine demethylase. LSDU/BHCHO/AOF2, is part of the BHC/
BRAF-HDAC complex that represses neuronal-specilic genes (Shi er of., 2004 Lee
et al. . 2005, Metzger e al., 2005

Histone methylation

Although methylanion of histones was first documented four decades ago (vIurray,
[964), very Hutde was known about the biological consequences of this covalent
modification until recently. For a long time. it wus also believed that histone
methylation was more of an irreversible moditication that could not be removed ina
cell division-independent manner (Byvoet er af . 19722 Ducrre and Lee. 1974, This
view was compatible with its role in transcriptional silencing. such as those found at
centromeric heterochromatin, DNA-methylated promoters or as epigenetic marks for
the inheritance of the silenced chromatin (Zhang and Reinberg. 2001 Kouzarides,
2002}, Nevertheless, the existence of a process that reverses histone methylation is
cerlainly necessary when considering the role of methylation in cases of regutated
and dynamic gene expression {Chen er al., 1999 Strahl er gl 1999 Rea er af.. 2000:
Bannister ¢ ef., 2002). Both lysine and arginine residues can be methy lated, Mothy-
Jated lysines can be found either in a2 mono-. di-. or trimethylated state (Rice ef ol
2003), whereas methylated arginine can be in & mono- or di-modified state,
Dimethylated arginine may be symmetrical or asymmeteical, depending on the
positions of these two methyl groups. Unlike acetylation, methylation of the
g-amino group ol lysines in the amino-terminal tails of histones does not alter the
overall charge of the histone wils: however, increasing the number of methyl groups
{mono, di or tri) does increase its basicity and hydrophobicity. The ret result s thus
a perceivably stronger association between methylated histone twils and DNA/
chromatin. Methylation of histones s calalysed by histone methyltransferases
(HMTs), and all known HMTs utilize S-adenosyl-methionine (SAM) as the methyl
group donor. HMTs can be grouped into two divergent families: histone lysine
methyltransferases calatysing the methylation of lysine residues (Lachner and
Jenuwein, 2002 Sims ef af.. 2003), and protein arginine methyltransferases (PRMTs)
that catalyse the methylation ol arginine residues (Stallcup. 2001},
Well-characterized methyl Tysines ol histones inciude K4, K9, K27, K36, K79 of
M3, and K20 of Fid (Feng er af.. 2002: Lacoste er af.. 20020 Ng er af., 2002b: van
Leeuwen eral., 2002). The mammalian Suv39h enzymes and their Scfvizosaccluro-
mivees pombe homologue, Clrdl were the [irst histone lysine methyhranslerases
(M Tases) identificd (Rea er al., 2000; Nakayama et ¢f.. 20013, The conserved SET
domains in these proteins catalyse methylation of H3 lysine 9 that in many systens
is correlated with transcriptionad repression and silencing. Human and mouse genomes
encode over 30 predicted SET-domain proteins (Kouzarides, 20023, while S, pombe
has about 10 potative SET domain HMTases. Interestingly. H3 Tysine 4 instead ol
fysine 9 is the predominant methyiated site observed in 5. cerevisiae that hias seven
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SET domain proteins (Briggs er af.. 2001). Most fulty activated promoters are
enriched in tri-methylated H3-K4 (Briges ¢f af.. 2001 Santos-Rosa et af.. 2062,
whereas basal transeription correlates well with H3-Kd ¢ Himethylation (Wang et af..

20000). Histones H3-K9, H3-K27. and H4-K20 methylation are all hallmarks of
condensed chromatin state. and recruitment of several H3-K9-specific HMTases
causes gene repression within euchromatin (Nielsen er «af.. 2001 Tachibana et al.
2001 Nishioka er af.. 2002 Ogawa e al.. 2002).

A histone lysine-specific demethylase (LSDI1) was reported recently. providing
the most compelling evidence that iysine methyfation is also a reversible and
dynamic function (Shi er al.. 20043, Instead of cleaving the N-CH, bond directly.
LSDI induces amine oxidation of specilically mono- or dlmuh\latc P histone H3
lysine 4 to gencrate unmadified lysine and for maldehyde. A nuclear hemologue of
amine oxidases. LSD L. wtilizes FAD as a colactor and. together with HDACs, is a

component of the CoREST and other corepressor complexes (Lunyak ef af., 2002;
Lee e al.. 2005). A more recent finding revealed that LSD1 can refieve repressive
histone marks by demethylation of Ristone H3 ar lysine 9 (H3-K9). thereby lcading
(o de-repression ol androgen receptor tar get genes (Melzger ef af.. 20053 Although
evoiutionarily conserved from S, pombe 1o mammals, there ¢ appears 1o he no direct
orthologue of this demethylase in S cerevisiae. despite extensive H3 ysine 4
methylation (Santos-Rosa er af.. 2002). Allshire and colleagues recently proposed
that fission yeast protein Epe |- and other ImjC domain- COntaining proteins, (wo of
which are present in the budding veast S cerevisiac, may be putative histone
demethylases that could act by oxidative demethylation o demethylate mono-. di-
or trimethylated histones (Trewick er af ., 20053,

Methylation of arginine residues is associated with active transcription
(Bannister er af.. 2002y, CARMI met hyltransterase directs histone H3 Aret7 and
Arg26 methyiation in response 1o hormone induction. and cooperates synergistically
with pl6G-type coactivators (e.g. GRIPL. SRC-T. ACTR) and coactivators with
histone acetyltransferase activity (c.g. p300. CBPY 1o enhance gene activation by
steroid and nuclear hormone receptors (Ma of el 2001 Bauer 7 of . 2002). PRMT!
alse Tacilitales tanscriptional activadon for nuclear receptors by methylating
arginine 3 of H4 (Strahl er el 2001 Wang e af.. 2001b). Arginine methylaton is
susceptible o enzymatic turnover by de-imination reaction by prolein arginine
demethylases or PADs (Cuthhert er o, 2004 Wang e al.. 2004a). Suictly speaking.
de-tmination is net a true reversal of methylation as it generates ciirultine. instead of
arginine. and methyvl-ammoniom. C omparatively. the responsible enzymes and
functions of Hd Are3 methylation in S, corevisiae are much less undersiood (lec er

erd 20060 Lacoste e al .. 2062

Histone phosphorylation

Reversible protein phosphorylation is one of the most important and well-studicd
post-translational modifications. Phosphorylation plays critical roles in the regula-
tion of many ceflular processes including cell eyele. growth. apoptosis. and signal
transduction pathways, Serine. (hreonine. and iyrosine are the major. but not
exclusive. cukaryotic phosphorylation sites.
The SQ motil in the C-terminal il of H2A of lower cukaryotes (5129 Q1309
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known 1o undergo rapid phosphorylation in response lo DNA damage by
virradiation (Downs er al.. 2000; Redon er al.. 2003 Nakamura o7 ¢f.0 2004). In
higher cukarvotes, one H2A variant. H2A X, also carries a similar motif at the same
position relative o the stop codon (S139) that responds 1o DNA damage in a similar
fashion {Rogakou er af.. 1998, Madigan er af. 2002). The SQ motil is a good
consensus site for the PIKK (phosphatidylinositol 3-kinase-like kinase) family of
kinases. members of which are responsible for phosphorylation of this motil upon
DNA damage in S corevisiae {Mecl and Tell) and higher cukaryvotes (ATM, ATR.
and DNA-PE)Y (Burma e af.. 2001 Durocher and Jackson. 2001 ShrofT er af.. 2004
Sulf ¢ af.. 2004). Chromatin immunoprecipitition experiments in budding yeast
have demonstrated that phosphorylation ol the SQ motl spreads up 1o 30-100 kb of
chromatin from the lesion of an induced double-strand break (Downs ¢f af,, 2004
Unal ef al., 2004). Several protein complexes are known to bind Lo the phosphory-
lated SQ moti {(Stewart ez el 2003: Ward er af., 2003: Downs ez al., 2004 Kusch et
al . 2004: Morrison er af., 2004 van Awkum of af.. 2004). Recruitment of FIAT and
ATP-dependent chromatin remodelling activities is believed not only to reorganize
the chromatin structure at the site of damage. but also 1o expose it o other DNA
damage response pathways or allow aceess to phosphatases 1o remove the phosphate
on FI2A or H2AX after the damage is repaired {Foster and Downs, 2005, [n addition.
DNA damage has also been linked recently to Sert phosphorylation of histone H4 in
yeast by casein kinase HA{Cheung er af.. 20053, Whether and how this modilication
recruils the relevant repair factors remains 1o be established.

Phosphorylation of Serl0 in histone H3 is linked o transeription and mitotic
progression. two functions with opposite requirement [or chromatin compuction:
chromatin condensation during mitosis and relaxation or transcription (Hendzel er
al.. 1997, Cheung e af., 2000; Prigent and Dimitrov, 2003 Nowak and Corees.
2004y, During chromatin condensation and segregation in mitosis n cukaryotes,
Seri0 phospherylation originates from the centromeric region and then spreads
through entire chromosomes (Hendzel er of.. 1997 Wel or ol 1999} In Teira-
frvanena. adanine substitution at H3 Seri0 causes delects in condensation and
segregation (Wei ef af., 1998). On the other hand, mitotic condensation of C. efegany
can proceed in the absence of H3 Serl0 phosphorylation (Speliotes er al.o 2000,
suggesting the existence of a different mechanism for condensation/segregation, or
functiona!l redundancy ol hisione H3 phosphoryvladon. Indeed, mitotic phos-
phoryiation of H3 also occurs at Ser28 (Goto ef al.. 1999). Thrl 1 (Preuss eral. 2003),
and Thr3 (Shoemaker and Chalkley, 1980: Poloudaki er of . 2004, In addition, ene
H2 variant. 13.3. also is phosphorylated at Ser3 1 during mitosis (Flake er ol 2003).

Contrary 1o the gilobal phosphorylation during mitosis, transient and gene-
specitic phosphorylation of H3 at Serl is observed following stimulation of
marnmaliun cells with growth factors that cause activation of targel genes (Herschman,
1991, Mahadevan ¢ af.. 1991 Barralt ¢7 af., 1994 Chadee ¢f af.. 19990 Sassone-
Corsi er al.. 1999 Salvador er af.. 2001). Also. transcription-related Scrl()
phosphorylation was shown to be important {or transeriptional induction of scveral
yeast genes (Lo er al. 2001, 2003). Besides growth factors. diverse sumuli such as
phorbol esters. DNA damage by UV, or alkylating agents. and pharmacological
compounds. can induce H3 phosphorylation (Mahadevan er al., 1991) via
activation of various kinase pathways. Phosphorylation of H3 Scr28 is also induced
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hy stress and UV bradiagion iZhong eral.. 2001, 2003) and has very sinsilar kKinctics
0 those of Ser{(. Bath serines lic in the same consensus sequence (-ARKS-) and are
very Jikely modified by overlapping enzymes (Shibata o af. 1990 Gote of al..

F999. 2002 Sugiyama ¢ al.. 2002), including mitogen activated protein kKinascs
(MAPKs). extracellular signal-reguiated profein kinases (ERKs), ¢-Jun N-terminal
Kinases (JINKs), mitogen and stress-induced Kinases | oand 2 {MSKI/2) cAMI-
dependent protein kinase (PKA)L protein kinase C(PKC). 1B kinase o (IKK ). and
PO RSK2 (Zhong er al.. 2000 Bode and Dong. 2003, 20035: C layton and Mahadevan,
2003: Yamamoto er g¢f.. 20030,

For mitotic progression. Serl(is mediated by Aurora kinases such as iplip ol S,
cerevisiae (Weteral 19991 Ark of S. ponthe (Petersen e al . 20015, and Aurora AL
B.and Crin higher cukaryotes (Glover er af.. 1995 Schumacher ¢f af.. 1998 Heu el
al. 20000 Adams er af.. 2001: Prigent and Giet. 2003). A very recent report demon-
strated that defects associated with the IpH yeast Auwrora B kinase can he suppressed
by deleting the Setl histone methylransforase (Zhang er al.. 2003). linking milotic
chromatin condensation 1o regulation of histone methylation. Casem kinase [
catalyses histone H4 Seri phosphorylation in response 10 MMS- or phleomycin-
induced double-stranded hlull\\ (D5Bs) and is important for non-homologous end
Joming (Cheung er «l.. 20053, Furthermore. phosphorylation of mammalian histone

H2B Serld (equivalent 1o SerlQ of S, cerevisioe HIB) is catalysed by sterile-20
(Su’()) kinase in response 1o apoptotic signals {Cheung er af. 2003; Ahn e .,

)03}, Thus, histone phosphoarylation is achicved by a varicty of kinases from
illlt_u,n( signal transdection pathways. How different signals converge on and alteet
the structure and biophysical characteristics of chromatin will undouhtedly remain
ahot research fickd Tor years to come.

Ubiguaitinylation and sumoylation of histones

Ubiquitin (Ub} and small ubiguitin-like modifier. SUMCQ. are structurally highly
conserved proteins that are covalently conjugated 1o target proteins through an
isopeptide bond between their carboxy-(erminal glycine and the e-amino group of
lysine residues in the substrate protein. Both types of modilications are achicved by
the sequential and concerted action of (he activating enzyme {E1), conjugaling
enzyme (E2). and figase (E3) (Hochstrasser, 1996: Pickart. 2004). Furthermore. (he
mternal lysine residue of ubiguitin can act also as the acceplor, leading 1o
polyubiguitinylation. SUMO, on the other hand. is generally thought to function as
a4 monomer. although polymeric forms of @UM() perform complex lunctions in
higher eukaryotes (Bylebyl er af.. 20031 Li er al.. 2003). While the canonical view
remains that the poiyubiguitin chain acts as a general device Largeting the under-
Iying proteins for proteolysis by the 268 proteosome (Pickart. 2001 1. non- proteolylic
functions of monoubiguitinylation have emerged in the recent past (Spence ef al..
20000 Hicke. 2661 Indeed. both ubiguitinylation and sumoyiation have heen
identified as important mechanisms for cellular regulation of transcription. DNA
repair, cell eycle progression, protein localization and traf Ticking (di Fiore o1 af..
2003: Schnelt and Hicke. 2003: Seeler and Dejean. 2003 Hay, 2005).
Interestingly. the first cukaryotic protein found 1o be uhiguitinylated was H2A
from Hel.a cels. Subsequently. histones H2B. H3 and Hi, and the H2AZ variant
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were shown W carry this modilication. In S, cerevisioe, however, H2B appears Lo be
the sele histone that is ubiquitinylated. Ubiquitin moiety is added to a conserved
lysine residue (lysine 123 in yeast and lysine 119 in vertebraie H2By i the C-
terminal tail that is aceessible for imteractions with DNAL adjacent nucleosomes, and
other regulatory Tactors (Therne or af., 1987 Robzyk ef «f.. 2000). Yeast mutants
deleted for a well-known Ub E2 enzyme. Rad6, have no detectable levels of H2IR
ubiquitinylation (Robzyk er af.. 2000). Recent reports identified Brel as the E3
enzyme that direets Rad6 o monoubiguitinylation of H2B (Hwang er af.. 2003
Wood ef ¢f.. 200323 Besides harbouring the typical features ol an B3 ligase. frel
defetion mutants have several phenotypes in common with a radd deletion mutant
or H2B KI123R mutant. However, more recent lindings seem o suggest that Brel
may not be the only H2B ubiguitinylation 13 enzyme. Subunits of the PAF com-
plex, previously implicated in tanseription clongation, alse function 1o regulate
Rad6 activity in monoubiguitinylation of H2B (Ng er of.. 2003 Wood et af.. 20030
MucHer ef af.. 2004).

Several groups have uncovered a novel interplay of moditications involving H2B
ubiquitinylation and H3 methylation. Deletion of RADG or mutation ol H2B
ubiquitinylation site prevents H3 methylation at Lysd and 79 (Dover e al.. 2002
Ng e af., 2002a; Sun and Alis, 2002). On the other hand. Sei2-mediated 3 Tysine
36 methylation is unalTected (Briges er al.. 2002). Models to explain this unidiree-
tonal regulation of 13 methylation by H2B ubiquitinylation have been proposed,
which suggest that either the bulky ubiquitin moicty on H2B serves o unfold the
chromatin to allow greater aceess o methyltranslerases sueh as the Sett and Dot
(Briges e of.. 2002 Henry and Berger, 2002), or might simply act as a tag recog-
nized by proteins carrying ubiquitin interacting domains {Jason ez al. 2002).
Allernatively, ubiquitinylated H2B might regulate the activity of specitic H3
methyltransferases on chromatin, thereby promoting H3 methylation (Ng er al..
2002b: Krogan ¢r el 2003). While important for methylation. persistent HZB
ehicuitinyhution also may harm transeription. An ubiquitin hydrolase Uibp8 s found
to be a stable component of the SAGA acetyltransferase and transeriptional
coactivator complex (Henry e af.. 2003 Daniel er al.. 2004, Biochemical and
cenetic evidenee indicates that Ubp8 largets H2B for deubiquitinylation. The
dynamic balance of HZB ubiguitinylation/deubiquitinylation is important for GALY
transcription, since cither substitution ol the ubiguitinylation site in H2B (Lys123)
or loss of Ubpt fowers GALT expression. Thus. unlike acetylationfdeacetylation
whose functions are mutually opposing in most cases, both ubiquitinylation and
deebiguitinylation are required for gene activation. Intriguingly. the function of
H28 tderubiquitinylation that involves a different ubiquitin hydrolase. Ubpl(y
Daotd, appears o be different for telomeric silencing (Bmre ef ol 2005: Gardner ¢
al.. 20055 The moteculwr mechanisms underlyving such distinction remain o be
clucidated.

i many higher organisms, 3-13% of histone H2A s pbiguitinylated at Tysine
119, Until recently. the function of this moditication and the factors involved inits
estabiishmient were unknown. Two recent papers. de Napoles e af. {2004y and Wang
ef al. (2004by link monoubiquitinylation of histone H2A to the activities of 13
abiquitin ligases (hat reside in Polycomb-group repressor complexes.
Ubiquitinylared H2A (uH2A) oceurs on the inactive X chromosome in female
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mammals. and this correlates with the recruitment of the Polycomb repressor com-
plex I (PRCI). The hPRCIL (human Polycomb repressive complex |-like) is
composed of several Polycomb-group proteins including Ring1. Ring?2. Bmil. and
HPH2. Embryonic stem cells null for PRCI components. Ring 1B, and its close
homelogue. Ringl AL exhibit significant diminishment of global uH2A levels. In
Drosaphila. chromatin immunoprecipitation analysis demonstrated co-localization
of dRing with ubiquitinytated H2A at the promoter of the Drosophila Ubx gene in
wing imaginal discs. Removal of dRing in SL2 tissue culture cefls by RNA inter-
ference results in loss of H2A ubiguitinylation and. concomitantly. derepression of
Ubx. These studies thus provide evidence that H2A ubiguitinylation is a novel
epigenctic marker lor the inactive X chromosome (Xi) and link ul2A 1o Palycomb
silencing.

Despite a very similar protein (old as revealed by the nuclear magnetic resonance
(INMRj structure of SUMO-1 (Bayer er af.. 1998). the distribution of charged residues
an the surface of SUMO is very different from that of ubiquitin or ubiquitin-like
protems (Ubls). These differences account lor the facts that similar but distinet
enzymes mediate SUMO conjugation and hydrelysis, as well as the unigue
functions associated with sumoylation, Recently, histone Hd was reported to be
moditicd by SUMG (Shiio and Eisenman. 20033 Although the exact site(s) of
sumoylation was not determined. the N-terminal tail was found 10 be the substrate for
SUMO modification in vitro, Co-expression of histone acetyltranslerase p300
enhances sumoylation of histone H4. It remains o be seen il sumoylation of H4
affects nucleosemal structure or modulates its inleraction with other chromatin
related factors. In the Drosophila polytene chromosemes. the SUMO moicly was
detected in many cuchromatic sites and the chromocentre {Lehembre er af.. 20000,
suggesting a link (o cuchromatin functions. Future work should clarify the precise

&

rofes ol histone/chromatin sumoylation inthe regulation of chromatin {unction.

Modifications of histone variants

Diversification of core histone into variants contradicts our perception that histones
indiscriminately package and compact the genome (Brown. 2001: Malik and
HenikolT. 2003). Genes encoding the major histone proteins are often highly con-
served. present in muliiple copies. and expressed primarily during the S phase of the
cell eyele. On the other hand. histone variants that differ from the core histones in
their biophysical properties are restricied 1o specialized regions of the senome. and
likely exist as single copy genes expressed throughout the cell cyele. Exchanging
with the pre-existing histones during development and differentiation (Pina and
Suau. 1987). histone variants offer specialized functions in regulating chromatin
dynamics. The variants end to differ from the major histones. particularly in the
nan-globular N- and C-terminal il regions. and are involved in both transcriptional
activation and repression. Some histene variants contribute to genome stability by
regulating the fidelity of chromosome segregation or efficiency of DNA replication
and repair (Kamakaka and Biggins. 20035). One obvious example is the centromere-
specilic histone H3 variant CENP-A in mammals and Csed in the budding yeast
(Paimer er al . 19912 Meluh e af.. 1998). Just as the core histones. the variangs are
also modified, which imay aid their deposition or eviction out of the chromatin, 11
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variant is phospherylated in the il during depesition and removal from chromatin
(Dower al L 1999), H2A Z is extensively acetylated {Ren and Gorovsky, 2000). while
H3.3 is methylated and acetylated it a manner simiiar 1o the core histone H3
{McKittrick er ol 2004). Phosphorylation at Ser3 1 of H3.3 was recently shown
localize al the pericentromeric region during mitosis (Hake er af., 20035). 101 almost
certain that many exciting and msightiul discoveries on listone variant modifica-
tions and lunctions will be reported in the near future.

Recruitment of proteins by chromatin modifications: case studies of
bromodomain and chromodomain

How cach of the many chromatin moditications elicits specific molecular functions
15 a critical and fascinating biological question. Accumulating evidence clearly
shows that one of the mechanisms is the recruitment of selective proteins that
interact dircetly with the coerresponding histone maodification. Two prominent
examples are bromodomain and chromedomain, which interact respectively with
acetylated and lysine methylated histones.

BROMODOMAIN

With the plethora of biological functions linked 1o acetylation (Carrozza e al..
2003), 1t very signilicant that the well-conserved bromodomain is capable of
binding to acetyl lysine meietes (Dhalluin e af.. 1999 Jacobson er af., 2000}, The
bromodomain {(~60 ammo acids) was first identified by sequence alignment of six
genes from Drosopdila (Tsh and brmy), yeast (SPT7 and SNFZ). and humans (CCGH
and RING3). it was Jater Tound conserved in almost all known histone
acetyltransferase transeriptional co-activators (Haynes ef «l.. 1992 Tamkun ¢t al..
19923, This motif” containy seven invariant residues, four of which are aromalic
amino acids, and several conserved substitutions. Proteins containing multipie
bromedomuin can have the moetfs cither in tandem or separated by unrelated
sequences (Haynes eral., 1992). Solution structure of PCAF bromoedemain (Dhalluin
er al. 1999 reveals an unusual kelt-handed. up-and-down four-helix bundie with a
hydrephobic pocket able 1o interact with acetyl peptides or acetyl amino acids. The
nature of the recognition of acetyil-lysine by the PCAF bromodomain is similar to
that of acetyl-CoA by histone acetyltransferase, suggesting that bromodomain is
functionally finked to the HAT activity of co-activators in the regulation of gene
transcription. Structures ol bromodomains of several other HATs substantiate this
theory further (Hudson 1 al.. 2000; Jacobson e of.. 2000: Owen er af., 2000,
Mujtaba ¢r ed., 2002, 2004), In the case of the double bromodomain (DBD)Y of human
TAFHZ50. which is capable of hinding multiple acetylated histones, the spacing
between acetyl lysines (3/8 or 12/16 of histone HdY appears 1o be critical [or
determining the speciticity of interaction {Jacobson er al., 2000).

The importance of bromodomain-acety! lysine association has been shown in
several cases. The BAIT protein in yeasthas two bromodomains that bind diacetylated
Hd at high affinity (Matangkasombut and Buratewski, 20033 The acetylation-
dependent interaction s important for determining the boundury between the
transcriptionally active cuchromatin and the silenced heterochromatin {Ladurmer ef
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al.. 2003). The tandem bromodomain of Rsed protein, part of the RSC chromatin
remodetiing complex, binds acetylated H3 and is important lor transcription of a
varicly of yeast gencs in vive {Kasten ¢ al.. 2004). Moreover. recruitment of the
SWI/SNF chromatin remodelfing complex has been shown to be facilitated by
bromodomain-acetylated histone assaciation (Symtichaki ef «f.. 2000: Hassan ¢t ..
2002).

CHROMODOMAIN

Like many other modifications on histones. context-dependent histone methylation
provides acritical ‘mark” on the chromatin. enabling the recruitment and hinding of
chromatin-associated proteins that direct specific biological response. The methyl
fysine-hinding. chromodomain-containing proteins play important roles in regulating
gene activity and genome organization. The domain was first defined by Paro and
Hogness (19911 as a conserved 37-residue region of homology present in Diosophila
HPLand Polycomb (Pe) proteins (Jones e e, 2000: Brehm of ¢f.. 20043, HP1. which
binds to diftrimethylated H3-K9. is primarily associated with highly condensed and
repressed chromatin (Jacobs er af.. 2001: Grewal and Elgin, 2002 Jacobs and
Khorasanizadeh. 2002). while Polycomb works as an cpigenctic repressor that
regulales gene expression during development and binds trimethylated H3-K27
(Ringrose and Paro, 2001). The HPI-like chromodomain proteins (~25 kDa in size)
(Singh er al.. 1991) share a conserved stretch of negatively charged amino acids
adpacent to the N-terminus of the chromodomain. as well as an extensive C-terminal
homology region called the chromo shadow domain. Pe-like proteins are larger in size
and lack both these homology domains, but share a C-lerminal homology called the
Pe-box that is important for their function. Ina positive feedback mode, HP{ bound 1o
trimethylated H3-K9 recruits SUV3H T that presumably methylates H3-K9 of the
adjacent nucleosomes o promote further HPI binding and resultant spread of
heterochromatin (Nakayama e al., 2001: Half er af .. 2002). PC. on the other hand. is a
component of the Polycomb repressive complex T (PRC ) that, once loaded onto the
histone tails, blocks the access of the SWI/SNF chromatin remodelling complex or
transcription iitiation facters. thereby preventing decondensation of the chromaiin
by positive transcriptional regulators (Cao er al.. 20020 Czermin er al., 2002
Kuzmichey e af. 2002: Dellino er af., 2004). H3-K9 and H3-K27 trimethylation is
associated with the inactive X chromoseme (Xiy(Heard er af.. 2001 Mermaud ef af..
20020 Plath e «f.. 2003;. Furthermore, H3-K9 methylation can trigger DNA
methylation in Newrospora crassa (Tamaru and Selker. 200103 and Arabidopsis
thaliana (Jackson er al.. 2002). The combination of histone- and DNA-methylation
systems (Freitag and Selker. 2003) probably stabilizes silent chromatin domains.
safeguarding gene expression programmes and protecting genome integrity.

The NMR structure of chomodomain from the mouse HP-like protein (JIP17)
reveals a three-stranded. antiparalle]l B-sheet running across an o-helix. with the
highly conserved residues of the domain forming a hydrophobic core (Ball er af..
1997). Stable binding of HP | 10 its target sites in the genome often requires mubtiple
interactions besides histone H3 methylated at Lys9 (Cowicson e af.. 2000: Tacobs
and Khorasanizadeh, 2002: Maison er o/, 2002: Niclsen 7 al.. 2002), The Polycomb
chromodomain. however, does not distinguish a K9 methylaied H3 tail from an
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uvnmodified one in vitro. Rather, it shows increased alfinity for methylated Lys27 of
H3 brought about by the E(Z) methylase (Cao er af.. 2002: Czermin ef af.. 20023,

Very similar te the chromodomain is the Tudor domain of the survival motor
neuron SMN protein. which preferentially binds symmetrical dimethylarginine
(Brahms er af.. 20011 Friesen er af., 2001Y. The three-dimensional structure ol the
SMN Tudor domain is « strongly bent antiparallel B-sheet structure with a hydro-
phobic core constituled by the conserved residues (Selenko er af.. 2001, Structure
of double tandem Tudor demains of 33BP 1. a key transducer of the DNA dumage
checkpoint signal, reveals a new structural motif capable ol binding both DNA and
Arg—Giy-rich sequences (Charicr ef af.. 200:4). The three B-stranded core region of
Tudor and chromodomain is shared by PWWP, MBT. and Agenet domains.
suggestling that these structurally related motifs may have evolved from a common
ancestor and thus are greuped together as the Tudoer domain “Royal Famity™ (Maurer-
Stroh er af., 2003}, On the other hand. it remains o be scen as to whether
arginine-methylated histones are interaction targets for Tudor domain-containing
proteins.

Are there more modified histone hinding modules?

Methylation and acetylation only represent a portion of the repertoire of histone
modifications. [t is almost certain that other histone modilications also can act as the
homing device to attract different proteins with specificd molecular functions and
activitics o the underlying foct. This possibility is particularly attractive when
opposite outcomes are linked to a single modification. For cxample, both
transcriptional activation and chromatin condensation have been intimately linked
1o H3 Serl phosphorylation. Clearly. a unifying structural influcnce on chromatin
behaviour cannot suftice the opposite requirement for these two nuclear activities.
Cell cycle- or locus-dependent recruitment of sclective factors that faciliiale
HANSCrIPLHON oF mitotic progression is a well-received hypothesis but with. as vel,
littke physical evidence. Furthermore. while many modules are krown to bind
protein modifications, among the most notable are 14-3-3 {or phosphosering/
phosphothreonine (Yatfe. 2002a), and SH2 and PTB for phosphotyrosine {Yalle,
2002b). The list of such modules is continuatly increasing, In fuct, using a modificd
yeast two-hybrid approach. the identilfication of several veast proteins that interact
with acetylited histones H3 and H4 (Guo er ol 2004) with diverse chromatin-
related functions was recently reported. Intriguingly, none of these proteins contain
the bromodomain. Similarly. @ preliminary screen for yeast proteins that interact
with phosphorylated carboxyl weminal domain (CTD) of the Targest subunit of RNA
potymerase  {encoded by RPET in yeast) also uncovered several candidates with-
out one of the canonical phosphoserine-interacting motils (Guo er af.. 2004). These
results underscore the necessity of non-biased screening. biochemically and
genetically. for proteins thal may be recruited by histones bearing specific post-
translational moediications. and warrane the discovery of exciting new histone
targets that rely on sclective post-translational modilications.

Acknowledgements

We apologize to many of our colleagues whose excellent works were not ¢ited in this



Chromatin modificaiions and profein—protein imeraciions 117

article because of space limitation. Rescarch in the Kuo lab has been supported by
funds from NSF and NIH. as well as intramural grants from the Michigan State
University.

References

AASLANDL Ro. GIBSON. T.JL AND STEWART, AF. {(1993). The PHD finger: implications lor
chromatin-mediated transcriptional regulation. Trends in Biochemical Scicnees 20,5659,

ADAME RR. CARMENA. M. AND EARNSHaw, W.C. (2001). Chromosonal passengers and the
{Aurora) ABCs of mitosis. Trends in Celi Biofogy 11, 4034,

AHNS L CHENNG WL HSG LY DAz, R, Sy MOM. AND ALLIS. C.D. (26031, Sterile
20 Kinase phosphorylates listone H2B at serine 10 during hydrogen peroxide-induced
apoptosis in 8. cerevisiae, Cell 120, 25-36.

AKHTAR. AL AND BECKER. P.B. ¢ 2000). Activation of transcri ptionthrough histone Hé acetylation
by MOF. an acetyhtransferase essential for dosage compensation in Drosophifa. Malecdar
Cefl 5. 367--375.

Barr, LA Murzina, NV BROADHURST. RW. £7 AL {1997}, Structure of the chromatin
binding (chromo) domain from mouse modificr protein I, EAMBO Journal 16, 2473-248 1

BANNISTER. AT SCHNEDER. R, AND KOUZARIDES. T, (2002). Histone methylation: dynamic
or static? Cell 109, 801-806.

BARRATY, ML Hazzanm, CAL Cano, B AND MaHADEVAN. L.C. (1994}, Mitogen-
stimulated phosphoryiation of histene H3 is tarected to o small hyperacetylation-sensitive
fraction. Proceedings of the National Academy of Sciences of the United States of Aterica
91. 47814785,

Bavir, LML IDAGIAT, S.NIELSEN. S0 NIGHIINGALE, K. AND KOUZARIDES. T, (2002).
Methylation atarginine 17 ofhistone H3is linked w gene activation. EMAO Reporis 3,39
ES3

BAVER PUARNDT, AL METZGER. S, £7AL 01998, Structure determination of the small ubiguitin-
reinted modilier SUMO-L. Jourmal of Molecular Biology 280, 2752286,

BIRCHLER, LA PAL-BHADRA. M. Anp Brabra, U, (2003). Dosage-dependent gene regu-
lation and the compensation of the X chromosome in Diosophile wales. Geaetica 117,
F79-190.

BEANCOLC . MINUCCL S, L T E7ar. (1998). The histore acetyluse PCAF is anuciear reeeptor
coactvator. Genes and Development 12, 10381651

BLANDER.G.AND GUARENTE. L2004, The Sir2 family ol protein deacelylases. Anned Reviews
in Biocheniistry 73, 417435,

Bobe. AM.AND DONG. Z.(2003), Mitogen-actvated protein kinase activation in UV-induced
signal transduction. Sedence’s STKE 167, re2.

BORE A M. ANDDONG. 7. (2005). Inducible covalent post-transtational modification of listone
H3. Seience’s STRE 281 red.

BRAvMS. Ho MEHEUS. L., DE BRABANDERE, V| FISCHER. U, AND LUFRMANN. R, (200] ).
Symmetrical dimethylation of arginine residues in spliceosomal Smprotein B/3" and the Sm-
like protein LSmdd, and their interaction with the SMN protein. RNA 715311342,

Brrsm ALTUErRLAND. KIRL ASHLAND. R, AND BECKER. PR, (20041, The many colours of
chromodomains, Bicessavy 26133140,

BRIGGS. S.D. BRyK. Mo STRAHL. B.D. £7 47, (2001, Histone H3 Iysine 4 incthylation is
mediated by Set! and required for cell growth and rONA silencing in Saccharonivees
corevisice. Genes and Developpeni 13, 3286-3205 .

BRIGGS. 5.0 Xiao, T Sun, ZW. 17 4z, (22000, Gene silencing: trans-histone regulatory
pathway in chromatin. Narure 418, 198,

Brows DUT(2001), Histone variants: are they tanctionally helerogencous? Genane Biology 2.
Review S0006.

BuRna. 5.0 CHEN. B Murrny, M. KURIMASA. A, AND CHEx. DL (20011, ATM
phosphorylales histone HZAX in response to DNA double-strand hreaks. Joieral eif
Biological Chenistry 276, 42462-12467.



[ 15 ALACHARYA AND M -H. KuUo

Byveepgye, G.R.L BeLChNREo, Lo anp Jonnson, £.5, (20031, The SUMO isopeptidase Uip?
prevents accumulation of SUMO chains in yeast, Jewonal of Biological Chemisiry 278,
4411344120

Byvort. PoSHEPHERD, G.RL HARDEG LM, AND NoLAND, B (19725 The distribution and
turnover of labelled methyl groups inhistone fructions of cultured mammadian cells. Archiives
of Biochemistry and Blophvsics 148, 358-567.

Camns, BR 20053 Chromatin remodelling complexeststrength m diversity. precision through
spectalization. Crorrent Opinieni fn Genetics and Development 15, 185-190).

Canpal. ROZMou T ALLS. C.D AND BERGER. S.L. (1997, Histone acetylransferase activity
and mteracton with ADA2 are eritical for GONS {unction brvive, EMBO Journal 16,355
3065,

Cao, RiOWANG. Lo WanG Ho gra, (2002), Role ol histone H3 Iysine 27 methylation in
Polycomb-group sifencing. Seience 298, 1039-1043.

Carrovza, MU UTLEY. RT Worksan, J L AnD Coti 10 (2003). The diverse functions
ol histone acetyHransterase complexes. Trends in Geneties 190321329,

CHAL DLNCHENDZEL ML TYLIesKL C.P £ A, (1999), Increased Ser- 10 phosphorylation
ofhistone H3 inmitogen-stimulated and oncogenc-transtormed mouse libroblasts. Jonre!
of Biological Chemisiry 274, 2491424920,

Criarizr. G CouprrIE, 1. ALpPHA-BaziN, B. £7 AL, (2004, The Tudor asdem of 53BPI:
a new structural metf involved in DNA and RG-rich peptide binding. Sirevctre 12,
135113062, :

Cuen, Do Ma, Ho HonG, He eroan (1999), Regulation of transeription by a protein
methyltransferase. Sefence 284.2174-2177.

CriEn LN R SCHILTZ, R £rar, (1997, Nuclear receptor co-activator ACTR is anovel
histone acetyltransterase and forms a multimeric aetivation complex with PCAF and CBP/
PO Cefl 99, 369-580.

Cupena, P AL, CD0anb Sassone-Corst, Po (20007, Signalling to chromatin through
histone moedifications. Cefl 103263271,

CHEUNG. WL AnRO. Ko Sasidmal Ko £rac (2003) Apoptlotic phosphorylation of histone
H2B s mediated by mammualisn sterile twenty Kinase, Cefl 113.307-517.

CHEUNG. W LU TURNER. FLB L KRISHNAMOORTHY . T, #7472 (2003). Phosphorylion of histone
Hd serine | during DN A damage requires casein kinase Hin §. cerevisiae. Current Biology
15, 636661,

Crarie. AS. LowenL, LE. Jacosson, S0 AN PILLus. L. (1999 Esalp is an cssential
histone acetyltranslerase required for celteyele progression. Mofecrdar and Cellidar Biology
19, 2515-2516.

CLAYTON. AL L. AND MAHADEVAN, L.C. (2003), MAP kinasce-mediated phosphoacetylation ol
histane H3 and indducible gene regulation. FEBS Letters 546, 51-58.

Cownzson. NP PARTRIDGE, LELALLSIIRE, R.C.AND MCLAUCGHLIN, P 2000). Dimerisation
of achromoshadow domain and distinetions from the chromaodomain as revealed by structurst
analysis, Crarent Biology 10, 517-525,

CornserT, Gl DAIAT. SOSNownEN. AW, £7 4L (2004, Histone detmination antagonizes
arginine methylation. Ceff 118, 545-553

Creraiing B MeLEL R MCCABE. Do SEIz. Voo IMHor. AL AND PIRROTTA. V. (2002).
Diosophilaenhancer of Zeste/ESC complexes have g histone H3 methyltransferase activity
that marks chromosomal Polycomb sites. Ced/ 1110 185-196.

Daxict, AL TOROK, M.SSUNZW. ErAL (2004). Deubiquitination of histone H2B by ayeast
acetyitranslerase complex regulates transeription. Jowrnead of Bioloyical Chemistry 279,
1867-1871.

Derrmo, G Scuwartz, Y.B. Farkas, G MeCase. Do ELGiNG S5.C AND PIRROTTAL V.
(2004, Polycomb silencing blocks transeription initiation. Molecudar Cell 13, 887-893.

DENAPOLES. M., MERMOUD, J.EL WARKAO, R. #7144, (2004). Palycomb group proteins ving 1A/
B link ubiguitylation of histone HZA to herittable gene silencing and X inuctivation.
Developmenial Cell 7.063-070.

DeEnt. 142005 The Sir2 family of protein deacetylases. Current Opindon in Chemicad Biology
9. 431440,




Chromatin modifications and profein—protein interactions 19

DHaLLUmN, Ol CARLSON. LE. ZENG. Lo Hi, Co AGGARWAL. ALK AND ZHGU, MUM., (1999),
Structure and ligand of a histone acetyltransferase bromodomain. Nadre 399, 491496,

DEFIORE PP POLO. S, AND HOFMANN. KL (20031, When ubiquitin meets ubiquitin receptors:
asignaliing connection. Natwre Reviews in Molecular and Celt Riologe 4.491-497.

Dov. Y. MizzeEN, CAL ABRAMS, M. ALLIS. C.D. anp Gorovsky, M.A. (1999). Phos-
phorylation of linkerhistone M regulates genc expression fir vivo by mimicking 1 | remaval,
Molecular Cell 4. 641-047.

DOVER. L SCHNEIDER. L. TAWIAH-BOATENG, MLAL £7 44, (2002). Methylation of histone H3
by COMPASS requires ubiquitination of histene H2B by Rad6. Jowrnal of Riojosical
Chemistry 277, 28368-28371,

DOwnNs. LA LOWNDES. NFAND JACKSON. 5.1 (2000, A role for Saccharamyvees corevisiae
histone H2A in IINA repair. Natre 408, 10011004,

Downs, AL ALLARD. SO Josm-RoOBITANLE. O, E7 A (2004). Binding of chromatin-
madifying aclivities to phosphorylated histone H2A at DNA damage sites, Molecudlar Cell
16. 979-900.

Drunivonn, D.CL Noavg, C.QL KIRPOTING LB G, Z., ScolT. GKL ann Benz, C.0,
(2005). Clinical development ol histone deacety lase inhibitors as anticancer agents. Annral
Review of Phanmacology and Tovicology 45 495-528,

DUERRIL LA AND LEE CT (1974 I vive methylation and turnover of rat brain histones. Jowsnal
of Newrochenmistry 23, 341547,

DUROCHER. D). AND JACKSON. S.P. (20011 DNA-PK, ATM and ATR as sensors of DNA
damage: variations ona theme? Citrrent Opinion in Cell Biology 13.225-23 .

EBFRHARTER. A_aND BECRER. P.B. (2000, Histone acetylation: a switch between repressive
and permissive chiromatin, EMBO Reparts 3. 224-229.

EHRENHOUER-MURRAY. A L. RIVIER, DH. AND RiNE. 1 (19975 The role of Sas2. an
acetyltransterase homologue of Saccharomyees corevisiae, nsilencing and QRC function,
Cenetics 145, 923934,

Eariz N.Co INGVARSDOTTIR, Koo WYCE, AL k7 AL (2005, Maintenance of kow histone
ubiguitylation by Ubpli corrclates with telomere-proximal Sir association and gene
silencing. Molecular Cell 17585594,

FENG, QL WANG. HL NG HUHL 2042 (2002), Methylation of H3-lysine 79 is mediated by anew
family of HMTases without a SET damain. Currens Bioiogy 12, 1052-1058,

FOSTER. E.R. AND DDOWNS. LA (2005}, Histone H2A phosphoryiation in DNA double-strand
break repair. FEBS Jonrnal 27232313240,

Frerrac., MoaND SELRER. B (120095, Controlling DNA methylation: many roads 1o une
modilication. Crrrent Opinion in Genetios and Devetopmens 13, [91-199.

2N, WL MASSENET. S PAUSHEING S. WYCE. AL anp DREYEUSS, G (20011 SMN. the
product of the spingl muscular avrophy gene, binds preferentiatly to dimethylarginine-
containing protein largels. Molecidar Celf 7111117,

GARDNER. RG. NELSON, Z W, AND GOTTSCHLING. D.E. (20035). Ubp IYDotdp resulates the
persistence of ubiguitinated histone H213: distinet roles in telomeric silencing and seneral
chromatin, Molecular Cell Riology 25, 61236139,

GLovER, DML LEBownZ, MUH.L MOLEAN. DAL AND PARRY . HL (1995, Mutations in Aurora
preventeentrosome separation leading to the formation el monopotarspindles. Celf 81,95
P03,

Goro, H. ToMoNO, Y. ARG K #rar (1999). Identification of a novel phosphorylation site
on fistone H3 coupled with mitotic chromosome condensation. Jowrnal of Rinlogical
Chemistry 274, 25543-25549,

GOTOUHL YASUL Y.L NIGG. B AL AND INAGAKL ML (20021, Aurora-B phosphorylates histone H3
alserine 28 with regard tothe mitotic chromoxome condensation. Genesto Cells 7.1 1-17.

GRANT. PAL DUGGAN, L COoTE L E7 AL (1997). Yeast GenS functions in two multisubunit
complexes to acetylate nucleosemal histones: characterization of an Ada complex and the
SAGA (SpYAdaY complex. Genes and Development 11, 16401650,

GRANT. P ASCHIELTZ DU PRAY-GRANT. MG ETAL (19981 A subsetof TAF(1Ds are infegrad
components of the SAGA camplex required for nucleosome acetylation and transeriptional
stimulation. Ceff 94, 45-53,

Fri:




120) ALACHARYA AND M -H. Ko

GREWAL,S. L AND ELGIN.S.C. (2002, Heterochromatin: new possibilities for the inheritance of
structure. Curvent Opinion in Genetics and Developienr 12078187,

GROZINGER.C.M.AND SCHREIBER. S. L. {2002). Deacetylase enzyimes: biotogical funclions and
the use of small-molecule inhibitors. Chemistiry and Biology 9. 3-16,

GRUNSTEIN, ML (19973 Histone acetylation in chromatin structure and transeription. Neature 389,
344352,

GUARENTE. L. {2005). Calorie restriction and SIR2 genes - towards a mechanism. Mechanismy
of Ageing and Developnienr 126.923-9238,

Guo. Do Hazpun, TR X0, XL NG S L FIELDS. S AND KUo, MUHL Q20041 A ethered
catalysis, two-hybrid system (o identify protein—protein interactions requiring post-
translational modifications. Netrre Biorechnology 22, 888842,

HakE S.B.. GaRota, BLAL KaUER. M. g7 an. (200353 Serine 31 phosphorylation ol histone
variant H3.3 is specific 1o regions bordering centromeres in metaphase chromosonies.
Proceedings of the National Academy of Sciences of the Unilied States of America 102,
63446349,

Harb, LML SHANKARANARAYANA. G Nosva, K AYOUB. N COHEN, AL aND GREWAL,
S.L2002). Establishmentand naintenance of a lieterochromatin domahn. Scienee 297. 2232
2237

Hassan, AH.L PROCHASSON, P NEELy, Kk 27 a2, (2002) Function and selectvity of
bromoedomains inanchering chromatin-modifying complexes to promoter nucleosomes, Celf
111, 369-379.

Hay, RT. (2005, SUMO: a history of modilication. Molecwdar Celi 18, 1-12.

HAYNES, SR DoLEARD, CoWINSTON, FLBECK. S TROWSDALE. T AND Dawin, LB, (1992).
The bromodomain: a conserved sequence tound i human Drosopiiila and veast proleins,
Nucleic Actds Reseerely 200 2603,

HEARD. E. ROUGEULLE CLUARNALD. DL AVNER. PLALLIS. C1AND SPECTOR. DL (2001,
Methylation of histone H3 al Lys-9 is an carly mark on the X chromosonie during X
inactivation. Ceff 17727738,

HERBES, TR THORNE, AW, AND CRANE-ROBINSON, C. (1988). A direct link between core
histone acetylation and transeriptionally active chromatin, FMBO Jowrnal 7. 13951462,

FIENDZEL. ML WEL Y.L MawCING MLAL ey ar, (1997), Mitosis-specific phosphorviation of
histone H3 inidates primartly within pericentromeric heterochromatin during G2 and spreads
inanordered fashion coincident withmitotic chromosome condensation. Clromasonu 106,
38364,

HERIKOEFE, S0 AND AHMAD, K (2005). Assembly ol variant histones inte chronuitin, Annited
Reviews n Cell and Developmental Biofogy 240133-133.

HENRY., KW, AND BERGER. S.1. {20023 Trans-tail histone modilications: wedge or bridge?
Narure Srractaral Biology 9. 565360,

HENRY KW O WYCL AL LG WS, 27, (2003) Transeriptional activation via sequential histone
H2B ubiquitylation and deubiyuitylation. mediated by SAGA-associated UbpS. Genes and
Development 17, 26482663,

HERSCHMAN, HLR. (1991 Primary response genes induced by growth factors and tumour
promoters. Annwal Reviews in Biochemistry 60, 281-319.

HiCoKE, L 2001, Protein regulation by monouhiguiting Matiere Reviews in Molecular wid Cell
Biology 2, 195201,

HOCHSTRASSER. M. (1996, Ubiguitin-dependent protein degraclation. Awiieaf Reviews in
Gienetics 30, 4054309,

Hs  BYOSUNCZ WU T XL e a, (2000). Mitotic phosphorviation of histone H3 s poverned
by IptH/ Aurorakiase and Gic 7/PP{ phosphatase inbudding yeastund nematodes, Ceff 102,
279291,

HUpsoN, B.PL MARTINEZ-Y AMCUT. MUAL DYSON, HL AND WRIGHT. PR (20001 Solution
structure andacetyl-lysine binding activity of the GONS tromodomain, Jormal of Melecilar
Biciegy 304, 355-370.

FIWANG. WOW L VENKATASUBRAHMANY AM. S IANCULESCU, ALGLU TONG. AL BOONE CL AN
Manpant H.DL 120031 A conserved RING linger protein required Tor histone H2B
monoubiguitination and cell siee control. Mofecudar Celf TE 261-2060.




Chromatin modifications and protein-proiein interaetions 121

IYER. NG Oziac, Hoanp CaLpas, C.(2004Y, p300/CBP and cancer. Oneagene 23, 4225—
4231.

Tackson. LP. Linorotie AM. Ca0. X AND IACOBSEN. S.E. (2002). Control of CpNpG DNA
methylaion by the KRYPTONITE histone H3 methyltransierase. Naniere 416. 556-36().

Jacons. SAAND KHORASANIZADEH. S, (2002}, Structure of HPI chromodomain bound 1o a
lysine 9-methylated histone H3 tail. Science 295, 2080-2083.

TACORS. S AL TAVERNA. S.DLZHANG Y. £7 A2, (2001). Specificily of the HP1 chroma domain
for the methylated N-terminus of histone H3. EMBO Journal 20, 5232-5234,

JacoBson. RH. Lapurner. A.G. King, 1.5, ann Tian. R. (20001 Structure and function
ol a human TAFIZ30 double bromodomain module. Sciencee 288, 14321425,

FASOM. L MOORE. S.CLLEWIS. 3D LINDSEY. G AND AUSIOL S (20021, Histone ubiquitination:
atagging il unfolds? Bioassevs 24, 166-174,

TEPSEN. Ko AND ROSENFELD. MLG. (2002). Biolagical roles and mechanistic actions ol co-
repressar complexes, Journeal of Cefl Scicnce 115, 689-69%.

Jonizs, D.OL COWELL. LG AND SINGH. P.B.{2000). Mammalian chromodomain proteins: their
role in genome organisation and expression. Bioessevs 22, 124137,

KALKHOVEN, B (2004). CBP and p300: HATs Tor diflerent accasions. Riachemical Pharma-
cology 68, 1145-155.

Kanmaraka T (2003). Heterochromatin proteins in fux lead 1o stable repression. Cerrent
Biology 13. R317-319.

KaMARARA RT. AND BiGans. S (20035), Histone variants: deviants? Geses and Developurent
19, 205-3 1.

Kasten, Moo SZERLONG. Ho. EROIGMENT-BROMAGE, H. TEMPST. P WERNER. M. AND
CAlRNS. B.R. (20043, Tandem bromedomains in the chromatin remodeler RSC recognive
acetylated histone M3 Lys b EMBO Jowral 23, 13481359,

KHORASANIZADIEH, S, (20047, The nucleosome: from genomic organization Lo genomic regula-
tion. Cell 116.259--272,

Kovzaripes. T, (2602). Histone methylation in ranseriptionad control, Current Opinion in
Cienetios ane Develapment 12, 198-209.

KROGAN. N DOVIER. T WoOb, AL g7 AL (2003). The Pal't complex is required for histone
H3 methylation by COMPASS and Dotlp: linking transcriptional elongation to histene
methyvlation Melecidar Cell 11721729,

KUNDU, T PALHAN, VB WanNG. Z. AN. W CoLE PAL AND RoEper. R.G. (20003,
Activator-dependenttransceiption from chromatin in vitro involving tareeted histone acetyla-
tion by p300. Maolecalar Cell 6. 551301,

i, ML BROWNELL. JEL SOBEL. R.E. 17 AL (1996). Transcription-linked acelylation by
GenSp ool histenes H3 and Hed at specilic lysines. Nerre 383, 269-272.

Kua M-HL Zaow, b TaMBECK. P CurCHILL, MAE AL aND ALis. C.D. (1998). Hislone
acetylransterase activity of yeast GenSpis required (or the activation of target genes fir vive,
Genes aid Developmiont 12, 627639,

Kuscn, T FLORENS. Lo MACDONALD. WH 7 Ac, (2004, Acetylation by Tip60 is required
lor selective histone variant exchange at DNA lesions. Science 306. 2084-3087.

KUZMICHEY. AL NISHIORA, K. ERDIUMENT-BROMAGE, H.. TEMPST. P. AND REINBERG. 1D,
(2002). Histone methyliransferase activity associated with a human multiprotein complex
containing the Enhancer of Zeste protein. Genes and Develapment 16, 2893-2905.

Lacsiner, Mo ANDIENUWLEIN, T.02002). The many faces of histone lysine methylation, Corrent
Cipinion s Cell Biology 14, 286-298.

LacosTi No Ureey, RTCHUNTER, LML POIRIER. G.G. anD COTE, 1L {20023, Disruptor of
telomeric silencing-1 is a chromatin-specific histone H3 methylransferase, Jourial
Biological Chemistre 277, 3042130424,

LADURNER. ALGLINOUYE, CLIAIN. ROAND TUAN. R, (20033, Bromodomaing mediate an acetyl-
histone encoded antisilencing function at heterochromatin boundaries. Molecular Ceti 11,
365376,

L LHL Cook LR POLLACK. B.P Kinzy. T.GL NORRIS. 1D AND PESTRA, §, (2000). Hsi7p.
the yveast homologue of human JBPIL is a protein methyitransierase. Biocheniical and
Blophysical Research Communications 274, 105=111.




{22 ACACHARYA AND M -H. KU

LEE MG WYNDER, T CooCH, NoAND SHIEKHATTAR. R (2003). An essential role for
CoREST in nucleosomal histone 3 lysine 4 demethylation. Nature 437, 432435,

EEHEMBRE. F.. BADENHORST. P MUOLLER. 8.0 TRAVERS. A SCHWEISGUTH, F. AND
Drrean, AL 20004, Covalent modification of the transeriptional repressor tramirack by
the uhiquitin-related protein sm3 in Drosaphila flies, Molecwdar and Cefludar Biology
200 10721082,

Lz, CoanD CHEN, LI2 (20000, The SRC family ot nuclear receptor coactivators. Gene 245, 1-
.

LY. WanG, Ho WanaG, SoQuon. I, L, Y.-Ho axp CorpeLn, B, (2003, Positive and
negative regulation ol APP amyioidogenesis by sumoylation. Proceediigs of the National
Academy of Sciences of the United Stes of America 100, 23926,

Lo, WS Duccan, Lo By N.C2ral (2000, Sall — a histone Kinase thal works in
voncert with the histone acetyltransferase Gend to repulate transeription. Scfence 293
PH42.1 6.

Lo WS GasacHe, ERCHENRY. KW YANG, Do PILLUs, Lo anD BerGer, S {20051,
Histone H3 phosphorylation can premoete TBP recruitment through distinet promoter-
specilic mechanisms. EMBO forrnal 24, 9971008,

Luconise O (1998). Dosage compensation in {lies and worms: the ups and downs of X-
chromosome regulation. Cureenr Opindon in Genetics and Development 8. F79—184.
Luaer, Ko2003 ) Structure and dynamic behaviour of nucleosomes. Current Opinion in Genetics

citied Deviopiient 13, 127-135.

LUNYAK. V.V Buroess. R PrRevoNtame, GG pr oA, (2002) Co-repressor-dependent
silencing ol chromosomal regions encoding neuronal genes. Science 298, 1747-1732.

MacHLBarsans CTL L Hoeran, 2001). Hormoene-dependent, CARM L-directed, arginine-
specific methylation of histone H3 on a steroid-regulated promoter. Current Biology 11
198 1-1985.

MapiGan, LR, CHOTROWSKE HLL. AND Graser. RoL. (20020 DNA double-strand break-
induced phosphorviationof Drosopfiifeamstone variant H2 Avhelps preventradintion-induced
apoptosts, Nucleic Acids Research 38 369583705,

MatapEVAN, LCLWILLIS. AC.AND BARRATT. MJ. {1991}, Rapid histone H3 phosphoryla-
tion in response to growth factors, phorbol esters, okadaie acid. and protein synthesis
inhibitors. Cell 63775783,

Maisox. Co Batewy, Do PeETERs. AHL £7 a0, (2002). Higher-order structure in pericentric
heterochromatininvolves adistinet pattern of histone modilication and an RNA component.
Neture Generies 300 329-334.

MALIK. FLS. AND HENIKOFE S, (2003). Phylogenomics of the nuclcosome. Netiere Structiral
Biology 10, 882891,

MARMORSTEIN, M. (200:4h). Structure and chemistry of the Sir2 family of NAD+-dependent
histene/protein deactylases. Biocheniical Sociery Transactions 32, 904909,

MARMORSTEIN. R, (2001). Structure of histone deacetylases: insights inte subslrate recognition
and catalysis. Strrcture (Camb) 90 11271133,

MARMORSTEIN. R AND ROTH, 8.Y. (2001} Histone acetylvansferases: function. structure wid
catalysis. Crrrent Oplrdon in Genetics and Developmenr 11, 155161,

SBalsAs. MOAL BaNnNISTER. AL Martin, Ko Haus-SEUrFFERT. P
MEISTERERNST. M. AND KOUZARIDES. T. (1998). The acetyliranslerase activity ol CBP
stimulates transeription. EMBO Journal 17. 28806~2893.

MATANGKASOMBUT. O, AND BURATOWSKIL. S, (2003). Dillerent sensiiivities of bromedomain
factors | and 2 1o listone HA acetviation. Molecudar Celf 11, 333-363.

MAURER-STROH, S., IDICKENS, N, HuGrES-Davies, Lo, Kouzaringes, T EISENHABER. T
AND PoNTING, C.P.(2003). The Tudor domain “Royal Family™; Tudor. plant Agenct,
Chromo. PWWP and MBT domains. Trends in Biochemical Sciences 28, G9-74.

MCKITTRICK. E.. GAFKEN. PR ARMAD, I AND HENIKOFF. 8. (2004). Histone H3.3 iy
enriched in covalent modifications associated with active chiromatin. Proceediigs of the
National Academy of Sciences of the United States of America 101, 1325-1530.

MELUHL P.BL YANG. P GLOWCZEWSKL L. KOSHLAND, Do AND SMITH. MLV {1998). Csedp
is a component of the core centromere of Saccharomyees cerevisive. Cell 94, 007-0613.




Clhiromarin madifications and protein—protein interactions 123

MERMOUT. LEL PoPova, Bl PETERS. AHL JENCWERN. T, AND BROCKDORFE, N. (2002).
Histone H3 Tysine 9 methylation oceurs rapidly at the onset of random X chromosome
inactivation. Crerrent Biology 12, 247-251.

METZGER. ECWESSMANN, ML YING N £7 a2 (20055, LSD I demethylates repressive histone
marks to promote androgen-receptor-dependent transeription. Nasere 337, 4 36-430,
MORRISON. AT HIGHEAND, L KROGAN, N Erar, (2004). INOSO and vH2AX interaction

Hinks ATP-dependent chromatin remodelling to DNA damage repair. Cedf 119, 767-775.

MurLLER CLLPORTER, S E. HOFEMAN. M.G.AND JAEHRING, LA, (2004). The Pall complex
Bas funclions independent of actively transeribing RNA polymerase 1L Mofecular Celi 14.
4474506,

Murrasa. 5. HE Y. ZEnG, L. g7 Az, (20020, Structural basis of Tysine-aeetylated HIV-1 Tat
recognition by POAF bromodomain. Molecudar Cell 9. 575-386.

MUITABAL S HE YU ZENG, L. 2747 (2004), Structural mechanism of the bromodomain of the
coactivator CBP in p33 wranscriptional activation, Melecular Cell $3.251-263.

Murray, K. (1964, The oceurrence of epsilon-N-methyl bysine in histones. Biochemisiy 127,
H-15.

NARAMURA. T.MLL AL REDON. C. anp RusseLL, P(2004). Histone H2A phosphorylation
controls Crb2 recruitmentat DNA breaks. maintains checkpointarrest. and influences DNA
repair in fission yeast. Molecilar aid Celludor Biology 24, 6215-6230).

Nakavaxa, Lo Rice 1O, Stravn. 8.0 ALLg, C.D. anp GrEWAL, ST (2001). Role of
histone H3 lysine & methylation inepigenctic controf ol heterochromatin assembly. Sefenee
202 HO-113

NARLIKAR, G, FANCHLY . AND KINGSTON. R.E. (2002). Cooperation between complexes that
regiilate chromatin stricture and transcription. Ceff 108, 475-487.

NGOH.HL XU RML ZHANG. Y. AND STRUHE. K. (20024), Ubiguitination of histone H2B by
Rad6 is required for efficient Dot l-mediated methylation of histone H3 lysine 79. fomwrnal
of Biodagical Chemisiry 277. 34635-34657.

NG HHLFENG. Q. WanG, H. v an, (2002b). Lysine methylation within the globular demain
olhistone H3 by Dotl is importantfor ielomeric silencing and Sir protein association. Genes
e Development 16, 1518-1527,

NG HHL DOLE. S. AND STREHL. K_(2003). The BRI component of the Pali tanseriptional
clongation complex is required for ubiguitination of bistone H2B, Jouwrneal of Biologiceal
Chemistry 278, 33025--33628,

NIELSEN. PR NIETLISPACH. DL MOTT HLRL E7A2 2002 Structure of the HP | chromodomain
bound Le histene H3 methylated at lysine 9. Nature 416, 103-107.

NIELSEN. S 1L SCHNEIER. R Balik, UM, £747, (2001). Rb taraets histone H3 methylation
and HP L o promoters. Narure 412, 561-565.

NisHiora, K. RICE. LC.L Sakda, Koo£7 AL (20023 PR-Set7 is a nucleosome-speciliv
methyltransferase that modifies lysine 20 of histone Hd and s associated with silen
chromatin. Molecidar Cell 9, 12011213

NOWAK. S 1 AND CORCES. V.G (2004, Phusphna’y!ulion of histone H3:a lmlguming;[c[ between
chromosome condensatien and transeriptional activation, Trends (i Generics 20.214-220.

OGawA. HoISHIGURO. Ko GAUBATZ, S LIVINGSTON. DML AND NAKATANL Y. (20023, A
complex with chromatin madiliers that occupies E2F- and Myc-responsive genes in GOcells.
Seienice 296,1132-1136.

OGRYZKO. V.V SCHILTZ. R RUSSANOVA. V. HOWARD. B.H. AND NAKATANL Y. (1906).
The transcriptional coactivators p300 and CBP are histone acetylimnslerases. Cell 87,953
959,

QGRYZRO. V.V KOTANL T ZHANG. X. £ A, (1998), Histone-like TAEY within the PCAF
histone acetylase complex, Cell 94, 3544,

Owin, DL ORNAGHE P Y ana, LC. prarn. {20004 The structural basis Tor the recognition of
acetylated histone He by the bromodoman of histone acelyltransferase gendp. EMBO
Jotrnal 19, 6141-0149,

PALMER. DKL Q' DAy, Ko TRONG. Hll. CHARBONNEAUL, H. AND MARGOLIS, R.L. (1991},
Purification of the centromere-specilic protein CENP-A and demonstration that it is a
distinctive histone. Proceedings of the Nationa! Acadeny of Seiences of the United Siates
of America 88, 3734-3738.



£24 ALACHARYA AND M.-H. Kuo

PARO. R.AND HOGNESS, 12.5.(1991). The Polycomb protein shares 2 homelogous domain with
aheterochromatin-associuted protein of Drasophila. Proceedings of the National Academy
of Sciences of the Uniired States of Anerica 88, 263-267.

PARTHUN, M.R.. WIDOM. I AND GOTTSCHLING. [D.E. (1996). The major cyteplasmic histone
acetybtransferase inveast: linksto chromatin replication and histone metabolism. Ceff 87,85
94,

PETERSEN. L. Parts, Jo WILLER, M. PHILIPPE, M. AnD HaGAax, LML (2000 The 5.
pombe Aurcra-related kKinase Ark [ associates with mitotic structures in a stage depend-
et manner and is required for chromosome segregation. Journal of Cefl Science 114,
43711384,

PrTRy. B, GILES, ROHL Datwerss, HLG. £7 4L (1993). Rubinstein-Taybi syndrome caused
by mutations in the transcriptionad co-activivor CBP. Narure 376, 348-351.

PIeRART. C.M. (2001). Mechanisms underlying ubiquitination. Anmial Reviews i Biochemisiry
74, 503533,

Pierart. C.M. (2004). Back 1o the future with ubiquiting Cell 116, 181-100.

Pinac BoAND Suau. P(1987). Changes in histone H2A and H3 variam composition in
differentiating and mature rat brain cortical neurons. Developmenial Biology 123.51-58.

PLaTH, Ko FANG, )L MLYNARCZYK-Evans, S.K. £r Az (2003). Role of histone H3 lysine 27
miethylation in X inactivation. Scignce 3000 131133,

POLIOUDAKL H., MARKAKL Y., KOURMOULL N. £ a4z, (2004). Mitotic phosphorylation of
histone H3 at threonine 3. FEBS Leters 560, 3914,

PrEUSss. U LANDSBERG, G. AND SCHEWTMANN, K.H. (2003). Novel milosis-specific
phosphorylation of histone H3a Thr | mediated by DIK/ZIP Kinase. Nucleic Acids Research
31, 875-885.

PRIGENT. C. AND DIvITROV, 5. (2003). PhosphoryLation of serine 10 in histone H3. what for?
Journad of Cell Science 116, 3677-3685.

PricriNt. CoaND GriEr, Ro(2003), Aurora A and mitotic commitment. Cell 114, 5331532,

PURL P.L., SARTORELLL V. YANG. XL £7 A (1997). Differential roles of p300 and PCAR
acelyltransterases in muscle differentintion. Molecudar Cell 1,335,

REAL S EISENHABER, P O'CARROLL, D, £7 AL (2000). Regulation of chromatin structure by
sile-specilic histone H3 methyltranslerases. Muriore 406, 393-599.

Repca, C. PILCH. DR RoGAKOU, B Orr. A ML LOWNDIES, N.F. AND BONNER. WM.
{2003). ¥easthistone 2A serine 129 s essential for the efticient repair ol checkpoin(-blind
DNA damage. EMBO Reports 4. 078684,

REESNYDER, O LOWELL. L CLARKE, AL AND PILLUS, L. (1996), Yeast SAS silencing genes
andl human genes assoctated with AML and HIV-1 Tat interactions are homologous with
acetyltransferases. Nature Geneticy 14,4249,

RENAQANDGOROVSKY. M.A (2001, Histone H2A Zacetylation modulates an essential charge
patch. Medecidar Cell 7, 1329-1335,

Rick, JL.C.L BRIGGS. S.D. UBBERHEIDE, B. £7 44, (2003). Histone methyltransferases direct
different degrees of methylation to deline distinet chromatin domains, Mofeculur Celf 12,
15391-1398,

RINGROSE, L. ANIY PARG, R {20011, Remembering silence. Bioessays 23, 366-370.

ROBYR, Do SUKAL Y.L XENARIOS, L ac, (20023, Microarray deacetylation naps determine
genome-wide functions for yeast histone deacetylases, Ceff 109, 437 =146

Ropzy K KU RECHT L AND OSLEY, MLAL (2000). Rado-dependent ubiguitination ol histone H2B
i yeast. Science 287, 501304,

ROGAROU, EP. PILeH, DRLORR. AL IvANOVAL V.5, AND BONNER. WV (1998). DNA
double-strunded breaks induce histone H2ZAX phosphorylation on serine 139, Jowrnal of
Biological Chemisiry 273, 3858-58068.

Rorr, S.Y . DeENu IV AND Anls, CL0DL (2001, Histone acetyliransterases. Anminad Reviews
in Biochenistry 70, 81120,

RUZ-GARCIA. A B SENDRA, R.. GALIANA, M. PAMBLANCO. M. PEREZ-ORTIN, LK. AND
ToRDERA,V, (1998), HATI and HAT2 proteins are components of a yeast nuclear histone
acetyltransterase enzyme specific for free histone Hd Jormal of Biotogical Chenrisiry 273,
1239912605,



Cliromarin modifications and protein=protein ineractions 125

SALVADOR. LM PARK, Y. COTTOM. I 2740 (2001, Foilicle-sumulating hormone stimulates
proteinkinase A-mediated histone H3 phosphorylation and acetylationfeading o select gene
welbvation in ovarian granulosa cells. Jowrmal of Biological Chemisiry 276,40 146-401 55,

SANTOS-ROSA, H. SCHNEIDUER, R, BANNISTER, AJ. £7 A (2002). Active genes are (Ui
methylated @1 K of histone M3, Narere 419, 407411

SASSONE-CORSL P Mizzen, C.A., CHEUNG. P, &7 AL (1999), Requirement of Rsk-2 {or
epidermal growth factor-activated phosphorylation of histone H3, Seience 285. 836-891.

SCHNELL. LD, ann HiokE. L. (2003), Non-traditional Tunctions of ubiquitin and ubiquitin-
binding proteins. Journal of Biological Chemisire 278, 3585735860,

SCHUMACHER. LML GOLDEN. AL AND DONOVAN, P (1998). AIR-7: an Aurora/Iplt-related
proteinkinase associuted with chromosomes and niidbody microtubules is required forpalar
hady extrusion and eytokinesis in Caenorfiabditis elegunsembryos. Journal of Cell Biology
143, 1635-1640.

SEELER. LS AND DEIEAN, AL (2003 Nuclear and unclear functions of SUMO. Narire fieviews
it Motecular and Coll Biology 4, 690-699.

SELENKO. P SPRANGERS. R STIER. G.. BUHLER, 1D FISCHER, UL AND SATTLER, M. (0] ).
SMN tador domain strueture and its interaction with the Sm proteins. Neature Strctare
Biology 8. 2731,

SHLY LLAN FLMATSON. CLErar, (2004), Histone demethylation mediated by the nuclearamine
oxidase homologue ESDE. Ceff 119, 941953,

SHIBATAL KL INAGAKL M. AND ANRG, K. (1990), Mitosis-specilic histone H3 phosphorylation
i vitro in nuclessome structure. Enropean Jouriel af Biochemisiry 193, 87-93.

SHINL Y. AND ElSknaan, RN (2003, Histone sumoylation is associated with transceriptional
repression. Proceedings of the National Acadeny of Sciences of the United Staies of Anierica
101, 13225-13230,

SHOEMAKER. C.B. aND CHALKLEY. R (19800, H3-specific nucleohistone kinase of bovine
thymus chromatiiz. Parification. characterizaton. and spectlicity for threonine residuc 3.
Jovrnal of Biological Chemistry 2585, 1 1048—1 (035,

SHEOFILR L ARBEL-EDEN. AL PILCH, D, £ ar, (2004), Distribution axd dynamics of chromatin
maodification induced by a defined DNA double-strand break. Crerrene Biology 14,1703~
17115

SIMS R 3R NISHIOR ALK AND REINBERG. 1. {2003}, Histone lysine methylation: asignature
lor chromatin function, Trends in Genetics 19, 639639,

SINGHL PBLMILLER LR PRARCE. T k7 an. (1991), A sequence motif found in a Drosaphilu
heterochromatin protein iscomserved inanimals and plants. Miecleic Acids Roseearci 19, 789—
794,

SPELIOTES. B KL UREN, AL VAUN. DL AND HORVITZ H.R_(2000%, The survivin-like € elegans
BIR- I protein acts with tire Aurora-like kinase AIR-2 to alfect chromosomes and the spindie
nvidzone. Malecular Cefl 6. 211-223.

SPENCE. J. Gapl RIRCDITTMar, Gu SHERMAN, F.KARIN, M. AND FINLEY. D, (20005, Cell
vycle-regulated modification of the ribosome by a variant multiubiguitinchain, Cell 102,67
76.

STALLCUER, MR (2005, Role of protein methylation inchromatin remaodeli g and tinseriptiona
reguiation. Oireogene 200 3014-3020.

STEWART. G5, WANG. B BIGNELL. C.RLTAYLOR. A M. AND ELLEBGE, .1, (2003, MDC]
is amediator of the mammakiun DNA damage checkpoint, Netre 421 961-966,

STE T O'DRISCOLL. Mo RIEE. NoIWABUCHL K. LOBRICH. M. AND JEGGO. P.A. {2004,
ATM and DNA-PK function redundanty to phosphorviate H2AX aflerexposure o ionizing
radiation. Cancer Reseearcl 64, 2390-23046,

STRAHL, B OnBa. R Cook. R.G. AND ALLIS. C.D. (1999), Methvlatien ol histone H3
lysine 4 is highly conserved and correlates with transcriptionally active nuclei in Teim-
hvitena. Procevdings of the Netionad Academy of Sciences of the Unired States aof Anterica
96. 1496714972,

STRAHL, B BRIGEGS. 5D Brasi, CL eras. 2001 ). Methylation of Listone Hd at arginine
Joceurs imvivoand ismedisted by the nuelear receptor coactvator PRMTE. Crrrent Biclogy
11 996-1000




126 ALACHARY A AND M-H. Kuo

StruHL, K. (1998). Histone acetylation and transeriptional regulatory mechanisms. Genes and
Developmens 12, 599-600.

SUGIYAMAL KL SUGHIRAL KL HARAUT. ETALA2002) Aurora-B associaled protein phosphatases
as negative regalators of kinase activation. Oncogene 24 3103-3111.

SUN.ZWoAaND ALLES, C.DU2002). Ubiguitination ol histene H2B regulates H3 methy lationand
pene silencing in yeast. Nariere 318, 104108,

SyNTWHAKL P ToraLibou, L and THIREOS. G {20003 The Gend bromodomain co-ordinates
nucleosone remodelting. Noore 404, 1447,

Tacimsana, Mo SuGiMOTO. Koo FUKUSHBIAL T AND SHINRAL Y. (2001, Set domain-
containing protein. G¥a. is anovel lysine-preferring mammaliu histone methylorunsferase
with hyperactivity and spectfic selectivity to tysines 9 and 27 of histone H3. Jowrnal of
Bicdogical Chemistry 276, 23309-25317.

Tasart, HooanD SELKER. E.LL (20015 A histone H3 methyluansferase controls DNA
methyvlation in Newrospora crassea. Notare 414, 277283,

TAMKUN, LW DEURING, R SCOTE MP. 7 A0 (1992), Brahma: a regulator of Drosophila
homeotic genes structurally related o the yeasttranseriptional activator SNEF2/SWI2. Cell 68.
361-372.

THORNE, AW SAUTIERE, Pl BRIAND. G AND CRANE-ROBINSON. C. (1987). The structure ol
ubiquitinated histone M2B. EMBO Jowrnal 6. 1005-1010.

TIMMERMANN. S LEHRMANN, HL. POLESSKAYAL AL AND HAREL-BELLAN, AL (2001}, Histone
acetylation and disease. Cell and Moleendur Life Sciences 58, T28-736.

TrEWICK, S.C.. MCLAUGHLIN, PJ0 AND ALLsHicE, R.C. (2005). Methylation: lost in
hydroxylation? EMBO Repoirs 6. 313-320.

UNAL, Bl ARBEL-EDEN. AL SATTLER, UL £7AL, (20045 DNA damage response pathway uses
histone maodilication to assemble adouble-strand break-spectfic cohesin domuin, Molecilar
Cell 169911002,

VAN ATTERUM. HLFRITSCL Ol HOHN B AND GASSER. S.ML(2004). Recruitment of the INOSO
complex by H2ZA phosphorylation links ATP-dependent chromatin remodetling with DNA
double-strand break repair, Cefl 119, 7777588,

VAN LEEUWEN, F., GAFKEN, PR AND GOTTSCHLING, DUE. (2002). Dot p modulaes sifencing
in yeast by methylaton of the nucleosame core. Ceff 109, 745-750.

WanG, H.. Cao, R XA L sran 1 20010, Pusilication and functional charcterization of ahistone
H3-lysine 4-specilic methyhransterase. Molecular Cell 8. 1207-1217.

Wang, FL HuaNG, Z2.Q. Xia, L. £7 4 (2001h). Methyladon ol histone H4 ot arginine 3
Facthitating transeriptional activation by noclear hormone receptlor. Seience 293, 833~
857,

WanG, Ho WANG. L. EXDIUMENT-BROMAGE. H. 27 A (2004h). Role of histone H2A
ubiguitination i Polycomb sitencing. Nanre 431, 873-878.

WanG, L., Lite Lo anp BERGER. S.1. (1998). Critical residues for histone acetylation by GONS,
functioning in Adaand SAGA complexes. are also required for transeriplional function in
vive. Genes aind Developniens 12, 640-653.

WARG. YL WYSOCKAL L SavEGr, 1L E1 A, (20032). Human PAD regulates histone arginine
methylation levels viademethylation. Science 306, 279-283.

WarD. LM MINN K TorDAL KGO AND CHENL T (20033, Accumutation of checkpoint protein
F3BPT at DNA breaks involves its binding o phosphorylued kistone H2AN. Journal of
Biological Cheniistiy 278, 1957919582,

WEL Y., MizzeN, C AL CooR. R.G. GOROVSKY. MLAL AND ALLIS. C.1D. (1998). Phosphory-
lation of histone H3 atserine 101s correlated with chromosome condensation during mitosis
and meiosts in Terralymena, Procecdings of the National Academy of Sciences of the Undred
Stares of America 95, 74807484,

WEL Y. Yu, L. Bowen, J.. GOROVSKY. M.A. AND ALLIS, C12, (19991, Phosphorylation of
histone H3 is required {or proper chromosome condensation and segregation. Cef/ 97, 99—
109.

WIrrseHiEBEN. B.G, . OTEROG.. DEBIZEMONT, T, E7AL (19997, A nevel histone acetyliranslerase
isan integral subunit ofelongating RNA polymerase It holoenzyme. Malecufar Cell 4,123 -
128,



Chromarin modifications and protein—protein interactions 127

WOLiEe AP (2001). Transeriptionad regulation in the conte xt ol chromatin stracture, Lysavsin
Biochemiistry 37, 45-57.

WOOD, AL KROGAN. N DovER. T 27z, (2003%a). Brel. an E3 ubiquitin Ligase required lor
recruitment und subsirate selection of Rad6 at a promoter. Motecuiar Coll 11, 267-274.

WO, AL SCHENEIDER. T, DOVER. L JOHNSTON, M. AND SHILATIARD. AL {20030), The Pal|
complex is cssential for histone monoubiguitination by the Rad6-Brel complex. which
signals for histone methylation by COMPASS and Dot [ . dowenal af Biological Chemistry
278, 3473934742,

X b Lavinsky, RML DASEN. LS, £7 a2, (19980, Signal-specilic co-activator domain
requirements for Pit- [ activation. Nevire 395, 301-306,

Xeo W EpMonbson. TG AND Rotin S.Y. (199881 Mamimalion GONS and PACAF
acetyliransferases have homologous amino-termingl domains mnporiant for recognition of
nucicosomal substrates. Moleculenr and Collilar Riclogy 18, 5659-35660,

YAFFE MLB.(20023). How do 14-3-3 protein work? — Gatckeeper phosphorylation and the
molecular anvil hypothesis. FEBS Leners 513, 53-57,

Y ARFE MU 20028), Phosphotyrosine-binding domains in signal transduction. Netare Reviews
Medecudar Cell Biodogy 3177186,

VAMAMOTO, Y. VERSEA, UNL PRAJAPATL S, KWak. YT, AND GavyNor, R.B. (2003),
Histone HAphosphorylation by IKK-alphais critical foreviokine-induced SCTIC CXPIOSSION.
Natire 423, 633639,

Zuanc, KL LING WO LATHANM, LA £7 47, (2005). The Setl methyltransierase opposes Ipil
Awrorn Kinase functions in chromosome segregation. Cefl 122, 723734,

ZHANG. Y. AND REINBERG. T (2001, Transeription regulation by histone methylation: interplay
between dilferent covalent modifications of the core histone tails, Geney aned Developiient
15, 234323060,

ZHONG, 5P MACW.Y L ann DoNG. Z. (20001 ERKs and p38 kinases mediate uliaviolet B-
induced phosphorylation of histone H3 at serine 10, Jonrned of Biotogical Chenisiry 275,
20980-20984,

ZHONG. S Tanses, O SHE, Q-B g7 AL 12001, Uliraviolet B-induced phosphorylation of
histone H3 atserine 28 is mediated by MSK 1 Jowrnal of Biokogical Chemisire 276. 33213
33219.

ZHONG. 5. GaTo, Ho INAGAKE M. ann DoNG. 7, (2003), Phasphorylation at serine 28 and
acetylation atfysine 9 of histone H3 induced by trichostatin A, hicogene 22, 5291-3297,





