1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
ACS Chem Biol. Author manuscript; available in PMC 2020 February 14,

Published in final edited form as:
ACS Chem Biol. 2011 October 21; 6(10): 987-999. doi:10.1021/ch200142c.

-, HHS Public Access
«

Chemical approaches to understand the language of histone
modifications

Abhinav Dhall, Champak Chatterjee
Department of Chemistry, University of Washington, Seattle, WA 98195

Abstract

Genomic DNA in the eukaryotic cell nucleus is present in the form of chromatin. Histones are the
principal protein component of chromatin and their post-translational modifications play important
roles in regulating the structure and function of chromatin and thereby in determining cell
development and disease. An understanding of how histone modifications translate into
downstream cellular events is important from both developmental and therapeutic perspectives.
However, biochemical studies of histone modifications require access to quantities of
homogenously modified histones that cannot be easily isolated from natural sources or generated
by enzymatic methods. In the last decade, chemical synthesis has proven to be a powerful tool in
translating the language of histone modifications by providing access to uniformly modified
histones and by the development of stable analogs of thermodynamically labile modifications.
This review highlights the various synthetic and semisynthetic strategies that have enabled
biochemical and biophysical characterization of site-specifically modified histones.
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Introduction

Since their initial discovery by Albrecht Kossel in 1884 (1), the critical role of histone
proteins in regulating cellular events such as DNA transcription (2, 3), replication (4, 5), and
repair has been firmly established (6). Through numerous genetic and proteomic studies in a
range of organisms, we now know that instead of serving as an inert protein scaffold for
organizing genetic material in the nucleus, histones and their associated proteins play
dynamic roles throughout the cell cycle (7). Key determinants of histone function are the
amino acid side-chains near the histone N-terminal fa//s that are frequently and generally
reversibly modified by post-translational modifications (PTMs) (8). Along with DNA
methylation, chromatin remodeling, and RNA interference, histone PTMs have been
suggested to be part of the epigenetic (heritable through cell division but not genetically
encoded) regulation that dictates cellular fate (9). Therefore, a mechanistic understanding of
the specific roles for histone PTMs and for histone-associated proteins is essential for
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understanding the mechanisms underlying the epigenetic control of cellular activity. This
review will focus on the various synthetic approaches that have been employed to interrogate
the roles for histone PTMs in recent years. Studies aimed at identifying PTM binding
proteins, elucidating the effect of PTMs on mononucleosome and chromatin structure, and
investigating the biochemical crosstalk between PTMs will be highlighted.

The language of histone modifications

Genomic DNA in the nuclei of eukaryotic cells is packaged in the form of a nucleoprotein
complex called chromatin (10). The fundamental repeating unit of chromatin is the
nucleosome which consists of ~147 bp of double stranded left-handed superhelical DNA
wrapped ~1.65 turns around an octameric complex composed of two copies each of the four
core histones H2A, H2B, H3, and H4 (Figure 1a) (11). In the presence of divalent metal ions
or additional packaging proteins, such as the linker histone H1, nucleosomes have been
suggested to form 30-nm fibers with six nucleosomes per turn in a spiral (12) or a two-start
helical arrangement (13). However, 30-nm fibers are rarely observed in vivo (14) and a
dynamic molten polymer state has been proposed to be the predominant form of chromatin
in most cells (15). The unstructured N-terminal tails of histones protrude from the
nucleosome core and are therefore most accessible to histone-modifying enzymes. Not
surprisingly, most PTMs of histones are observed in these tail regions, although some PTMs
have also been observed in the globular core of the nucleosome. A large number of histone
PTMs, also known as marks, have been detected at ~60 unique positions in the four core
histones by madification-specific antibodies or mass spectrometric approaches (8). Known
modifications of histone tails include methylation (16), phosphorylation (17), acetylation
(18), citrullination (19), propionylation and butyrylation (20, 21), biotinylation (22), proline
cis-trans isomerization (23), ubiquitylation (24), SUMOQylation (25), glycosylation (26),
ADP-ribosylation (27) and proteolysis (28) (Figure 1b).

On the basis of early observations that the chemical acetylation of histones greatly reduced
their inhibitory effect on RNA synthesis by RNA polymerases from both calf thymus nuclei
and Escherichia coli, Allfrey and co-workers suggested that chemical modifications of
histones could offer a means of altering the transcriptional state at different loci along the
chromosome (29). Subsequent genetic experiments in yeast and higher organisms
established a correlation between the transcriptional state of genes and the modification of
H3 and H4 N-terminal tails at specific lysine or serine residues by, acetylation (30, 31) and
methylation or phosphorylation, respectively (32). This led Strahl and Allis to postulate a
histone code hypothesis for the epigenetic regulation of cellular events (33). According to
this hypothesis, several histone modifications on one or multiple histone tails may act in a
combinatorial or sequential fashion to specify unique downstream functions such as
transcriptional activation or silencing. Thus, the same primary histone sequence could
dictate vastly different cellular outcomes by subtle changes in the spatio-temporal pattern of
PTMs. In the decade since the histone code hypothesis was postulated, our understanding of
gene regulation by histones has significantly increased by the discovery of many new PTMs
and the identification of various proteins responsible for installing (writers), removing
(erasers), and binding (readers) histone PTMs (34). At the same time, a bewildering array of
combinatorial modifications have been discovered on all four core histones and their
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mechanistic roles appear to be highly context dependent, similar to words in a language (35—
37). Chemical tools that will allow us to understand the grammatical rules of this language
by enabling investigations of the precise mechanistic roles for histone PTMs are discussed
below.

Synthetic peptide-based strategies

The utility of synthetic histone tail peptides to study the mechanism of histone modifying
enzymes was first demonstrated in the 1970’s. However, certain limitations in peptide-based
approaches were evident even at this early stage. For example, Allfrey and co-workers
demonstrated that a synthetic peptide corresponding to residues 15-21 of histone H4
acetylated at Lys16 was not a substrate for histone deacetylases (HDACS) purified from calf
thymus cells (38). However, a longer polypeptide containing residues 1-37 from H4 and
uniformly acetylated at Lys12 and Lys16 was found to be a substrate for HDACSs (39). This
suggested that HDACs require a minimum portion of histone H4 for activity. Surprisingly,
however, Parello and co-workers showed that an H4 tail peptide consisting of residues 14-21
and acetylated at Lys16 and Lys20 underwent deacetylation by calf thymus nuclear HDACs
as long as the N- and C-termini were protected by acetyl and amide groups, respectively
(40). Therefore, when assaying short N-terminal peptides with histone-modifying enzymes
the choice of the peptide sequence may play a critical role in the outcome of biochemical
experiments.

Grunstein and co-workers employed multiply acetylated yeast histone H4 peptides to
demonstrate the role of acetylation in regulating interactions between H4 and the silencing
information regulator protein Sir3 (41). In their study, H4 N-terminal peptides (residues 1-
34) with or without acetylation at Lys5, Lys8, Lys12 and Lys16 were used to measure
binding with a glutathione S-transferase (GST) tagged fragment of Sir3 (residues 503-970)
by surface plasmon resonance (SPR). It was observed that the association rate constant (kj)
decreased significantly with increasing levels of H4 acetylation. Moreover, a comparison of
kq values revealed that the acetylation-induced disruption of H4-Sir3 binding was
cumulative. The average degree of H4-Sir3 association decreased from ~65% to ~3% in
going from the mono- to tetraacetylated H4 peptide. Although considerable redundancy was
seen in the ability of acetylated lysines to prevent Sir3 binding in vitro- similar results were
obtained irrespective of which lysine was acetylated and only the total extent of acetylation
appeared critical- this was not the case in vivo where substitution of H4 Lys16 by the
acetyllysine mimetic GIn had more pronounced effects on silencing than Lys-to-GIn
mutations at positions 5, 8, or 12. This suggests that investigations of histone modifications
in short peptides may not accurately reflect their effects in the context of chromatin.

Zhou and co-workers undertook an NMR titration experiment with a short H4 peptide
(residues 1-12) acetylated at Lys8 and the bromodomain from the histone acetyltransferase
(HAT) co-activator p300/CBP associated factor (P/CAF) (42). This revealed a K4 of ~350
UM and identified bromodomains as the first protein modules for binding acetylated lysines.
Isothermal titration calorimetry (ITC) measurements with fully as well as partially
acetylated H4 tail peptides (residues 1-36) have revealed the multivalent engagement of
multiply acetylated lysines by two tandem bromodomains in the RNA polymerase 11
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transcription factor D (TFIID) complex protein TAF;;250/TAF1 (43). In this instance, the
dissociation constants for both singly acetylated peptides (40 uM) and multiply acetylated
peptides (1-5.8 pM) were significantly smaller than measured for P/CAF with a singly
acetylated H4 peptide (42). Moriniére et al. employed diacetylated H4 tail peptides in ITC
measurements and X-ray crystallographic experiments to demonstrate the simultaneous
binding of two acetyl marks at H4 Lys5 and Lys8 by a single bromodomain from the protein
Brdt, a member of the bromodomain extraterminal (BET) family of proteins (44). Thus,
experiments with short histone peptides have revealed many distinct mechanisms by which
histone readers may recognize specific marks.

Two elegant examples of the potential for using site-specifically modified histone tail
peptides in identifying methylation-state-specific histone binding proteins were presented by
Allis and co-workers. The authors utilized biotinylated peptides (residues 1-20 of H3) to
identify the proteins WD repeat-containing protein 5 (WDR5) and bromodomain and PHD
finger transcription factor (BPTF) as readers partial to the H3 Lys4 dimethylated (45) and
trimethylated states, respectively (46). In these studies, nuclear extracts from 293 cells were
incubated with either unmodified, dimethylated, or trimethylated H3 Lys4 peptides to first
identify protein binders. The specificity for each protein toward a distinct methylation state
was subsequently tested in peptide pull-down assays with GST-tagged WDRS5 or FLAG-
tagged human BPTF (Figure 2a). Surprisingly, in subsequent experiments where binding
affinities were measured by ITC or SPR, WDR5 did not demonstrate a pronounced
preference for binding dimethylated H3 Lys4 over other methylation states (47, 48). In a
high-throughput application of the biotinylated peptide approach, Gozani and co-workers
synthesized a library of 63 biotinylated histone peptides of ~20 amino acids each that
included all the known methyllysine modifications in histone H3 (49). The peptides were
immobilized on a streptavidin-coated glass slide to generate a human epigenome peptide
microarray platform (HEMP) that was employed to identify three novel methylated-H3
binding domains from a panel of ~70 domains from the Royalsuper-family of proteins. The
H3 methylation-state specific interactions of these domains were further confirmed by
pulldown assays with biotinylated peptides. Protein-peptide interactions that have
dissociation constants greater than 300 uM cannot be detected by HEMP arrays, which may
be a limitation in identifying weakly binding proteins. Similar biotinylated histone tail
peptide libraries have also revealed the binding of a trimethylated H3 Lys4 peptide to plant
homeodomain (PHD) fingers in the recombination activating gene 2 (RAG2) protein which
is involved in V(D)J recombination (50), and in the tumor suppressor protein, inhibitor of
growth 4 (ING4) (51).

Histone peptide libraries facilitate rapid high-throughput screening of a diverse set of
modifications and are powerful tools to investigate the specificity determinants for writer,
eraser and reader proteins in defined biochemical assays. In this regard, the direct synthesis
of modified peptides in an array format is more efficient than immobilizing peptides post-
synthesis. Therefore, Jeltsch and co-workers utilized SPOT synthesis, which involves the
synthesis of peptides on cellulose filter-sheets by traditional fluorenylmethoxycarbonyl
(Fmoc) chemistry (52), to generate an array of 420 mutant H3 tail peptides (residues 1-21)
(53). The array was employed to test the substrate specificity of the H3 Lys9
methyltransferase Dim-5 from the fungi Neurospora crassa and revealed the key roles for
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Thrll and Gly12 in conferring both specificity for Dim-5 activity and its ability to
discriminate among several lysines in the H3 tail. SPOT synthesis was also employed to
detect binding of the PWWP domain in the DNA methyltransferase Dnmt3a to the
trimethylated H3 Lys36 mark (54). In another study, the Jeltsch group employed a
commercially sourced 384-member CelluSPOT tail peptide array to identify the ADD
domain in Dnmt3a as a reader for unmodified H3 Lys4 that leads to the preferential
methylation of DNA bound to chromatin lacking modification at H3 Lys4 (55). CelluSPOT
technology involves re-spotting peptides synthesized on a cellulose support onto glass slides
and has the advantages of smaller spot sizes, a more robust glass surface, and identical
peptide concentrations in duplicate spots (56).

Denu and co-workers have successfully applied a one-bead one-compound (OBOC)
combinatorial peptide library generated by split-pool synthetic methodology toward
identifying the specificity determinants for binding of the double tudor domain (DTD) of the
human demethylase JMJD2A to the H4 tail (57). Assays with 512 unique 21-amino acid H4
tail peptides combinatorially modified by phosphorylation, acetylation, citrullination, and
methylation, revealed that the DTD-H4 tail interaction was modulated to varying degrees by
different PTMs. This was manifest in measurable binding affinities ranging from 1 uM to 1
mM. Importantly, this study highlighted the context dependence of specific histone
modifications in recruiting downstream effector proteins such as demethylases. The effect of
neighboring PTMs on recognition of the modification state at H3 Lys4 by several reader
domains was revealed in recent studies by Garske et al (58). An OBOC library of 5000
combinatorially modified 10-amino acid long H3 tail peptides was tested with GST-tagged
protein domains followed by GST-specific primary antibodies. The primary antibodies were
detected with a biotinylated secondary antibody and finally with streptavidin-conjugated
alkaline phosphatase. The compound 5-bromo-4-chloro-3-indolyl phosphate was employed
as a substrate for the alkaline phosphatase, which resulted in formation of a blue precipitate
on beads that retained GST-bound proteins (Figure 2b). The H3 recognition elements were
then determined by mass spectral analysis of the peptides after cleavage from the resin. The
binding of PHD fingers from the ING2, RAG2, BHC80 and AIRE proteins as well as the
JMJD2 DTD to H3 Lys4 was affected by modifications at H3 Arg2, H3 Thr3 and H3 Thré.
Interestingly, phosphorylation at H3 Thr6 exhibited different effects on different reader
domains. The occurrence in HeLa cells of this previously unreported mark was confirmed by
mass spectrometric and antibody-based techniques. However, some combinations of histone
modifications that are tested in such randomized combinatorial libraries may not exist in
nature and the physiological relevance of novel Ait sequences may require verification in
Vvivo.

Bedford and co-workers employed the library approach in a reversed sense with the
development of a chromatin-associated domain array (CADOR) chip bearing an array of 109
GST-tagged domains from histone-binding proteins that included bromo, chromo, tudor,
PhD, SANT, SWIRM, MBT, CW and PWWP domains (59). Binding experiments with
fluorophore-tagged H3 and H4 N-terminal peptides with varying degrees of methylation at
H3 Lys4 or Lys9 and H4 Lys20 revealed six novel interactions between histone-binding
domains and methylated histone tails.
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The design of complex peptide libraries with a greater diversity of modifications would
benefit from novel synthetic methodologies to generate histone tails modified with chemical
groups that are hard to access and characterize due to their inherent instability and/or rapid
turnover in vivo. Muir and co-workers recently reported two impressive strategies to mimic
histone peptides modified by ADP-ribosylation and histidine phosphorylation (Figure 3). To
achieve the chemical ADP-ribosylation of an H2B peptide (residues 1-19) Moyle and Muir
substituted the naturally occurring Glu2 with an amino-oxy side-chain, which formed an
oxime linkage with the aldehyde group in ADP-ribose (60). This synthetic analog was
demonstrated to effectively mimic mono-ADP-ribosylation. It was found to be a substrate
for the enzyme poly(ADP-ribose) polymerase 1 (PARP1) and to bind the macro domain of
the histone variant mH2A1.1 which is suggested to bind poly-ADP-ribosylated PARP1. The
phosphorylation of histone H4 at His18 (pHis18) and His 75 (pHis75) has been correlated
with increased DNA synthesis /n vivo, and both 1-pHis and 3-pHis isomers have been
observed (61, 62). However, the facile hydrolysis of pHis under acidic conditions and the
isomerization of 1-pHis to the thermodynamically favored 3-pHis form are significant
challenges toward mechanistic studies of the roles for histidine phosphorylation. With these
hurdles in mind, Kee et al. employed Cu and Ru-catalyzed cycloaddition chemistry between
t-butyloxycarbonyl azidoalanine and diethyl ethynylphosphonate to generate regioisomeric
phosphoryltriazolylalanines (pTza) as stable non-isomerizable analogs of 3-pHis and 1-pHis,
respectively (63). A histone H4 peptide (residues 14-23) bearing the 3-pTza isomer was
successfully employed to generate an antibody specific for H4 pHis18. These reagents hold
great promise toward understanding the biological roles for histidine phosphorylation in
histones, and indeed in several prokaryotic and vertebrate proteins that are regulated by this
transient modification.

Histone tail peptides have also been employed to measure the activity of histone-modifying
enzymes by a variety of methods such as labeling of substrates with radioisotopes (64),
enzyme-linked immunosorbent assays (ELISA) (65), and coupled-enzyme assays (66).
Ghadiali et al. recently reported an alternative nanosensor-based approach for the detection
of histone acetyltransferase (HAT) activity that employs a quantum-dot (QDot)-based
Fdérster resonance energy transfer (FRET) donor (67). In this approach, a C-terminally
hexahistidine-tagged H4 tail peptide was incubated with the HAT p300 in the presence of
acetyl-CoA. The acetylated peptide was then bound to the surface of a CdSe/ZnS core/shell
QDot by Hisg-mediated metal-affinity self-assembly. An Alexa Fluor 647 labeled acetyl-
lysine specific monoclonal antibody was incubated with the acetylated peptide/QDot
complex and the magnitude of QDot-Alexa Fluor 647 energy transfer was used to report on
the degree of peptide acetylation. The nanosensor methodology permitted the detection of
sub-nanomolar amounts of HAT activity and was also demonstrated to be useful for the
assessment of the HAT inhibition activity of anacardic acid. A limitation of this
methodology was that p300 failed to act on substrates that were pre-immobilized on the
QDot, thus necessitating a two-step process of assaying in solution followed by subsequent
immobilization of peptides on the QDot.

Although experiments conducted with histone peptides have afforded many insights
regarding chromatin regulation, they cannot recapitulate the diverse roles for histone PTMs
in the context of chromatin. In order to understand the mechanistic roles for histone marks in
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directing trans-tail histone modifications, modulating chromatin structure and facilitating
chromatin remodeling, it is necessary to study these in the more physiologically relevant
context of mononucleosomes and nucleosomal arrays. This requires the ability to synthesize
full-length histones with the requisite site-specific modifications.

Native Chemical and Expressed protein Ligation

Kent and co-workers first reported the technique called Native Chemical Ligation (NCL) in
1994 (68). NCL is a chemoselective peptide ligation technique that allows the joining of two
peptide fragments with unprotected side-chains by means of a native peptide bond (Figure
4). The only requirements for NCL are a C-terminal a-thioester in the N-terminal peptide
and an N-terminal Cys residue in the C-terminal peptide. The peptide fragments may be
obtained by solid-phase peptide synthesis employing either a t-butyloxycarbonyl (Boc) or N-
(9-fluorenyl)methoxycarbonyl protecting group strategy (69). Several chemical linkers have
also been reported that allow synthesis on the solid phase of C-terminally activated peptides
that may be directly employed in chemical ligation reactions (Figure 4) (70-73). NCL is
however limited by the ability to synthesize the N- and C-terminal peptide fragments in
reasonable yields, which is challenging for proteins more than ~100 amino acids in length
(74). Expressed protein ligation (EPL) is an extension of the NCL technique that
significantly expands the range of proteins accessible for chemical modification (75). In
EPL, the C-terminal a-thioester is obtained by thiolysis of a C-terminally fused intein (76,
77) rather than by synthesis, and hence any soluble protein can in principle be converted to
its a-thioester form. The chemistry underlying ligation is identical in NCL and EPL and
proceeds with an initial transthioesterification reaction between the peptide/protein thioester
and a second peptide/protein bearing an N-terminal Cys. A thermodynamically favored S-to-
N-acyl shift generates a native amide linkage between the two fragments, resulting in the
full-length target protein (Figure 4). Based upon where the desired chemical modification is
located in the final protein sequence, the synthetic and recombinant fragments employed in
EPL may be reversed to enable ligation of a C-terminal expressed protein with an N-
terminal synthetic peptide thioester. Since any number and type of chemical modifications
can be introduced in the synthetic fragment, EPL essentially allows access to any
physiologically relevant modified histone. The ability to reconstitute ~147 bp of DNA and
core histones purified by high performance liquid chromatography (HPLC) into
mononucleosomes (78, 79) has led to the application of EPL to numerous biochemical and
biophysical studies of site-specifically modified nucleosomes as discussed below.

Studies of histone phosphorylation

The first instance of application of EPL to histones was by Peterson and co-workers who
used this technique to generate histone H3 phosphorylated at Ser10 (80). Their approach
involved the synthesis of a fully protected N-terminal peptide fragment (residues 1-32)
bearing the pSer10 residue on an acid-sensitive resin, release of the fully side-chain
protected peptide from the resin with dilute acid and its subsequent coupling with benzyl
mercaptan to generate the C-terminal thioester. The C-terminal Histone H3 fragment
(residues 33-135) was expressed in £. coliand an N-terminal Cys exposed by Factor Xa
protease cleavage. Ligation between the two halves yielded H3 with a Thr33Cys mutation as
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well as the desired pSer 10. The H3 pSer10 was then incorporated in nucleosomal arrays and
efficiently remodeled by the yeast SWI/SNF remodeling complex, which indicated that H3
pSer10 does not affect nucleosome structure dramatically. Furthermore, kinetic analysis of
the acetyltransferase activity of recombinant Gen5 was undertaken. In contrast with results
obtained with H3 pSer10 bearing peptide substrates, the HAT activity of the Gen5s-
containing SAGA complex was not enhanced by H3 pSer10 in nucleosomal arrays. This
difference between histone peptides and nucleosomal arrays as substrates for histone-
modifying enzymes suggests that assays with chemically modified nucleosomes will
enhance our understanding of the mechanistic effects of post-translational histone
modifications /in vivo.

Chiang et al. recently employed semisynthesis to generate a version of H2B that was
phosphorylated at Ser10 and tetraacetylated at Lys5, Lys11, Lys12, and Lys15 (81). Several
advances in their synthetic approach were the utilization of a thiol-protected 2-hydroxy-3-
mercaptopropionic acid linker (72) and a diaminobenzoic acid linker that permitted the
generation of peptide thioesters employing Fmoc chemistry (71). This avoided the
possibility of epimerization at the C-terminus that occurs during the solution-phase
activation of side-chain protected peptides (82). Furthermore, both Raney-nickel mediated
(83) as well as a milder radical-mediated desulfurization strategy were employed to render
the ligation product traceless by reverting the Cys employed for ligation to Ala which is
present in the native sequence (84). Histones are ideal substrates for desulfurization as there
is only one non-essential Cys (H3 Cys110) between the four core histones. Although
tetraacetylated H2B was found to undergo phosphorylation at Ser14 by the mammalian
sterile twenty-like 1 kinase (MST1), this could not be detected by an H2B pSer14-specific
polyclonal antibody. This result highlights a possible limitation of antibody-based chromatin
immunoprecipitation (ChlP) experiments (85) with biological samples as histones are highly
modified /n vivo and modifications at adjacent sites may interfere with antibody recognition
at a specific site.

Studies of histone acetylation

In a landmark study, Peterson and co-workers employed EPL to generate histone H4 site-
specifically acetylated at Lys16 (86). The acetylated histone was incorporated into
nucleosomal arrays and its effects on MgClo-induced compaction and the reversible self-
association of arrays was investigated by sedimentation velocity analysis during
ultracentrifugation and solubility measurements, respectively. Surprisingly, the single acetyl
group in H4 was found to prevent both compaction and self-association of arrays to a similar
extent as H4 in which residues 1-19 from the tail had been genetically removed. These
results suggested a structural role for acetylation at Lys16 in preventing chromatin
condensation and maintaining transcriptionally active euchromatin. In support of this
hypothesis, the authors found that H4 Lys16 acetylation was enriched in the MgCl,-soluble
fraction of micrococcal nuclease digested HeLa nuclei. Moreover, in budding yeast where
most of the genome exists in a decondensed state, H4 Lys16 was found to largely exist in the
acetylated state (87). This study was the first demonstration of the direct effect of a histone
modification on chromatin structure.
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EPL has enabled investigations of the effect of hyperacetylation in the H3 tail at Lys4, Lys9,
Lys14, Lys18, and Lys23 on chromatin assembly and on the activity of histone-modifying
enzymes (88). Interestingly, pentaacetylation of H3 did not hinder the ability of the
remodeling and spacing factor (RSF) complex to mediate assembly of a chromatinized
plasmid. Furthermore, pentaacetylated H3/H4 tetramers were also efficient substrates for the
HDAC Sirl and the lysine methyltransferase G9a. The divergent roles for acetylation on
distinct histone tails toward nucleosome remodeling were demonstrated by Owen-Hughes
and co-workers (89). Semisynthetic H3 tetraacetylated at Lys9, Lys14, Lys18 and Lys23 was
found to preferentially bind the ATP-dependent nucleosome remodeling complex, remodel
the structure of chromatin (RSC), and enhance the rate of chromatin remodeling by ~16-fold
over unmodified chromatin. On the other hand, H4 tetraacetylated at Lys5, Lys8, Lys12 and
Lys16 was found to inhibit nucleosome remodeling by the enzyme, Isw2. The effect of
acetylation at lysines in the C-terminal region of histone H3 has also been investigated (90).
Lys115 and Lys 122 in H3 are both involved in key histone-DNA contacts near the
nucleosome dyad pseudo-symmetry axis. However, acetylation of H3 Lys115 was found to
reduce DNA binding significantly more than acetylation at H3 Lys122 in nucleosome
competitive reconstitution experiments. In contrast, acetylation at H3 Lys122 was found to
increase the rate of thermal repositioning of nucleosomes by two-fold relative to the effect of
acetylation at H3 Lys115. These results indicate that acetylation at different positions near
the dyad interface may act through distinct mechanisms in vivo.

In order to investigate the effect of acetylation at Lys56 near the middle of the H3 primary
sequence, Ottesen and co-workers recently reported the first total chemical synthesis of the
134 amino acid long histone (91). Key to their success was the utilization of an established
sequential three-piece ligation strategy (92, 93) that permitted synthetic disconnections
between residues 39-40 and 95-96. This reduced the length of the longest synthetic peptide
fragment to 55 amino acids. Acetylation at H3 Lys56 increased the binding of LexA, a
model DNA binding factor, to its DNA target site by ~3-fold presumably due to increased
DNA unwrapping from the histone octamer. Interestingly, an H3 Lys56GIn mutation
quantitatively mimicked the role of H3 Lys56 acetylation while similar Lys-to-GIn mutations
did not recapitulate the effect of acetylation at H3 Lys115 or H3 Lys122 near the dyad axis.
This revealed possible limitations in interpreting results from experiments employing Gln as
a mimic of acetyllysine /n vivo.

Studies of histone ubiquitylation

The modification of eukaryatic proteins by a single ubiquitin, termed monoubiquitylation,
does not lead to their degradation by the 26 S proteasome, but instead acts to initiate
downstream signaling events. Mono-ubiquitylation of proteins was first discovered as a
modification of histone H2A (94) and soon thereafter was also observed on histone H2B
(24). The mono-ubiquitylation of histone H2B at Lys 120 (uH2B) is associated with DNA
damage repair, transcription elongation, and methylation of H3 Lys4 and Lys79 by the
human methyltransferases hSetl and hDot1, respectively (95, 96). Biochemical
interrogations of the mechanistic roles for uH2B have traditionally been limited by the low
abundance (~1.5% of total H2B) and dynamic nature of this modification. In order to
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overcome these limitations, Muir and co-workers have pioneered several semisynthetic
approaches for the site-specific chemical ubiquitylation of histones.

An initial EPL strategy employed a photolytically removable ligation-auxiliary (97) to
undertake the traceless ubiquitylation of histone H2B (Figure 5a) (98). The synthetic
strategy involved dividing H2B into a short synthetic C-terminal fragment and recombinant
N-terminal a-thioester. In the first step, auxiliary-mediated ubiquitylation of the short
peptide was accomplished at a Lys side-chain that corresponded to Lys120 in the full-length
histone. Irradiation of this uH2B peptide product at 365 nm served to remove the ligation
auxiliary as well as unmask a photoprotected N-terminal Cys. The ubiquitylated peptide was
then ligated with the recombinant H2B thioester to generate full-length uH2B(A117C).
Finally, Cys117 was desulfurized to generate the Alal17 present in native uH2B.
Semisynthetic uH2B was successfully reconstituted in nucleosomes and tested in
biochemical assays with hDot1L, a methyltransferase that is misregulated in several acute
leukemias. This revealed that uH2B directly stimulates methylation of H3 Lys79 and was the
first direct biochemical evidence for crosstalk between marks on two distinct histones.
Despite the success of this strategy, a significant limitation toward its routine application for
protein ubiquitylation was the requirement for a ligation auxiliary that was achieved in nine
synthetic steps. Hence, an alternate methodology for histone ubiquitylation was developed
that bypassed the need for ligation auxiliaries by incorporating a Gly76Ala mutation at the
C-terminus of ubiquitin that permitted ubiquitylation at Cys (Figure 5b) (99). Surprisingly,
the u(G76A)H2B mutant was detected by a uH2B-specific antibody and was also a substrate
for the ubiquitin C-terminal hydrolase, UCHL3. u(G76A)H2B also stimulated hDot1L
activity to a similar degree as wild-type uH2B. Structure-activity relationship studies with
ubiquitylated nucleosomes obtained by this simplified method revealed an unusual
mechanistic role for ubiquitin in that the canonical hydrophobic patch, which is important
for binding ubiquitin-interacting motifs in proteins (100), was not critical for stimulating
hDotlL activity.

In order to investigate the effect of mono-ubiquitylation at other Lys residues near the H2B
C-terminus on hDot1L activity, a disulfide-directed ubiquitylation strategy was also
developed (101). This synthetic strategy utilizes the intein-mediated introduction of a
sulfhydryl group at the C-terminus of ubiquitin and its subsequent use to form an
asymmetric disulfide with an H2B Lys-to-Cys mutant (Figure 5c¢). Disulfide-directed
ubiquitylation of H2B at Lys120 (uH2Bss) or at Lys125 was found to stimulate methylation
at H3 Lys79 by hDot1L. Furthermore, the protein Nedd8 that shares 55% sequence identity
with ubiquitin was also found to stimulate methylation when disulfide-linked to Lys120.
These experiments revealed an unprecedented plasticity in the mechanism of hDot1L
activation and also suggested that multiple sites of modification on the nucleosome may
have overlapping biochemical roles. Fierz et al. have employed the ready reversibility of the
disulfide-linkage under reducing conditions to demonstrate that uH2Bss reversibly inhibits
MgCl,-mediated compaction and higher order fiber formation in nucleosomal arrays (102).
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Amber suppression and cysteine modification strategies

Two methodologies that are complementary to chemical ligation for generating modified
histones are amber suppression mutagenesis (103) and cysteine-directed protein
modification (104, 105). Schulz and co-workers have evolved a mutant Methanococcus
Jannaschii tyrosyl amber suppressor tRNAcya and tyrosyl-tRNA synthetase pair to site-
specifically incorporate (Se)-phenylselenocysteine in histone H3 in response to the amber
codon, TAG in E. coli (106). Oxidative elimination of phenylselenic acid yielded the
Michael-acceptor dehydroalanine, which underwent nucleophilic addition with Atacetylated
or N-methylated derivatives of 2-aminoethanethiol to yield thioether-containing analogs of
acetylated and methylated lysine side-chains, respectively. An alternate method developed
by Chin and co-workers employed an evolved pyrrolysl-tRNA synthetase/ tRNAcya pair
from Methanosarcina barkerito incorporate N-e-acetyl-L-lysine (107) and A-e-Boc-N-e-
methyl-L-lysine in histone H3 (108). In the latter instance, acidolytic deprotection of the
Boc protecting group unmasked the desired A-methylated lysine side-chain. Alternate
strategies to incorporate A~methyllysine have also been developed that employ a reversibly
photocaged N-e-methyl-L-lysine (109) or A-e-allyloxycarbonyl- A-e-methyl-L-lysine, which
may be converted to A-methyllysine with a ruthenium catalyst in neutral aqueous solution
(110). Recently, the incorporation of A-e-Boc-L-lysine in response to an amber codon in
histone H3 was used as an orthogonally protected form of lysine, which could be selectively
deprotected after protecting the remaining Lys side-chains with an N-benzyloxycarbonyl
group, and then reductively alkylated using formaldehyde and a dimethylamine borane
complex to yield an N, A~dimethylated lysine side-chain (111).

The nucleophilic side-chain of Cys (pKa ~8.5) is an ideal site for selective modification of
proteins at pH ~8-9. Shokat and co-workers have made use of the unique reactivity of Cys
to generate N-methylated aminoethylcysteine analogs of A~methylated lysine side-chains
that the authors term methyllysine analogs (MLAS) (Figure 3) (112). The relatively
straightforward displacement chemistry involved in their generation underlies the popularity
of the MLA approach and MLAs have been applied in a wide range of studies addressing the
establishment of histone modifications (113), their interpretation by modification specific
readers (114-116) as well as their propagation in chromatin (117).

Cysteine alkylation has also been employed to generate a thiocarbamate analog of
acetyllysine, termed methylthiocarbonyl-thiaLys (MTCTK) (118). This analog was found to
mimic acetylation at H4 Lys5 and Lys8 in binding the Brdt bromodomain, albeit with 2—4-
fold less potency. Moreover, the MTCTK analog was not deacetylated by the class I histone
deacetylase HDACS and the class 111 NAD-dependent deacetylase Sir2. This holds potential
for the use of this analog in experiments with cell lysates where acetylated peptides would
be turned over by HDACSs. Finally, the ability to employ the MLA methodology to convert
Cys residues into lysine analogs after chemical ligation also expands the scope for EPL by
allowing peptide bond disconnections at highly abundant Lys residues in histones (119).
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Conclusions and future directions

Histone PTMs and their associated writer, eraser, and reader proteins play critical and
dynamic roles in regulating the structure and function of eukaryotic chromatin. Beginning
with the synthesis of short modified histone tail peptides, chemists have developed
increasingly sophisticated chemical tools to access homogenously modified full-length
histones in order to understand their specific mechanistic roles. Several complementary
methodologies, such as EPL, MLAs and amber codon suppression have rendered accessible
synthetically challenging side-chain modifications such as ubiquitylation, and modifications
in the histone globular core. These methods will permit studies of the mechanistic roles for
other less understood histone modifications such as SUMOylation, which has been
associated with transcription repression in both yeast and human cells (25, 120). The ability
to reconstitute entirely synthetic or semisynthetic histones into mononucleosomes and
nucleosomal arrays, dubbed designer chromatin (121), has enabled biochemical and
biophysical investigations of histone modifications in a more physiologically relevant
context. Most studies until now have employed homogenously modified nucleosomes where
all copies of a specific histone bear the same modification. A more likely scenario in cells is
that different degrees of modification may exist on two adjacent nucleosomes, or even on the
two faces of the same nucleosome. Therefore, one of the challenges for the future will be to
reconstitute asymmetric nucleosomal arrays with different degrees and combinations of
modifications in order to study their roles in chromatin folding, remodeling, and replication.
Initial progress toward this goal has been achieved by mixing modified histones in different
ratios to generate asymmetric octamers (99, 122) and stitching together differently modified
nucleosomes with a DNA ligase enzyme (98, 123). Thus, an amalgamation of chemical and
enzymatic tools that permit the assembly and interrogation of increasingly complex
nucleosomal arrays will no doubt be key to understanding the complex language of histone
modifications.
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Figure 1A. Structure of a mononucleosome and the diver sity of histone modifications.
a, The structure of a mononucleosome at 1.9 A resolution (PDB code 1KX5) showing

individual histones and 147 bp of double stranded DNA. The histone N-termini (Zaifs)
protrude from the nucleosome and are sites for extensive post-translational modification.
Red= H2A, green= H2B, blue= H3, yellow= H4. b, Schematic representation of
modifications at the N- and C-termini and globular domains of the four core histones.
Chemical groups are indicated as follows; ac, acetyl; cit, citrullyl; bio, biotinyl; but, butyryl;
me, methyl; nag, S-N-acetylglucosaminyl; ph, phosphoryl; pr, propionyl; rib, ADP-ribosyl;
SUMO, SUMOyI; and Ub, ubiquityl. Asterisks above Pro30 and Pro38 in the H3 tail
indicate modification by cis-trans isomerization. The dashed line N-terminal to Thr 22 in H3
indicates the primary site of proteolysis by cathepsin-L. This figure was adapted from Ref 7.
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Figure 2. Peptide-based strategies for studying histone modifications.
a, Synthetic biotinylated peptide-based unbiased strategy for identifying histone

modification-specific readers. b, On-bead assay for histone tail library screening with GST-
tagged histone-binding proteins.
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MeLys= monomethyl lysine, Me,Lys= dimethyllysine, MesLys= trimethyllysine.
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Figure 4. Native chemical and expressed protein ligation.
Strategies for combining fully synthetic, or, synthetic and recombinant peptides in order to

generate full-length semisynthetic proteins. SPPS, solid-phase peptide synthesis. Inset are
different chemical linkers that have been employed to obtain synthetic peptides with C-
terminal thioesters.
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Figure5. Strategiesfor histone ubiquitylation.
Chemoselective strategies for synthesizing native and mutant forms of uH2B and a

functionally equivalent analog. a, Photocleavable auxiliary-mediated histone ubiquitylation.
b, Cysteine-mediated histone ubiquitylation. c, Disulfide-directed histone ubiquitylation.
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