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Histone post-translational modifications are essential for reg-
ulating and facilitating biological processes such as RNA tran-
scription and DNA repair. Fifteen modifications are located in
the DNA-histone dyad interface and include the acetylation of
H3-K115 (H3-K115Ac) and H3-K122 (H3-K122Ac), but the
functional consequences of these modifications are unknown.
‘We have prepared semisynthetic histone H3 acetylated at Lys-
115 and/or Lys-122 by expressed protein ligation and incorpo-
rated them into single nucleosomes. Competitive reconstitution
analysis demonstrated that the acetylation of H3-K115 and
H3-K122 reduces the free energy of histone octamer binding.
Restriction enzyme kinetic analysis suggests that these histone
modifications do not alter DNA accessibility near the sites of
modification. However, acetylation of H3-K122 increases the
rate of thermal repositioning. Remarkably, Lys — GIn substitu-
tion mutations, which are used to mimic Lys acetylation, do not
fully duplicate the effects of the H3-K115Ac or H3-K122Ac
modifications. Our results are consistent with the conclusion
that acetylation in the dyad interface reduces DNA-histone
interaction(s), which may facilitate nucleosome repositioning
and/or assembly/disassembly.

All eukaryotic genomes are organized into strings of nucleo-
somes, where 147 bp of DNA are tightly wrapped around a
histone protein octamer (1). Many biological processes are
dependent on DNA-protein interactions. However, access to
DNA-binding sites is often restricted by the nucleosome struc-
ture. Alterations in nucleosome structure, dynamics, and posi-
tioning have been hypothesized to play a gatekeeper role in
regulating biological processes such as DNA replication, repair,
and transcription (2).

The post-translational modification (PTM)? of core histones
(3) plays a central role in regulating the biological processing of
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eukaryotic genomes. Until recently, known histone PTMs were
almost exclusively located on the unstructured histone tail
regions, which extend from the structured core of the nucleo-
somes. PTMs in the histone tails can function to directly alter
nucleosome (4 —6) and/or chromatin structure and stability (7,
8) and function as protein-binding sites (9) in the “histone
code” model (10).

During the past 5 years over 30 additional histone PTMs
were identified within structured regions of the nucleosome
(11-13). Many of these modifications are buried within the
nucleosome core and thus are not readily accessible for protein
binding. Fifteen of these histone PTMs are located in the DNA-
histone interface, where the histone octamer contacts the phos-
phate backbone of the wrapped DNA (14). Studies have
suggested that only mild structural perturbations occur in core-
modified nucleosomes, which implies that modifications bur-
ied beneath the DNA are unlikely to provide a protein-binding
site (15). This has led to two additional models for the function
of nucleosome core PTMs.

Modifications such as Lys acetylation that reduce the posi-
tive charge of the histone octamer surface may reduce the bind-
ing affinity of histone-DNA interactions. In a “regulated
nucleosome mobility model,” these modifications would lead to
increased mobility or “sliding” of nucleosomes between differ-
ent positioning sites on DNA, often with the assistance of chro-
matin remodeling factors (14). DNA regulatory sites might be
significantly more exposed as a result of such nucleosome
movement (16). SIN (SWI/SNF-independent) histone muta-
tions that are located in the nucleosome dyad appear to increase
the rate of nucleosome repositioning following thermal heating
(15, 17) and reduce DNA-histone interactions (18).

Alternatively, Widom and co-workers (19 -21) have dem-
onstrated that even a structured nucleosome undergoes fluc-
tuations that render the nucleosome accessible via transient
DNA unwrapping. In a “site accessibility model,” side chain
modifications that reduce the binding interactions between
the histone octamer surface and DNA might modify the
dynamics of the nucleosome structure and alter the propor-
tion of DNA that is transiently unwrapped and accessible to
regulatory factors.

histone H3, generated as a thioester; H3Pep, peptide with sequence
CAIHAKRVTIMPKDIQLARRIRGERA; H3, full-length histone H3 protein; HO,
histone octamer; mp2, modified high affinity 601 positioning sequence;
MESNA, mercaptoethanesulfonic acid; RP-HPLC, reverse phase HPLC;
MALDI-TOF-MS, matrix-assisted laser desorption ionization time-of-flight-
mass spectrometry; Exolll, exonuclease IIl.
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Here we have tested aspects of these two models by examin-
ing Lys acetylation near the dyad symmetry axis of the nucleo-
some. The dyad represents a nexus of several interactions that
include essential protein-protein contacts at the H3/H4 tet-
ramer interface and histone-DNA contacts at the center of the
positioned DNA sequence. The H3-K115 and H3-K122 resi-
dues are positioned between two histone DNA-binding motifs
at the nucleosome dyad (Fig. 1). The side chain amines of these
Lys residues are poised for electrostatic interactions with the
DNA backbone. Because of inherent nucleosome symmetry,
two copies of each amino acid exist in close spatial proximity;
simultaneous modifications at these Lys residues would there-
fore create a patch of four histone modifications that could alter
a large surface area in the assembled nucleosome (22).

Replacing H3-K115Q and H3-K122Q in yeast reduces tran-
scriptional silencing at ribosomal DNA and telomeres (23).
H3-K115R, which mimics constitutively unacetylated lysine,
exhibits wild type silencing in both regions. However, H3-
K122R exhibits wild type silencing in ribosomal DNA but
reduced silencing in telomeres (23). Another study showed that
H3-K115A and H3-K122A separately displayed reduced ex-
pression of the PHOS gene in budding yeast, whereas H3-
K122A exhibited wild type expression (24). DNA repair also
appears dependent on H3-K115 and/or H3-K122 acetylation.
H3-K115Q increases sensitivity to hydroxyurea, whereas
H3-K115R does not (23). Moreover, H3-K115A, H3-K122A,
and H3-K122Q were all shown to be highly sensitive to Zeocin,
a DNA double strand break mimetic (24). Whether the Lys —
GIn mutations capture the entire features of Lys acetylation is a
significant unknown.

To examine the precise role of Lys acetylation at the nucleo-
some dyad, we generated nucleosomes bearing acetylated Lys
on histone H3-K115 and/or H3-K122 by expressed protein liga-
tion (25-27). We found that the nucleosome position was not
altered by H3-K115 and/or H3-K122 acetylation. However,
competitive reconstitution analysis suggests that these H3
modifications reduced the free energy of binding between the
histone octamer and a well defined nucleosome positioning
DNA sequence. Restriction enzyme kinetic studies suggest that
dynamic DNA site accessibility was not altered by the Lys mod-
ifications. However, the H3-K122Ac and H3-K115Ac/K122Ac
nucleosomes demonstrated increased mobility in thermal
repositioning studies. Remarkably, Lys — Gln substitution of
these residues does not alter DNA-histone binding, suggesting
that glutamine does not capture all the essential features of
Lys-115 and Lys-122 acetylation. Our results are consistent
with the conclusion that modifications of the nucleosome dyad
alter nucleosome mobility and appear to support the regulated
nucleosome mobility model.

EXPERIMENTAL PROCEDURES

Peptide Synthesis—Peptides were synthesized manually on
t-butoxycarbonyl-Ala-PAM resin (Novabiochem) using stand-
ard t-butoxycarbonyl-N protection strategies and HBTU acti-
vation protocols. Selective Lys acetylation was accomplished by
incorporation of Lys with orthogonal N-(9-fluorenyl)methoxy-
carbonyl side chain protection at the appropriate positions;
prior to cleavage from the resin, the side chain amine was
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some dyad. A, face view of the nucleosome (Protein Data Bank code 1AOl).
H3 residues 1-109 are shown in yellow; residues 110-135 are shown in red.
H3-K115 is shown as blue spheres and H3-K122 is shown as teal spheres. B, top
view of the nucleosome; C, close-up view of the nucleosome dyad at 45°
relative to B illustrates that H3-K115 and H3-K122 are positioned to interact
with the DNA phosphate backbone.

revealed by treatment with 1:4 piperidine:N,N-dimethylform-
amide, and the side chain amine was acetylated with 1.5:1.5:7
acetic anhydride:diisopropylethylamine:N,N-dimethylform-
amide. Peptides were cleaved from the resin with standard HF
cleavage procedures using p-cresol as a scavenger and purified
by RP-HPLC on Vydac C-18 columns. Peptide purity was
assessed as =95% using analytical RP-HPLC, and peptide iden-
tity was confirmed with MALDI-TOF-MS as follows: H3Pep-
K115Ac, CAIHAK(Ac)RVTIMPKDIQLARRIRGERA (61 mg;
m/z 3045.6 M + H, expected 3045.6 M + H); H3Pep-K122Ac,
CAIHAKRVTIMPK(Ac)DIQLARRIRGERA (137 mg; m/z
3045.7 M + H, expected 3045.6 M + H); H3Pep-DualMod,
CAIHAK(Ac)RVTIMPK(Ac)DIQLARRIRGERA (117 mg; m/z
3087.7 M + H, expected 3087.7 M + H).

Expression and Purification of Wild Type and Mutant
Histones—Plasmids encoding histones H2A, H2B, H3, and H4
were the generous contributions of Dr. Karolin Luger (Colo-
rado State University) and Dr. Jonathan Widom (Northwestern
University). Mutations K115Q, K122Q, and K115Q/K122Q
were introduced into histone H3 by site-directed mutagenesis
(Stratagene). The expression and purification of wild type his-
tones and mutant histones, H3-K115Q, H3-K122Q, and
H3-K115Q/K122Q, were performed according to published
protocols (28).

H3-(1-109) Thioester Production—Truncated histone H3
(residues 1-109) was cloned as a fusion protein with the GyrA
intein and a chitin binding domain into the pTXB1 vector (New
England Biolabs). The protein was expressed in Escherichia coli
BL21 (DE3) cells and purified from inclusion bodies (see sup-
plemental material), and the purified protein was refolded by
dialysis into a high salt buffer. Thiolysis was initiated by addi-
tion of 100 mm MESNA and allowed to continue for 24 h at4 °C
(Fig. 2B). Buffer components were adjusted to generate ligation
buffer (50 mm HEPES (pH 7.5), 6 Murea, 1 M NaCl, 1 mm EDTA,
50 mMm MESNA), and the protein was concentrated to >1
mg/ml of the thioester and stored at —80 °C. Residual full-
length H3-(1-109)-intein and cleaved intein remain in the sam-
ple through the ligation reaction; UV spectroscopy was used to
determine total protein concentration, and thioester concen-
tration was determined by characterization of cleavage yield by
SDS-PAGE.
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H3 Expressed Protein Ligation—Ten molar equivalents of the
appropriate peptide were added to the concentrated protein
thioester solution in ligation buffer (6 M urea, 1 m NaCl, 50 mm
HEPES (pH 7.5), 1 mm EDTA, 20 mM tris(2-carboxyethyl)phos-
phine) and ligation proceeded overnight at room temperature
with gentle agitation (Fig. 2B). The ligation mixture was dia-
lyzed into water and lyophilized. The dry powder was resus-
pended in TrisU-100 (10 mm Tris (pH 9.0), 7 M urea, 1 mm
EDTA, 5 mm EDTA, 5 mm -mercaptoethanol, 100 mm NaCl)
and purified by HPLC ion exchange chromatography (supple-
mental Fig. 14) over a TSKgel SP-5PW column (TOSOH Bio-
science). Full-length semisynthetic H3 and truncated H3-(1-
109) could not be fully separated by this method; all fractions
containing full-length H3 were combined, dialyzed extensively
against water with 5 mm B-mercaptoethanol, and stored as the
lyophilized powder at —80 °C. Protein yields were determined
by UV spectroscopy, and proteins were isolated in up to a 7-mg
yield of a 50:50 mixture of H3-K115Ac, K122Ac:H3-(1-109).

DNA Constructs—The mp2-192 and mp2-247 DNA mole-
cules were prepared by PCR from the plasmid pMP2 (29). Each
oligonucleotide (Sigma) was labeled with a Cy3 or Cy5 NHS
ester (GE Healthcare) at an amino group attached to the 5" end
and then purified by RP-HPLC with a 218P™ C18 (Grace/
Vydac) column. The Cy5-labeled oligonucleotides used to
amplify mp2-192 were as follows: Cy5-AGTGAATTCCGGT-
TGACGAGGTGCG and Cy5-GCTCGGTCCGACAGGAT-
GTA. The Cy3- or Cy5-labeled oligonucleotides used to
amplify mp2-247 were as follows: Cy3-TGTAAAACGACGG-
CCAGTGAATTCCGGTTG and Cy5-AAGCTTGCATGCA-
GATCTATGTCGGGCT. Following PCR amplification, each
DNA molecule was purified by HPLC with a Gen-Pak Fax col-
umn (Waters). The unlabeled mp2-192 and mp2-247 DNA
molecules were prepared by PCR with the same unlabeled
oligonucleotides and then purified by RP-HPLC. 168-bp com-
petitor DNA was prepared by PCR from pUC19 with oligonu-
cleotides ACGTTGTTGCCATTGCTACAGGC and AACTT-
ACTTCTGACAACGATCGGAGGAC and then purified by
RP-HPLC.

Histone Octamer Refolding and Purification—The histone
octamer refolding and purification procedure was modified
from previously described methods (28). Briefly, each histone
was unfolded for 1-3 h in unfolding buffer, 7 M guanidine, 20
mM Tris (pH 7.5), and 10 mwm dithiothreitol, at a histone con-
centration of 2—20 mg/ml and then spun to remove aggregates.
The absorption at 276 nm was measured for each unfolded
histone to determine the concentration. The four core histones
were combined at equal molar ratio with total histone concen-
tration adjusted to 5 mg/mlin 200 wl. The octamer was refolded
by double dialysis in refolding buffer: 2 m NaCl, 10 mm Tris-HCl
(pH 7.5), 1 mm EDTA, and 5 mM B-mercaptoethanol. The
recovered refolded octamer was centrifuged to remove large
aggregates and then purified over a Superdex 200 (GE Health-
care) column to remove any H3/H4 tetramer (often containing
truncated H3-(1-109)) or protein dimers. The purity of each
octamer was confirmed by SDS-PAGE (supplemental Fig. 1B)
and mass spectrometry (Fig. 2, C and D).

Nucleosome Reconstitutions—Nucleosomes for restriction
enzyme analysis, thermal shifting, and exonuclease III mapping
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were reconstituted by salt double dialysis (30) with 0.5 ug of
Cy3- and Cy5-labeled mp2-192 or mp2-247 DNA (Fig. 3A),
4.5 pg of competitor DNA, and 4 ug of purified HO that
contained 0, 1, or 2 modifications or mutations. The DNA
and HO were mixed in 50 ul of 0.5X TE (pH 8.0) with 2 m
NaCl and 1 mM BZA. The sample was loaded into an engi-
neered 50-ul dialysis chamber that was placed in a large
dialysis tube with 80 ml of 0.5X TE (pH 8.0) with 2 M NaCl
and 1 mm BZA. The large dialysis tube was extensively dia-
lyzed against 0.5X TE with 1 mm BZA. The 50-ul sample was
extracted from the dialysis button and purified by sucrose
gradient centrifugation (Fig. 3D).

Competitive Reconstitutions—Competitive reconstitutions
were modified from published protocols to measure the change
in DNA-histone binding induced by K115Ac and/or K122Ac
(30, 31) (see supplemental material). Reconstitutions were pre-
pared in 2 M NaCl, 0.5X TE, 1 mm BZA with 1 ng/ul labeled
MP2 DNA, 9 ng/ul unlabeled MP2 DNA, 40 ng/ul buffer DNA,
and 8 ng/ul of HO (either unmodified, modified or mutated) in
a volume of 40 ul. To minimize variation in DNA and HO
concentrations, we first prepared a master mix that was com-
bined with each HO stock, diluted to a concentration of 96
ng/pl in 2 M NaCl, 0.5X TE, and 1 mm BZA. Each HO sample
was then split into thirds and dialyzed separately.

Each sample was dialyzed against the same reservoir contain-
ing 1.5 liters of 2 M NaCl, 0.5X TE, and 1 mm BZA. The con-
centration of salt in the dialysis reservoir was slowly reduced to
200 mMm over 24 h; the samples were then dialyzed overnight
against 0.5X TE and 1 mm BZA to reduce the final NaCl con-
centration to <1 mm NaCl. The reconstitution products were
examined by PAGE, scanned with a Typhoon 8600 variable
mode imager (GE Healthcare), and analyzed with ImageQuant
(GE Healthcare).

Restriction Enzyme Kinetics Method for Site Accessibility—
The restriction enzyme kinetics method (21) was used to deter-
mine the nucleosomal DNA accessibility, which is defined as
the equilibrium constant for site exposure, K., = k;,/k,,, at the
following five separate restriction enzyme sites: HindlIII, HaellI,
Taq“L, Hhal, and PmlI (Fig. 5) (see supplemental material).

The reactions were initiated by mixing 50 ul of 2 X restriction
enzyme (New England Biolabs) and 50 ul of 2 nm nucleosomes.
Taq“l digestion was carried out at 65, 47, and 37 °C, and all
three temperatures resulted in the same relative equilibrium
constant for site exposure; all other reactions were carried out
at 37 °C. Time points at 1, 2, 4, 8, 16, 24, and 32 min were
acquired by quenching 10 ul of the reaction with EDTA at a
final concentration of 20 mM. Proteinase K (1 mg/ml final
concentration) and SDS (0.02% final concentration) were
added to each time point to remove the histone octamer
from the DNA. Each time point was examined by native 5%
PAGE (Fig. 5, A and B). The DNA was visualized with a
Typhoon 8600 variable mode imager (GE Healthcare) and
quantified by ImageQuant.

The digestions were fit to a single exponential to determine
the initial digestion rate. An initial drop in undigested DNA
between the 0 and 1-min time point is because of a small frac-
tion of nucleosomes that dissociate during the rapid mixing.
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We therefore neglect this initial time point as has been done in
previous studies (21, 29).

Nucleosome Thermal Repositioning—Nucleosomes were
thermally repositioned within the DNA substrate exactly as
described previously (17). Sucrose gradient purified nucleo-
somes reconstituted with mp2-247 were diluted to a concen-
tration of 200 nM in 50 mm Tris (pH 7.5). The nucleosomes were
heated in a thermal cycler (Eppendorf) to 47, 50, 53, 59, or 65 °C.
Nucleosome shifting occurred above 50 °C and dissociated
above 59 °C before significant thermal shifting occurred. At
53 °C ~20% of the nucleosome shifted position although very
little dissociated. Thermal shifting experiments were per-
formed at 53 °C for 1, 2.5, 5, 10, 15, 20, 30, 45, and 60 min, and
the reaction was stopped by transferring 10 ul of the heated
nucleosomes to an ice water bath. Samples were analyzed by 5%
PAGEin 0.2X TBE (Fig. 6, A and B). The gel was pre-runat 4 °C
for 3 h before running the samples for 60 min at 30 V/cm at 4 °C
with continuous recirculation of the running buffer. Following
electrophoresis, the gels were imaged with a Typhoon 8600
variable mode imager (GE Healthcare) and quantified by
ImageQuant.

Exonuclease III Mapping— The nucleosome positions within
the mp2-247 DNA molecule were determined with ExoIIl map-
ping. Reactions were carried out in an initial volume of 100 ul
with 20 nM nucleosomes with 30 and 100 units of ExolIl (New
England Biolabs) in Buffer 1 (New England Biolabs). At each
time point, a 10-ul aliquot of the reaction was quenched with
EDTA to a final concentration of 20 mm EDTA. A final concen-
tration of 1 mg/ml of proteinase K and 0.02% of SDS was added
to each time point to remove the histone octamer from the
DNA, and samples were separated by 8% denaturing PAGE in 7
M urea and 1X TBE. The sequence markers were prepared with
a SequiTherm Excel II DNA sequencing kit (Epicenter) using
Cy3- or Cy5-labeled primers, an mp2-247 DNA template, and
either dATP or dTTP. Results were imaged by a Typhoon 8600
variable mode imager (GE Healthcare), which detects Cy3 and
Cyb5 separately in the same gel (Fig. 7). The Cy3 and Cy5 ladders
could be loaded in the same lanes to increase accuracy of the
mapping gel readout. In parallel we carried out ExollI diges-
tions with naked DNA to confirm that none of the positions
observed with nucleosomal DNA were because of exonuclease
pause sites (data not shown).

RESULTS

Acetylated Lys-115 and/or Lys-122 Histone H3 Can Be Pre-
pared by EPL and Refolded into the Histone Octamer—EPL is
the chemoselective reaction between a polypeptide with an
N-terminal Cys residue and a polypeptide with a C-terminal
thioester moiety that generates a native polypeptide back-
bone with the Cys remaining at the ligation site (32, 33). The
H3-K115 and H3-K122 acetylation sites are located at the
nucleosome dyad and H3-H4 tetramer interface near the C
terminus of histone H3 (Fig. 1). These sites are C-terminal to
a natural Cys residue at position 110 that serves as an ideal
ligation site for the introduction of synthetic peptides to
generate a native H3 protein sequence after ligation (Fig.
2A). The H3-K115Ac and H3-K122Ac modifications were
introduced via a synthetically accessible 26-residue peptide
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encompassing H3 residues 110-135. Peptides correspond-
ing to each of the acetylation variants were synthesized and
purified: H3Pep-K115Ac, H3Pep-K122Ac, and the dual-
modified H3Pep-K115Ac/K122Ac.

The H3-(1-109)-intein fusion protein accumulated in inclu-
sion bodies, as is typical for bacterially overexpressed histone
proteins. The H3 fusion expression pattern is in contrast to a
histone H2A-intein fusion protein, which has been reported to
express as a soluble, well folded protein (27). Because a struc-
tured intein is required for the thiolysis reaction that generates
the H3 thioester, we developed an intein refolding procedure in
high salt conditions that maintains solubility of the H3 extein.
Although we observed cleavage yields up to 90%, a typical intein
thiolysis reaction proceeds to ~50% (Fig. 2B). We found that
greater yields were obtained by simply denaturing and concen-
trating the cleavage mixture compared with thioester purifica-
tion. Combining a 10-fold molar excess of the appropriate syn-
thetic H3-(110-135) peptide with the concentrated cleavage
mixture generated the full-length semisynthetic H3 histone
(Fig. 2B).

The full-length H3 protein and H3-(1-109) may be co-puri-
fied using ion exchange chromatography (supplemental Fig.
1A). However, H3-(1-109) lacks a C-terminal a-helix that
forms an essential protein-protein interface in the H3/H4 tet-
ramer. When histone octamer is refolded from equimolar
amounts of H2A, H2B, H3/H3-(1-109), and H4, only the full-
length H3 is incorporated into the octamer, and the efficiency
of refolding appears solely dependent on the full-length com-
ponent of the H3 mixture. Histone octamer was refolded using
the wild type unmodified H3, the three Gln mimic proteins, and
three semisynthetic acetylated H3 variants. Both SDS-PAGE
(supplemental Fig. 1B) and MALDI-MS analysis (Fig. 2, C and
D) demonstrate that the H3-(1-109) fragment is completely
eliminated from the histone octamer in each of the semisyn-
thetic preparations and that the acetylation modifications sur-
vive purification. Interestingly, the fact that we efficiently
refolded and purified histone octamer with either or both mod-
ifications suggests that H3-K115Ac and H3-K122Ac do not
inhibit the formation of histone octamer.

Acetylation of H3-K115 and H3-K122 Does Not Inhibit
Nucleosome Formation—We reconstituted nucleosomes with
histone octamer containing H3-K115Ac and/or H3-K122Ac
and DNA containing the high affinity nucleosome positioning
sequence mp2, a variant of the 601 sequence (Fig. 34) (29, 34).
The reconstitutions were characterized by gel shift analysis on a
native polyacrylamide gel and by sucrose gradient centrifuga-
tion (Fig. 3, B-D). Gel shift analysis is sensitive to changes in the
overall structure of the nucleosome, such as changes in the
position of the nucleosome on a DNA sequence (15, 17). We
observed the electrophoretic mobility of the nucleosomes with
H3-K115Ac and/or H3-K122Ac to be similar to unmodified
nucleosomes. The rate of nucleosome sedimentation through a
sucrose gradient depends on the mass and shape of the mole-
cule. We find that the nucleosomes containing H3-K115Ac
and/or H3-K122Ac sediment at the same rate as unmodified
nucleosomes (Fig. 3D). These results suggest that the
H3-K115Ac and/or H3-K122Ac modifications do not dramat-
ically alter the nucleosome structure.
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FIGURE 2. Preparation of semi-synthetic histone octamers by expressed protein ligation. A, EPL strategy for constructing histone H3 with Lys-115 and/or
Lys-122 acetylated. B, SDS-PAGE analysis of a representative H3-K115Ac preparation. Lane 1, molecular weight standard. Lane 2, cleavage of the H3-(1-109)-
intein fusion protein to generate H3-(1-109) thioester with 90% efficiency. Lane 3, H3Pep-K115Ac was added to the concentrated cleavage mixture, and
overnight ligation yielded 60% full-length H3-K115Ac. C, MALDI-TOF mass spectrometry analysis of purified unmodified histone octamer. Note for H3,
observed was m/z 15,273, and expected was 15,271. D, MALDI-TOF-MS of purified HO-K115Ac/K122Ac. Note for H3-K115Ac/K122Ac, observed was m/z 15,362,

and expected was 15,355. H3-(1-109) would occur at m/z 12,285 if present.

Acetylation of Lys-115 and Lys-122 Reduces the Free Energy of
the Histone Octamer Binding to a High Affinity Nucleosome
Positioning Sequence—We performed nucleosome competitive
reconstitutions (35) to examine the effect of H3-K115 and/or
H3-K122 acetylation on the binding affinity of the histone octa-
mer to DNA. Competitive reconstitutions were carried out as
described previously (30) with the high affinity nucleosome
positioning sequence mp2 (29) in the presence of an excess of
low affinity competitor DNA. Under these conditions the free
DNA and histone octamer establish a dynamic equilibrium
with nucleosomes, and the equilibrium constant can be deter-
mined by gel shift analysis with native PAGE (30). We com-
pared the binding equilibrium of specific histone octamer mod-
ifications to the binding equilibrium of the unmodified octamer
to generate a AAG. Competitive reconstitutions with octamer
containing H3-K115Ac, H3-K122Ac, or the doubly modified
H3-K115Ac¢/K122Ac were performed at least three times, each
in triplicate. In addition, for each semisynthetic construct, the
reconstitution was repeated with histone octamer refolded
from a separate EPL purification to confirm that the results
were sample-independent.
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An example of a competitive reconstitution analysis is shown
in Fig. 4. The background-corrected K., was calculated from
the ratio of gel-shifted nucleosomes to the free-DNA band (Fig.
4, A and B). We eliminated variations due to differences in each
reconstitution by determining the equilibrium constant of the
sample relative to the unmodified reference used in that recon-
stitution, K.y sampie/Keq unmodifiea- 1he relative change in free
energy of binding was calculated from AAG = AG,, . —
AG,cerence =~k T ((Key_sammpie)/ (Ko retorence))s Where kT =
0.55 kcal/mol for T'= 4 °C. We find that H3-K115Ac induces a
AAG = 0.4 * 0.2 kcal/mol, H3-K122Ac induces a AAG 0f 0.2 =
0.2 kcal/mol, and the combination of both H3-K115Ac¢/K122Ac
induces a AAG of 0.6 £ 0.2 kcal/mol (Fig. 4C). These results
demonstrate that the acetylation of H3-K115 and the simulta-
neous acetylation of H3-K115 and H3-K122 reduce the free
energy of histone octamer binding by 0.4 and 0.6 kcal/mol,
respectively. The acetylation of Lys-122 may also reduce the
histone octamer affinity but appears within the uncertainty of
our measurements.

Mutations That Mimic the Acetylation of Lys-115 and Lys-
122 Do Not Reduce the Free Energy of the Histone Octamer

VOLUME 284 -NUMBER 35+AUGUST 28, 2009

6002 ‘/T 18aqwada@ uo ‘snquinjod-sauelqi] Alsianiun arels oiyo e blo-ogl-mmm woly papeojumog


http://www.jbc.org/

ASBMB

The Journal of Biological Chemis

Supplemental Material can be found at:

http://www.jbc.org/content/suppl/2009/06/11/M109.003202.DC1.html

A
mp2-192
——= ~— —
DNA arm Nucleosome positioning DNA arm
(35 bp) sequence (147 bp) (10bp)
mp2-247
Cy3
Cy5
" ~— A
DNA arm Nucleosome positioning DNA arm
(50bp) sequence (147 bp) (50bp)
B o o D
NG v
e oo o o i
Ny SR I e o =
PONEMRVA N S S S S 2 of
g 3
o 06F
— — — — — — — 8 L
R SR g . [ Nuc § 0.4:
o
— — — e = . = == DNA 30.2:
[T
0

Nucleosome Dyad Acetylation Alters DNA-Histone Binding

(9]
\'ﬂ’v

C
> &

6{\\®

S &
S T

}Nuc

DNA

Nuc DNA
Peak Peak

-0 DNA

-o- Unmodified|
Nuc.

K115Ac/
-4 K122Ac
Nuc.

Fraction Number

FIGURE 3. Gel shift and sucrose gradient characterization of nucleosomes reconstituted with H3-K115
and/or Lys-122 acetylated or mutated to GIn. A, two DNA constructs used throughout the experiments,
which contain the altered 601 nucleosome positioning sequence mp2. mp2-192 is used in the competitive
reconstitutions and the restriction enzyme experiments. mp2-247 is used in the thermal shift and exonuclease
Il experiments. B, PAGE analysis of seven different nucleosomes reconstituted with mp2-247 prior to purifica-
tion; each lane is labeled with the HO used. The two bands represent two nucleosome (Nuc) positions. C, poly-
acrylamide gel shift characterization of nucleosomes reconstituted with mp2-247 DNA and purified by sucrose
gradient fractionation to remove DNA. D, elution from the sucrose gradient was visualized by the Cy5 fluores-
cent label on the DNA. DNA in the absence of HO is included as a control.
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FIGURE 4. Competitive reconstitution experiments determine how acetylation or glutamine substitu-
tion at the dyad alters DNA-histone binding affinity. Native PAGE of a single reconstitution experiment
using mp2-192 DNA for unmodified (A) and H3-K115Ac/K122Ac (B) nucleosomes (Nuc). For each experiment,
an unmodified reconstitution was included as a reference. The ratio of the nucleosome band divided by the
DNA band was used to determine a relative K. Each experiment was repeated at least three times, each time
in triplicate, such that each bar in plot C represents K., over at least nine data points. The error bars are the

standard deviation. WT, wild type.

Binding to DNA—Lys — Gln substitution mutations are often
used to simulate Lys acetylation in vivo (36). In fact, Lys — Gln
substitutions in yeast studies were used to demonstrate the
importance of H3-K115 and H3-K122 (23). To clarify the dif-

AUGUST 28, 2009+VOLUME 284 -NUMBER 35

ferent influences of charge and
steric bulk for locations buried at
the histone-DNA interface, we
examined histone octamer contain-
ing H3-K115Q and/or H3-K122Q
by competitive reconstitution
analysis. We found that the K,
was not altered relative to the wild
type unmodified histone octamer
(Fig. 4C). These results demon-
strate that the Lys — Gln substitu-
tion does not fully replicate the
role of Lys acetylation. Moreover,
it appears that Lys acetylation
plays a role beyond simple electro-
static effects in the stability of the
nucleosome.

Acetylation of H3-KI115 and/or
H3-K122 Does Not Alter DNA Un-
wrapping within the Nucleosome—
To investigate the dynamics of nu-
cleosome-DNA wrapping, we exam-
ined the kinetics of restriction
enzyme digestions to determine site
accessibility using unique sites that
are located throughout the mp2
nucleosome localization sequence
(supplemental Fig. 2, A and B). This
method quantifies site accessibility
as the equilibrium constant, K,
between the wrapped and un-
wrapped states of the nucleosome
(supplemental Fig. 2, C—E), which is
proportional to the forward rate of
restriction enzyme digestion. The
restriction enzyme kinetics studies
were performed as described previ-
ously (21, 29), where Ko for modi-
fied nucleosomes is determined rel-
ative to unmodified nucleosomes
(Fig. 5, A-C).

We found that the forward rates
of digestion for sites throughout the
nucleosome were the same with
and without H3-K115Ac and/or
K122Ac, with a possible exception
for the HindIII site (Fig. 5, C and D).
The Hhal site is located directly
above residues H3-K115 and
H3-K122 at the midpoint of the
wrapped DNA sequence. It might
be anticipated that the accessibility
of this site would be directly altered
by the acetylation of these residues.

However, the relative K, values for the Hhal site were 0.8
0.1, 1.0 = 0.4, and 1.2 £ 0.2 for H3-K115Ac, H3-K122Ac, and
H3-K115/K122Ac, respectively. This result implies that there is
no significant increase in the site exposure near the acetylated
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purified nucleosomes reconstituted
with the mp2 nucleosome position-
ing sequence and histone octamer
containing either unmodified or
H3-K115Acand/or K122Ac (Fig. 6).
The mp2 positioning sequence
required higher temperatures to
produce thermal shifting than pre-
vious studies (15, 17). The rate of
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acrylamide gel shifts, because changes
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FIGURE 5. Restriction enzyme kinetics determine the site accessibility of DNA throughout the nucleo-
some. Representative PAGE analysis of Taq“l digestion with unmodified (A) or H3-K115Ac/K122Ac (B) nucleo-
somes reconstituted with mp2-192. Lanes are labeled with the time in minutes at which a time point was
quenched. C, bands from each gel were quantified, and the course of the reaction was plotted as the fraction of
DNA remaining uncut. Shown are Hindlll digestions of unmodified (squares) and H3-K115Ac/K122Ac (circles)
nucleosomes, and Taq®l digestions of unmodified (inverted triangle) and H3-K115Ac/K122Ac (triangle) nucleo-
somes. D, digestions were carried out at five different restriction sites, for unmodified and acetylated nucleo-
somes, in duplicate. The plot illustrates the average K, value for H3-K115Ac and/or H3-K122Ac nucleosomes
relative to unmodified at each restriction site; error bars represent standard deviation. Each bar is placed at the
Keoq (H3-K115Ac) values are as follows:
Hindlll, 1.1 = 0.1; Haelll, 1.3 = 0.3; Taq®l, 0.7 = 0.1; Hhal, 0.8 = 0.1; Pmll, 1.2 = 0.1. Relative K., (H3-K122Ac)
values are as follows: Hindlll, 1.4 = 0.2; Haelll, 0.9 = 0.5; Tag“l, 1.0 = 0.2; Hhal, 1.0 = 0.4; Pmll, 1.0 = 0.4. Relative
Koq (H3-KT15Ac/K122Ac) values are asfollows: Hindlll, 1.7 = 0.1; Haelll, 1.3 £ 0.7; Tagq®l, 1.0 = 0.2; Hhal, 1.2 = 0.2;

relative position of the restriction site along the DNA sequence. Relative

Pmll, 0.9 = 0.3.

Lys residues. We conclude that site exposure is not altered in
nucleosomes containing H3-K115Ac/K122Ac.

The HindlIII site is particularly interesting and displays a rel-
ative K, of 1.1 £ 0.1, 1.4 = 0.2, and 1.7 = 0.1, for H3-K115Ac,
H3-K122Ac, and H3-K115Ac/K122Ac, respectively. These
results are consistent with an increased site exposure for
H3-K122Ac and H3-K115Ac/K122Ac. The HindIIl site is
located about 4 nm from the acetylated Lys, making it unlikely
that the modifications directly alter the DNA contacts stabiliz-
ing this region of the wrapped DNA. However, this site is 8 bp
from the DNA entry-exit region of the nucleosome. One possi-
ble explanation is that the modifications might facilitate
nucleosome repositioning that would place the HindIII site
outside of the nucleosome.

Acetylation of H3-K122 Increases the Rate of Nucleosome
Repositioning—The competitive reconstitutions demonstrated
that the acetylation of H3-K115 and/or H3-K122 reduce the
histone-DNA binding free energy, and restriction enzyme
experiments suggested that they might also influence nucleo-
some repositioning. To investigate this possibility, we per-
formed thermal repositioning studies as described previously
(17). The thermal shifting experiments were carried out with
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in nucleosome positions alter electro-
phoretic mobility (Fig. 6, A and B).
We find that the top-shifted band
decreases in intensity, although a
new band appears just below it. The
bottom-shifted band and the free
DNA band remain relatively con-
stant through the thermal shift
experiment (Fig. 6, C and D).

To characterize the nucleosome
positions before and after thermal
shifting, we carried out Exolll
positional mapping (Fig. 7) (31).
The DNA strands of the mp2
nucleosome localization sequence
were independently 5’-labeled
with Cy3 (top strand) or Cy5 (bot-
tom strand) to allow visualization
in a single denaturing gel. The loca-
tion of nucleosome-independent
Exolll pause sites were determined
by comparing the digestions to
sequencing ladders that were pre-
pared with a sequencing reaction
that contained the same DNA mol-
ecule and either the Cy3- or Cy5-labeled DNA oligonucleotide.

Prior to heating, Exolll stalled at 197 bp from the Cy5 5’-label
(50 bp from the Cy3 end; see Fig. 7A) and 187, 197, and 201 bp
from the Cy3 5’-label (60, 50, and 46 bp from the Cy5 end; see
Fig. 7C). These positions imply that 147 bp are protected from
ExollI digestion and determine the dominant nucleosome posi-
tion of the mp2 positioning sequence. The 187- and 201-bp stall
sites that occur on the Cy3-labeled top strand do not have cor-
responding stall sites on the Cy5-labeled bottom strand. These
data can be interpreted to suggest that the 201-bp stall position
results from steric clash between the nucleosome and Exolll.
The 187-bp stall site is a likely result of partial nucleosome
invasion by ExolIl. We can assign this dominant position to
the upper band in the initial time point in the gel analysis of
thermal shifting (Fig. 6, A and B).

We also observe a faint full-length band that survives initial
Exolll digestion for both the Cy5- and Cy3-labeled strands, as
well as a Cy3 band that suggests ExollI stalls 155 bp from the
Cy3 end (Fig. 7, A and C). These additional ExollI stall positions
appear to indicate that a small fraction of the nucleosomes is
positioned at the ends of the mp2 DNA. We can assign this
position to the lower band in the thermal shifting gels (Fig. 6, A

N\
Pmll
!
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consistent with protection of 147 bp
of DNA, typical of a canonical
nucleosome in the new position.
This new position occurs for both
unmodified histone octamer (sup-
plemental Fig. 3, B and D) and
histone octamer containing H3-
K115Ac/K122Ac, and may be as-
signed to the middle gel band that
appears with time during thermal
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shifting (Fig. 6, A and B). The mobil-
ity of each of the different nucleo-
some positions is consistent with
previously reported thermal shift
experiments (17).

We determined the rate of shift-
ing to this new position by quantify-
ing the bands containing each of the

i
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nucleosome positions and free DNA
for unmodified nucleosomes and
for nucleosomes containing H3-
K115Ac and/or K122Ac (Fig. 6, C
and D). The fraction of nucleo-
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somes positioned within the mp2
sequence decreased with time,
whereas the fraction of nucleo-
somes shifted by 20 bp toward the
Cy5 end increased concurrently.
Although there were variations in
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FIGURE 6. Thermal shift experiments determine rates of heat-induced nucleosome repositioning. Poly-
acrylamide gel shift analysis of thermal shifting at 53 °C for unmodified (A) and H3-K115Ac/H3-K122Ac (B)
nucleosomes reconstituted with mp2-247 is shown. Lanes are labeled with the time (min) at which a point was
acquired. The relative position of the nucleosome for each band is illustrated to the right. C and D, fraction of
DNA in each band in A and B was quantified based on the Cy5 fluorescent label. Circles show the fraction in the
dominant central nucleosome position. Squares show the fraction in the nucleosome position that appears
with time, 20 bp toward the Cy5 end. Diamonds show the fraction of nucleosomes located at the end of the
DNA. Triangles show the fraction of free DNA that remains. E, because free DNA and end-positioned nucleo-
somes remain constant, only the nucleosome fractions in the middle position (open circle, unmodified nucleo-
somes; open square, H3-K115Ac; open diamond, H3-K122Ac; open triangle, H3-K115Ac/K122Ac) and new shifted
position (filled circle, unmodified nucleosomes; filled square, H3-K115Ac; filled diamond, H3-K122Ac; filled trian-
gle, H3-K115Ac/K122Ac) were plotted. The curves were fit to a single exponential decay to determine that
nucleosomes shift at 0.026 = 0.002 min~— ' when unmodified, at 0.025 *+ 0.002 min ' for H3-K115Ac, at 0.046 =
0.003 min~ " for H3-K122Ac, and at 0.041 = 0.004 min "' for H3-K115Ac/K122Ac.

and B). In additional, both gel-shifted bands sediment on a
sucrose gradient at the same rate (Fig. 3D), which suggests that
they have similar mass. This combined with 147-bp protection
strongly indicates that these bands contain canonical nucleo-
somes. We observe identical Exolll mapping of unmodified
nucleosomes before thermal shifting (supplemental Fig. 3, A
and C).

Following thermal shifting, we found new ExollI stall posi-
tions at 177 and 182 bp from the Cy5-labeled end and at 217 bp
from the Cy3-labeled end (30 bp from the Cy5-labeled end and
70 bp from the Cy3-labeled end) (Fig. 7, B and D). These new
pause sites suggest that the nucleosome is shifted 20 bp from
the center of the mp2 sequence toward the Cy5 label and are

VoSN
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the fraction of nucleosomes ini-
tially positioned at the end of the
mp2 DNA molecule in different
nucleosome preparations, both the
end-positioned fraction and the
fraction of nucleosome-free DNA
remained constant after the 1st min
(Fig. 6, C and D). We conclude that
the primary alteration in nucleo-
some position following thermal
shift resulted in repositioning from
the central location to 20 bp toward
the Cy5 end.

We fit the fractions of posi-
tioned and shifted nucleosomes to
a single exponential decay with an
initial and final offset (Fig. 6E). We found unmodified
nucleosomes shift with a rate of 0.026 * 0.002 min™".
Nucleosomes containing H3-K115Ac shifted with a rate of
0.025 = 0.002 min~'; nucleosomes containing H3-K122Ac
shifted with a rate of 0.046 * 0.003 min ', and nucleosomes
containing H3-K115Ac/K122Ac shifted with a rate of
0.041 = 0.004 min~'. Thus, nucleosomes acetylated at
H3-K122 with and without H3-K115Ac shift 1.6 = 0.2 and
1.8 = 0.2 times faster than unmodified nucleosomes. In con-
trast, nucleosomes acetylated only at H3-K115 shifted at
nearly the same rate as unmodified nucleosomes. In addi-
tion, we observe that the fraction of repositioned nucleo-
somes is increased such that 20—-25% more nucleosomes
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sequence (30). In fact, the typical
variation in binding free energy for
genomic positioning sequences is
~0.5—1 kcal/mol (39). This implies
that the AAG values induced by
these modifications are on the same
scale as the typical variation in DNA-
histone binding affinity caused by the
DNA sequence in vivo. Taken as a
whole, these observations suggest
that the reduced affinity of nucleo-
somes containing H3-K115Ac and/or
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also observed for unmodified nucleosomes (supplemental Fig. 3).

shift to the new position when they contain H3-K122Ac.
Together these results are consistent with the conclusion
that acetylation of H3-K122 increases nucleosome mobility.

DISCUSSION

Histone PTMs play key roles in essentially all biological pro-
cesses that involve DNA-protein interactions. In this study, we
have focused on two of the PTMs that are located in the DNA-
histone interface of the nucleosome. Although genetic data
demonstrate that these PTMs are important for RNA tran-
scription and DNA repair, there is no information on how these
modifications might alter nucleosome function(s).

Chemical tools to introduce distinct modifications into his-
tone proteins (37) and the use of EPL to introduce histone mod-
ifications into unstructured histone tails (8, 27, 38) have proven
to be an essential part of the study of chromatin structure. Here
we report the first use of EPL to introduce modified residues
into a folded histone domain in the nucleosome core. Because
our approach generates the native protein sequence of histone
H3, it has enabled us to precisely characterize the effects of
buried modifications at the histone-DNA interface.

We find that histone octamers acetylated at H3-K115 and
H3-K122 reduced the binding free energy to a DNA positioning
sequence by 0.6 kcal/mol. Remarkably, histone octamers con-
taining H3-K115Ac alone appear to account for the majority of
the reduced binding free energy (0.4 kcal/mol). The AAG of 0.6
kcal/mol is similar to the difference in free energy between
genomic DNA and the natural 5S nucleosome positioning

23320 JOURNAL OF BIOLOGICAL CHEMISTRY

FIGURE 7. Exonuclease Ill mapping to determine positions of nucleosomes. Representative denaturing
PAGE of exonuclease lll mapping of H3-K115Ac/K122Ac nucleosomes reconstituted with mp2-247 before (A)
and after (B) heating to 53 °C for 60 min and visualized using the Cy5 fluorescent label. Lanes are labeled with
the time at which the exonuclease digestion was quenched. C and D, visualization of the gels from A and B
using the Cy3 fluorescent label, which illustrates digestion from the other end of the DNA; a positioned nucleo-
some should protect 147 bp of DNA between the two digests. The new position that appears after heating is
shifted 20 bp toward the Cy5-labeled end of the DNA relative to the mp2 positioning site. Similar results are

hE

where nucleosomes are positioned,
it may also influence DNA unwrap-
ping from the histone octamer
and/or nucleosome repositioning
(41). Our restriction enzyme posi-
tioning studies demonstrate that
the acetylation of H3-K115 and/or
H3-K122 does not alter the proba-
bility of DNA site exposure to
restriction enzymes. We note a
modest increase in site accessibility
with the double acetylated histone
octamer near the DNA entry-exit
region. It is formally possible that the dyad modifications
directly influence DNA unwrapping near the DNA entry-exit
region. We view this as unlikely because H3-K115 and H3-K122
are over 4 nm from the DNA entry-exit region of the nucleo-
some. Dramatic changes in the nucleosome structure would be
required for the acetylation of these residues to directly reduce
DNA wrapping and accessibility at the entry-exit region. More-
over, DNA site accessibility was not altered at sites between the
dyad and the DNA entry-exit region, which would indicate
propagation of unwrapping along the double helix. Instead,
we consider the possibility that small changes in the nucleo-
some position could transiently expose sites near the DNA
entry-exit region. Such an hypothesis would appear consistent
with the modest increases in entry-exit site exposure of the
double-acetylated histone octamer to a position that increases
the exposure of the HindIII site while leaving the PmlI site near
the other end of the nucleosome unchanged.

We found that the rates of thermal repositioning of histone
octamers containing H3-K122Ac as well as H3-K122Ac and
H3-K115Ac were modestly increased. Although 2-fold effects
can be significant in gene expression, as is the case with dosage
compensation and haploinsufficiency diseases, it seems more
likely that these modifications do not singularly reposition
nucleosomes in vivo. We regard it more likely that these mod-
ifications facilitate nucleosome repositioning in the presence of
associated chromatin remodeling factors (16, 42).

Nucleosome assembly occurs in a stepwise fashion where the
deposition of H3-H4 is followed by the deposition of H2A-H2B
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(43). Nucleosome disassembly occurs in the reverse order (43).
DNA-histone interactions in the dyad region of the nucleosome
are likely to play an important role during the assembly/disas-
sembly process. In general, histone modifications could be
introduced prior to nucleosome formation to alter the rate of
nucleosome assembly, or within chromatin to alter the rate of
nucleosome disassembly. Dynamic modifications of H3-K115
and/or H3-K122 that are located within the histone-DNA dyad
interface might serve as potential regulators of the assembly/
disassembly process. The histone chaperone Asf1 is known to
assemble and disassemble nucleosomes by loading and unload-
ing H3-H4 dimers (44, 45). In this regard it is worth noting that
the H3-K115 and H3-K122 residues are located near the Asf1-
histone interface (24).

Lys acetylation is often mimicked by substituting Lys — Gln
in vivo. Our comparison of acetylated lysine with the Lys — GlIn
substitution in competitive reconstitution studies found signif-
icant differences between the modification and the mimic. Our
results appear to suggest that the Lys — Gln substitution mim-
ics the change in charge but is a very poor mimic of the steric
effects of acetylation. Previous studies have compared the effect
of Gln and acetylated Lys located in the unstructured tail
domains of histone proteins in higher order chromatin struc-
ture. In this context, Gln proved an effective mimic of the acety-
lated lysine (46). However, in the structured core domains of
histones, Lys residues are restricted by contacts with the DNA
backbone and within the histone octamer, and steric effects
could play a more significant role in influencing the structure
and stability of the nucleosome.
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