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Histones, nuclear proteins that interact with DNA to form nucleosomes, are essential for both the regulation of
transcription and the packaging of DNA within chromosomes. The N-terminal domain of histone H4 which
contains four acetylation sites at lysines, may play a separate role in chromatin structure from the remainder of
the H4 chain. NMR data suggest that\F4peptide does have relating disordered structure at physiological

pH, however, it has a defined structure at lower pH conditions. The solution structure calculated from NMR
data shows a well structured region comprising residues of Val21-Asp24. In addition, our results suggest that
the H4'™ prefers an extended backbone conformation at acetylation sites, however, it (especfllyekys

came more defined structures after acetylation for its optimum function.
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Introduction causing the nucleosomes to unfold and easy access to tran-
scription factors. In fact, acetylated lysine residues in the N-
Histones (H2A, H2B, H3 and H4) and DNA constitute the terminal domains of nucleosomal histones are considered as
nucleosomes, which are essential in packaging eukaryotiandmarks for transcriptionally active chromatin within the
DNA into chromosomes. Both stability and positioning of chromosomé? The acetylation, particularly of histone H4,
chromatin structures determine repression or activation dfias also been proposed to play an important role in replica-
nucleosome transcriptidrf. Restructuring of chromatin often tion-dependent nucleosome assembly. Antibodies against
involves alterations in DNA-histone contacts within the specific acetylation sites in histone H4 have been used to
nucleosome, or alterations in contacts between nucleosomehlow that potentially active euchromatin can be modified at
that affect higher-order structures. For example, removal oéll the H4 acetylable lysines (Lys5, Lys8, Lys12 and Lys16),
the positive charge of lysines in the N-terminal domains ofvhereas H4 in hetero-chromatin is found to be hypoacetyl-
all four core histones occurs by a dynamic process known asted*? It was also reported that newly synthesized H4 was
histone acetylation. The rate of acetylation process has algweferentially acetylated at Lys5 and Lys12, suggesting that
been correlated with gene expression in many systéBs.  acetylation pattern is closely correlated with its assefably.
contrast, removal of acetyl groups by opposing histond-igure 1 shows sequence of the histone H4 N-termini. The
deacetylase (HD) activities restores positive charges of hidour acetylation sites in the N-terminal domain of H4 are
tone protein, which correlates best with transcriptionallyindicated as circles.
silent chromatirf:®> The amount of histone acetylation is Here, we present the structural characterizations of N-ter-
determined by an equilibrium between histone acetyltransminal domains of histone H4 (M%) using NMR spectros-
ferases (HAT) and histone deacetylases (HDAC). Thereforegopy. In addition, we will discuss the conformational change
it has been reported that chromatin structure could be revergiue to acetylation of histone H4.
bly modulated to activate or silence transcription by target-

ing histone acetyltransferases or deacetylases to a particular Experimental Section
gene® The recent clonings of the catalytic subunits of a HAT
B in the yeastSaccharomyceserevisiag a HAT A in Peptides SynthesisThe N-terminal 27 residues of histone

Tetrahymendand a HD from mammalgrovide both direct  H4 (Serl-Gly2-Arg3-Gly4-Lys5-Gly6-Gly7-Lys8-Gly9-Leu10-
and indirect connections between transcriptional activatiorGly11-Lys12-Gly13-Gly14-Alal5-Lys16-Argl7-His18-Arg19-
and histone acetylation. As acetylation neutralizes the posiys20-Val21-Leu22-Arg23-Asp24-Asn25-11e26-GIn27) (i)
tively charged lysine residues of the histone N termini, itand acetylated histone H4 (AceH®) were synthesized
decreases their affinity for DNA. In addition, this acetylation commercially (KBSI, Seoul branch). The purified peptides
might allow termini to be displaced from the nuclesome,were finally characterized by combined use of high perfor-
mance liquid chromatography (HPLC) and mass spectrome-
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Figure 1. The primary sequence of N-terminal region of histone H4. All acetylation sites of H4 are indicated as circles.
ranges of 1.8-7.0 by addition of 1 N NaOH. All NMR experi- triple resonance probe having an actively shielded pulsed-

ments were performed on a Bruker AMX500 or DRX500field gradient (PFG) coil. Most of experiments were per-
spectrometer in quadrature detection mode equipped with farmed at temperatures of 5 and°25 Two-dimensional

05 05
Lot 8 H4VP: pH 3.0 [ H4N™: pH 7.0 |
6 - 1.0 "we =10
] '0 o L o L
W, o0 X |
08 L 2.0 % F2.0
i © '
0 [ s i g
o - 2.5 : F25 g
[ J ¢ : =
! @ - 3.0 0 30 &
L 1 I
W L
- 3.5 -3.5
@ @a % L 4.0 T D 4.0
Y A oy :
- L 45 '@f‘:"" N L 4.5
\ ' =« Ygzs
T Ty T T T T T 5.0 Tt T T T T T 5.0
8.5 8.0 75 7.0 8.5 8.0 75 7.0
o,('H/ppm) @,("H/ppm)
B
— 05 0.5
Ace-H4N™": pH 3.0 [ Ace-H4N'Y: pH 7.0 |
fod =0 10 10
e L
aﬁg Fg 1.5 _ 15
e g - |
B o 20 - 20
u - 3 _—
@ | s &
25 . 25 &
.- L k] : E
010 0 TR b s
. 35 - 3.5
] [ . i
p ¢ C45 o, P48
0 L REEE. ! A
T 1350 1 11+ 50
8.5 8.0 7.5 7.0 8.5 8.0 75 7.0
o,("H/ppm) ,('H/ppm)

Figure 2. 2D-TOCSY spectra of both % (A) and Ace-H4™"(B) at pH values of 3.0 and 7.0, at 25 °C.
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(2D) NMR spectra were recorded in phase-sensitive modmuch even at high pH mainly due to acetylatiespecially,

using time-proportional phase increment (TPF)r quad-  most of the amide resonances of AcéFdecame broad
rature detection in the; tdomain. Nuclear Overhauser due to both the fast base-catalyzed proton exchanges at neu-
enhancement spectroscopy (NOESW)ith mixing times of  tral pH and conformational change by acetylation process.
400 and 600 ms was performed. Double quantum filtered NMR Resonance AssignmentsSSpin system and sequen-
correlation spectroscopy (DQF-COSYand total correla- tial assignments of H4” were achieved using the standard
tion spectroscopy (TOCSY)using MLEV-17 spin lock

pulse sequence with a mixing time of 48 ms were alsc

performed. For DQF-COSY experiments, solvent suppres ,

sion was achieved using selective low power irradiation o : : : 0s

the water resonance during 2s of relaxation delay. Solver -
suppression for TOCSY and NOESY experiments was
achieved using WATERGATE pulse sequéfiammbined
with PFG pulses. All NMR spectra were acquired with 2048
complex data points in &nd 256 increments in thedimen-
sion. Al NMR data were processed using nmrPipe/
nmrDraw (Biosym/Molecular Simulations, Inc.) or XWIN-
NMR (Bruker Instruments) software on a Silicon Graphics
Indigo? workstation and analyzed using the Sparky 3.60 pro-
gram.

Structure Calculations. Solution structures were calcu-
lated using the hybrid distance geometry and dynamical simt
lated-annealing methotig?with the program XPLOR 3.1
(Biosym/Molecular Simulations, Inc.). All calculations were
carried out on a Silicon Graphics Indfgeorkstation using
the topology and parameter files of topallhdg.pro and parall
hdg.pro. The methodology used was similar with the origi-
nal protocol of Leeet al.?® The target function of NOEs is
used in the same manner described in Driseiodl®* The
target function for molecular dynamics and energy minimi- ‘
zation consisted of covalent structure, van der Waals repuss ss 85 84 83 82 81 80 7.9
sion, NOE and torsion angle constraints. A total of 56
distance restraints and 7 dihedral restraints fof"Hwere
used for structural calculations, and 52 distance restraint a7
and 5 dihedral restraints for Ace-Y14 were used. Distance | 2p.NOESY/H4NT
restraints were classified as strong (1.84.5medium (1.8-
3.0A) and weak (1.8-5.8) based on observed NOE inten-
sities. Appropriate pseudoatom corrections were applied t
non-stereo specifically assigned methylene and methyl prc
tons?® In addition, 1.0A was added to the upper limit of dis-
tances involving methyl protons. Final structures were | xous
displayed and analyzed using Insight Il (Biosym/Molecular SR
Simulations, Inc.) and MOLMOL program. téi

Conformational Changes for Different pH Values A Doy
series of 1D and 2D-TOCSY spectra were obtained to inves - '
tigate conformational change for both"¥2and Ace-HA™ f‘
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Results and Discussion

peptides at pH values of 3.0-7.0. Figure 2 shows TOCS) ‘
spectra at pH values of 3.0 and 7.0, demonstrating spectr | "
changes. In different pH environments, chemical shift changes 7 86 85 8.4 8.3 8.2 8.1 80 79
were observed due to both protonation (the side chain amir o,("H/ppm)

groups of Lys and Arg residues and the ring protons 2H ANcigure 3. (A) 2D-TOCSY spectrum of HA® with mixing time d

4H of Hi7s re_sidue) and depr_otonation (GIn27 amid_e proto_n‘48ms at pH 3.0, 25 °C. (B) 2D-NOESY spectra ofHat pH 3.0
process? It is also interesting to see that the side-chainand 25 °C in finger print region was displayed. The NOE mixing
amino groups of Lys residues in Ace’? did not shift  time of 600ms was used for this experiment.




510 Bull. Korean Chem. So2001 Vol. 22, No. 5 Eunjung Bang et al.

Table 1 Proton NMR chemical shift assignments fof4Chemical shifts are expressed in ppm. The sample was maintainétCapb
3.0

Residue NH CH CPH Other

Lys8 8.31 4.27 1.81,1.71 Y8 (1.37) CH (1.62) CH (2.94)eNH (7.52)
Gly9 8.49 3.90

Leu10 8.18 4.27 1.57, 1.57 Yg (1.57) CH (0.83)

Gly11l 8.51 3.91

Lys12 8.34 4.28 1.83,1.72 Y (1.39) CH (1.67) CH (2.94)eNH (7.52)
Gly13 8.53 3.93

Gly14 8.27 3.90

Alal5 8.20 4.24 1.32

Lys16 8.29 4.27 1.81,1.71 Y8 (1.37)C*H (1.62) CH (2.94)eNH (7.52)
Argl17 8.26 4.23 1.70 ® (1.54)C°H (3.12) NH (7.21, 6.64)
His18 8.60 4.66 3.20, 3.12 2H (8.61) 4H (7.24)

Arg19 8.46 4.28 1.73 ® (1.60) CH (3.14)NH (7.19, 6.64)
Lys20 8.48 4.27 1.74,1.68 Y8 (1.36)C’H (1.68) CH (2.95)eNH (7.52)
Val21 8.24 4.04 1.97 ®i (0.88, 0.83)

Leu22 8.37 4.33 1.55, 1.55 Yig (1.55)C°H (0.84)

Arg23 8.32 4.27 1.72 ® (1.58)C°H (3.14)NH (7.19, 6.64)
Asp24 8.40 4.62 2.74, 2.68

Asn25 8.41 4.65 2.75, 2.67 yNH (7.50, 6.76)

lle26 7.99 4.12 1.83 ®f (1.39, 1.10C°H (0.84)

GIn27 8.17 4.19 2.06, 1.90 Y8 (2.26)°NH (7.57, 6.81)

assignment proceduf&Spin system assignments were easi-resonances of N-terminal regions particularly are seriously
ly made with TOCSY spectra (Figure 3A). Due to severeoverlapped. Sequential assignment for the backbone protons
spectral overlaps at pH 7.0, the complete assignments weveas completed by followingan(i,i+1) connectivities start-
performed at low pH. Single Ala, His, Val, Asp, Asn, lle, ing from NH-CH cross peaks of known amino acids on
GIn, and two Leu residues were easily identified by theifNOESY spectra. The side chain proton resonances were
characteristic connectivities on TOCSY spectrum. Howeveridentified from TOCSY connectivities (Figure 3A) and pro-
because of three repetitions of Gly-Lys-Gly sequence antbn chemical shifts for H4F at 25°C are summarized in

the unusual string of many basic Lys and Arg residues, th@able 1. A continuous stretch dfn(i,i+1) sequential NOEs

KS Gl) L GI] Klz GIS Gl4 AlS Kl(' Rl7 HIS R19 KZO VZI .22 R23 D24 NZS 126 Q27

3 iNa . e o o ) o o
aniiv) el B
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Figure 4. Summary of NMR data for H4” showing the sequential and short-range NOE connectivities at pH 3.0. Observed NOE
intensities are classified by the thickness of the lines. Ambiguous NOEs were marked as (---). Backbone vicinal coupiisdeptisia
< 6 Hz) are indicated.
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was shown in Figure 3B. We could observe four NH/NH
NOEs for residues of Gly9-LeulO, Gly13-Gly14, Argl7-
His18, and Asp24-lle26. Figure 4 summarizes the sequential
and short-range NOE connectivities for thé'Hat pH 3.0.
For acetylated H#", strong acetyl Ckiresonances were
detected at 2.0 ppm by acetylation of #@mino group of
the Lys residues and thélNresonances of Lys were shifted
to downfield from acetylation (from 7.56 to 7.95 ppm).
Solution Structure of H4"™P. The solution structure was
calculated from the NMR experimental restraints. Among
50 dynamical simulated-annealing structuressRuctures
showed no violations greater than 8.5or distance and®
for torsion angle. The average structure was calculated from
27 final structure coordinates and followed restrained energy
minimization procedure, generating a restrained energy mini-
mized (REM) averaged structure of H23(<SA>y,) (Figure
5A). Solution structures indicated that the region of Lys20-
Asn25, especially Val21l-Asp24 were relatively well-
defined, having that root-mean square deviation (RMSD)
values of backbone atoms for these regions areAl &4d
0.89A. Local superimposed structure for the region of
Val21-Asp24 was shown in Figure 5B. Energies and struc-
tural statistics for 27 final simulated annealing structures are
listed in Table 2. It has been reported that the highly basic N-
terminal region comprising residues of 1-25 has ability to
bind to a region of extreme acidity on the exposed face of
the H2A-H2B dimer in nucleosome core particle by Lweger

Figure 5. Final simulated annealing structures of backbone atomd-** They pointed that the region comprising from Lys16 to
for HAN™ showing that (A) converged regions of Val21-Asp24, Asn25 contains multiple hydrogen bonds and salt bridges
and (B) local superimposed structure for well-defined regionbetween basic side chains of H4 (Lys16, Argl9, Lys20,

spanning residues of Val21-Asp24.

Arg23) and acidic side chains of H2A (Glu56, Glu61l,

Table 2 Structural Statistiéor the 27 Final Simulated Annealing Structures of'14

Parameter <SA> <SA>y
rms deviations from experimental distance restrafs (
all (56) 0.052 (0.043-0.062) 0.097
sequential (i|j | =1) (34) 0.064 (0.054-0.077) 0.124
short-range (1<i|j | < 5) (2) 0.0370-0.146) 0
long-range (ij | >5) (0) - -
intraresidue (20) 0.014 (0 0.044) 0.008
hydrogen bond (0) - -
rms deviations from experimental dihedral restraints
dihedral restraints (deg) (7) 0.065 (0-0.427) 0.093
energies
Eoveran(kcal mor®) 34.440 (29.630-39.300) 32.655
Enoe (kcal mot?) 7.658 (5.090-10.720) 5572
Erepei(kcal mof™) 0.98 (0.069-2.466) 0.855
Ecain(kcal mor?) 0.009 (0-0.078) 0
E..; (kcal mort)° -47.709 (-3.024-88.580) -9.75
deviations from idealized covalent geometry
bonds A) 2.114x 103(1.717x 103-2.446% 107%) 1.813x 1073
angles (deg) 0.483 (0.460-0.507) 0.494
impropers (deg) 0.331 (0.313-0.355) 0.324

@The values are averages of 27 structures 8f H&he <SAxstructures were generated from 50 initial structures by simulated annealing protocol with
subsequent refinemefifhe numbers in parentheses represent minimum and maximum V&luggpresents the Lennard-Jones potential energy.
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LeulO

Lysl2
HANT? Ace-H4NTP

C D

Argl9 val21 Arg23

H4NTP Ace-H4NTP

Figure 6. REM structures for H4" and Ace-H&™; (A) the regions of Leu10-Gly14 for H¥, and (B) equivalent regions of Ace-144
whereas (C) the region of His18-Asn25 for'fif4and (D) that of Ace-H¥", respectively.
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