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Abstract

Histone tails and their post-translational modifications (PTM) play important roles in regulating
the structure and dynamics of chromatin. For histone H4, the basic patch K;gR17H1gR19 in the N-
terminal tail modulates chromatin compaction and nucleosome sliding catalyzed by ATP-
dependent ISWI chromatin remodeling enzymes while acetylation of H4 K16 affects both
functions. The structural basis for the effects of this acetylation is unknown. Here we investigated
the conformation of histone tails in the nucleosome by solution NMR. We found that backbone
amides of the N-terminal tails of histones H2A, H2B, and H3 are largely observable due to their
conformational disorder. However, only residues 1-15 in H4 can be detected, indicating that
residues 16-22 in the tails of both H4 histones fold onto the nucleosome core. Surprisingly, we
found that K16Q mutation in H4, a mimic of K16 acetylation, leads to a structural disorder of the
basic patch. Thus, our study suggests that the folded structure of the H4 basic patch in the
nucleosome is important for chromatin compaction and nucleosome remodeling by ISWI enzymes
while K16 acetylation affects both functions by causing structural disorder of the basic patch,
K16R17H18R19.

DNA molecules in eukaryotic cells are super long negatively charged biopolymers. To be
accommodated within the small (~10 M in diameter) nucleus, DNA molecules are
packaged into chromatin through association with small positively charged histone
molecules to form nucleosomes, the structural unit of chromatin,! which consists of an
octameric histone core (two copies of each histone H2A, H2B, H3 and H4) wrapped around
by ~146 bp DNA. At the first level of the compaction, chromatin forms a beads-on-a-string
structure with the nucleosome as the beads and the linker DNA between them as the
strings.2 At the next level of compaction, in the presence of linker histone H1 and/or Mg?*,
chromatin forms a structure referred to as the 30-nm fibers.3# The structures of the
nucleosomes with histones from various species have been determined at near atomic
resolution using X-ray crystallography.>® In the crystal structure, the histone fold domain
(HFD) of each histone is well defined, whereas some of the tail regions N-terminal to the
HFDs are undefined or show interactions with neighboring nucleosomes in the crystal
lattice. The structure of the 30-nm chromatin fiber has not been determined. Instead, two
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types of models have been proposed; one is a one-start helix formed with consecutive
nucleosomes arranged like a solenoid® and the other is a twisted two-start helix assembled
from a zigzag ribbon of nucleosomes.” Having an alternative arrangement for the linker
DNA 89 a compact tetra-nucleosome structure determined at 9 A resolution using X-ray
crystallography supports the two-start model.

Histone tails play important roles in the formation of higher-order chromatin structures,10:11
which are often regulated by their post-translational modifications and ATP-dependent
chromatin remodeling. For example, it has been shown that deletion of the H4 tails,
including residues 1-19, prevents the formation of higher-order structures. Deletion of
residues 1-13 has no such effect, indicating that residues 14-19, which contain a basic patch
(K16R17H1gR10), play an essential role in the formation of compact chromatin structures.12
In addition, based on the packing interactions of the basic H4 tail patch and an acidic patch
of histones H2A-H2B observed between two neighboring nucleosomes in the crystal of
nucleosome core particles, it has been suggested that such electrostatic interactions may also
stabilize the higher-order chromatin structure.>8 Moreover, it has been shown that the basic
patch is also required for the ATP-dependent nucleosome modeling by the ISWI
enzymes.13-19 Interestingly, both formation of higher-order chromatin structures and
nucleosome remodeling are hindered by the acetylation of K16 in histone H4.18:20.21 How
acetylation of K16 affects all of the above functions is not fully understood.

In this work, we examined the histone tail conformations in the nucleosome using solution
NMR. We found that the basic patch in both H4 histones has a folded structure in the
nucleosome while residues 1-15 have a disordered structure. Surprisingly, we found that
K16Q mutation, a mimic of K16 acetylation, can disrupt the folding of the H4 basic patch
and prevent the nucleosome array from forming higher-order structures, suggesting a novel
structural mechanism for the effect of acetylation of K16 on chromatin compaction and
nucleosome remodeling.

NMR chemical shift assignments of histone tails in the nucleosome

To investigate the histone tail conformation in the nucleosome, we reconstituted the
nucleosome with recombinant Drosgphila histones and 167 base pair of DNA containing the
Widom 601’ sequence in the middle.8:22 For chemical shift assignments, we labeled one
histone type with 1°N and 13C for each nucleosome sample and observed a limited number
of peaks in the two-dimensional 1H-15N HSQC spectra. Such results are expected since the
nucleosome has a molecular weight larger than 200 KDa. The NMR signals of the
backbones in the folded region of the nucleosome should not be observable by the
conventional methods due to its slow tumbling rate. The disordered regions such as flexible
histone tails, however, have fast local dynamic motions and should be observable. Indeed,
the assignments show that the observed peaks are from residues in the histone tails. They
include residues 2-10 at the N-terminal tail and 118-122 at the C-terminal tail of H2A, 3-24
at the N-terminal tail of H2B, 3-36 at the N-terminal tail of H3, and 1-15 at the N-terminal
tail of H4 (Fig. 1(a)-(c)).

The two H2A histones in the crystal structure of the Drosophila nucleosome include residues
11-121 and 13-120, respectively (pdb ID: 2PY0).23 We found that residues 2-10 and 118-
122 are disordered in solution. Thus, for the N-terminal tail of H2A, our NMR data is
consistent with the crystal structure. However, we observed two sets of peaks for residues
R3, K5, and G7, indicating asymmetrical conformations for the two N-terminal tails of H2A.
In addition, the observation of the region 118-122 by NMR indicates that this C-terminal
region of H2A, which is ordered in the crystal structure, is actually flexible in solution. For
H2B, the N-terminal regions (1-27) are absent in the crystal structure for both histones. We
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observed residues 3—24 by NMR. The missing of the first two residues is likely due to fast
exchange rates of the amide protons. The three residues 25-27 are either folded in the
nucleosome in solution or have dynamic motions on the millisecond time scale, rendering
their signals unobservable by NMR. For H3, the residues 1-36 are absent in the nucleosome
structure. We assigned residues 3-36 in the 1H-15N correlation spectra (Fig. 1(b)). For H4,
residues 1-14 are absent in one H4 molecule while residues 1-22 are absent in the other H4
molecule in the crystal structure. We observed residues 1-15 in the 1H-15N HSQC spectra.
Since only one set of peaks for residues 1-15 in H4 is observed, we conclude that the lack of
defined structure for the residues 16-22 in one of the two H4 molecules in the crystal
structure is caused by crystal packing.

Location and structure of the two H4 tails in the nucleosome

To test if the regions 16—22 in both H4 tails have the same folded structure in solution as
one of the H4 tails determined in the crystal structure, we used paramagnetic relaxation
enhancement (PRE)24 and methyl-TROSY methods to examine their locations in the
nucleosome.2> We reconstituted a nucleosome in which residue A15 in H4 was mutated to
Cys and then linked to MTSL (S-(2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrroline-3-yl)methyl
methanesulfonothioate) while the methyl groups of lle, Leu, and Val in histone H3 were
labeled with 13C and all hydrogen atoms other than those in these methyl groups were
deuterated.2® By taking the H-13C methyl-TROSY spectra under oxidized and reduced
conditions (Fig. 2(a), (b)), we calculated the ratios of the peak intensities for the methyl
groups in H3 (C110A mutant) using the assignments made in our earlier work.2” We then
plotted the intensity ratio as a function of the distance of the Cg atom of A15 to the carbon
atoms in the methyl groups of H3 (Fig. 2(c)). We fitted the data to the formal equation for
describing the effect of PRE as described in [1]%4 (Fig. 2(c)):

Toxidized/Lreducea=eXp[ A/ (t+d)°1/[ 1+B/(r+d)°] 1]

Here parameters A and B include combined terms related to the physical properties of the
spin.24 Parameter d is used to approximately correct the different positions between the Cp
atom of Alal5 and the unpaired electron in the MTSL. A reasonably good fitting is obtained
(Fig. 2(c)). In particular, all of the methy! groups that displayed large decreases in their peak
intensities (> 50%) including residues Leu65, Leu70, Val71, Leu74, Leu82, and Val89 in
H3, are close to residue Alal5 in the H4 in the crystal structure of the nucleosome. Thus, we
conclude that the regions (16—22) in both H4 tails fold onto the nucleosome like the
structure of one of the histone tails determined by the crystallographic method.

K16Q mutation leads to structural disorder of the basic patch

Since the side chain of K16 in H4 interacts with the DNA through electrostatic interactions
(Fig. 3(a)), acetylation of K16 in H4 may abrogate this interaction and cause structural
changes in the H4 tails. To test such a possibility, we used NMR to examine the H4 tail with
a K16Q mutation in the nucleosome. This particular mutation was chosen as it partially
mimics the acetylation effect of K16. We found that this H4 K16Q mutation led to the
appearance of four extra peaks in the 1H-15N NMR spectra of the nucleosome, in addition to
residues 1-15 observed with wild-type H4. We assigned these extra peaks using 1°N/13C-
labeled H4 nucleosome and found that they are from residues Q16, R17, H18, and R19 (Fig.
3(b)). The observation of residues 16-19 in the IH-1°N HSQC spectra indicates that the
K16Q mutation indeed disrupts the structure of the basic patch in the nucleosome.
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K16Q mutation affects nucleosome array compaction

To examine the effect of K16Q mutation on the formation of higher-order chromatin
structure, we reconstituted nucleosome arrays containing wild-type histones and histone H4
with K16Q mutation. The nucleosome array contains 10 nucleosomes that are positioned
with the Widom ‘601’ sequence (147 bp) and linked with 61 bp DNA. Saturation of all 10
nucleosome sites was confirmed by limited and complete digestion of the array with
restriction enzyme Sca | (Fig. 4(a)). We then performed sedimentation experiments at
different Mg2* concentrations. The sedimentation coefficient of the wild type nucleosome
array reached 36S at 1 mM Mg?2* before forming aggregates at higher concentration of
Mg?2*, which is consistent with earlier results using a similar array.28 In contrast, the
sedimentation coefficient of the nucleosome array containing the H4 K16Q mutation is
lower at 1 mM Mg?2* and reaches ~36S at ~2.0 mM Mg?* before it starts forming aggregates
at higher concentrations of Mg2*. Similar behavior is reported for the nucleosome arrays
with H4 K16Q mutation?® or deletion of the H4 tail that includes the basic patch in previous
studies in the range of 0 to 1 mM Mg2*-12 Our results show that a higher concentration of
Mg?2* is required to compact an H4 K16Q nucleosome array to the same extent as that
comprising the wild-type histones. We note that the sedimentation coefficients reported here
are for the soluble fraction at higher concentrations of Mg2*. This is because the wild-type
nucleosome array starts forming aggregates at Mg2* concentrations higher than 1.0 mM
while the nucleosome array with the H4 K16Q mutation nucleosome array starts aggregating
at MgZ* concentrations higher than 2.5 mM. In addition, the compaction of the nucleosome
arrays as a function of Mg2* seems to be non-cooperative and the formation of nucleosome
array aggregates (inter-nucleosome packing) does not necessarily require a maximal intra-
nucleosome compaction.

In summary, our solution NMR studies of the nucleosome reveal that the basic patch in the
tails of both H4 histones fold onto the nucleosome core with a structure identical to that
determined in the crystal structure of the nucleosome. K16Q mutation, a mimic of K16
acetylation, of H4 leads to structural disorder of the basic patch. Our results suggest a new
structural mechanism by which K16 acetylation of H4 inhibits chromatin compaction and
remodeling by causing structural disorder of the basic patch, KigR17H1gR19 of H4.
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Fig. 1. Chemical shift assignment of histonetailsin the nucleosome
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(@) Amino acid sequences of the Drosgphila histone tails. Residues assigned by NMR are
underlined. (b) 1H-15N HSQC spectra and chemical shift assignment. (c) Different views of
the nucleosome crystal structure, illustrating the positions of histone tails. The humbers
indicate the first or last residues that are observable in the histone tails in the crystal
structure (pdb ID: 2PYO). Histones H2A, H2B, H3, and H4 are colored in orange, red, blue
and green, respectively. Production of isotope-labeled histones, DNA, and reconstitution of
nucleosomes are described in our earlier work.2” The chemical shifts of the histone tail
residues were assigned using the triple resonance NMR methods on Bruker 500, 600, and
700 MHz instruments.2 Mutation of H4 K16Q was introduced by site-directed mutagenesis
using the QuikChange™ kit (Stratgene, CA) and were subsequently verified by DNA
sequencing. NMR data is processed using NMRPipe30 and analyzed using NMRView.3!
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Fig. 2. Verification of the location of H4 tailsin the nucleosome by methyl-TROSY NMR and

PRE

Methyl-TROSY spectra of the nucleosome with methyl-labeled H3 (C110A) and MTSL-
labeled H4 at position A15 in (a) oxidized and (b) reduced form. (c) Plot showing changes in
peak intensities for the methyl groups in H3 as a function of the distances between the Cg
atom of A15 in H4 and the carbon atoms in the methyl groups. Methyl groups that show
large changes in peak intensities are labeled in the plot. A bar graph showing the peak
intensity change is shown in the supplementary figure. (d) Structural illustration for the
effects of PRE. The MTSL-labeling at position A15 of H4 follows the procedure of Racki et

al.32
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Fig. 3. Unfolding of the H4 basic patch upon K 16Q mutation
(a) Nlustration of the conformation for one of the two H4 tails in the crystal structure of the
nucleosome. (b) H-15N HSQC spectrum of the nucleosome with H4 K16Q mutation.
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Fig. 4. K16Q mutation hinder s nucleosome array compaction

(a) Limited Sca | digestion indicates full saturation of the nucleosome array. The numbers
on the left of the gel indicate the number of nucleosomes in the corresponding bands. (b)
Measurement of sedimentation coefficients of nucleosome arrays with wild-type histones
(circles) and with H4 K16Q mutation (squares) at different Mg2* concentrations. (c)
Normalized, integral ¢(s) distributions for the array with wild-type histone H4 in 0 (red), 0.3
(blue), 0.6 (green), 1.0 (maroon), 1.5 (cyan), 2.0 (light green) and 2.5 (orange) mM Mg2*
and 20 mM Tris-HCI (pH 8.0), 1 mM DTT. (d) Normalized, integral c¢(s) distributions for
the array with H4 K16Q mutation in 0 (red), 0.3 (blue), 0.6 (green), 1.0 (maroon), 1.5
(cyan), 2.0 (light green), 2.5 (orange) and 3.0 (pink) mM Mg2* and 20 mM Tris-HCI (pH
8.0), 1 mM DTT. The fully saturated nucleosome array was reconstituted from the
recombinant histones and the DNA fragment containing 10 tandem repeats of 208 bp ‘601’
sequences by step-wise salt dialysis in 10 mM Tris-HCI (pH 8.0) according to the procedure
of earlier established procedures.8 To ensure the saturation of all 10 repeats with histone
octamers, the ratio of octamers to ‘601’ DNA sites was kept at 1.25. After dialysis, the
sample was centrifuged at 15,000 rpm for 15 min to remove any insoluble components. The
reconstituted arrays were selectively precipitated at 5 mM MgCl,. The purity and octamer/
DNA ratio of the sample was checked on a 2% agarose gel. The saturation of all 10
nucleosome sites in the array was confirmed by DNA digestion with Sca | that cleaves the
linker DNA region of the array. Sedimentation experiments were performed in duplicate at
20.0°C on a Beckman-Coulter ProteomeLab XL-I analytical ultracentrifuge at rotor speeds
of 18,000 or 15,000 rpm. Absorbance data collected at 260 nm were analyzed in terms of a
continuous ¢(s) distribution in SEDFIT33 using a range of 0 — 150 S, a resolution of 300 and
a confidence interval of 68%. A partial specific volume of 0.65 cm3g~1 was used,3* solution
densities and viscosities were calculated in SEDNTERP3° and sedimentation coefficients
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were corrected to standard conditions sy 4. The sedimentation coefficients shown in (b)
represent the value for which the differential ¢(s) distribution is at a maximum.
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