Histone tails modulate nucleosome mobility and
regulate ATP-dependent nucleosome sliding by NURF
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Nucleosome Remodeling Factor (NURF) is an ATP-dependent nucleo-
some remodeling complex that alters chromatin structure by cata-
lyzing nucleosome sliding, thereby exposing DNA sequences previ-
ously associated with nucleosomes. We systematically studied how
the unstructured N-terminal residues of core histones (the N-terminal
histone tails) influence nucleosome sliding. We used bacterially ex-
pressed Drosophila histones to reconstitute hybrid nucleosomes lack-
ing one or more histone N-terminal tails. Unexpectedly, we found
that removal of the N-terminal tail of histone H2B promoted uncata-
lyzed nucleosome sliding during native gel electrophoresis. Uncata-
lyzed nucleosome mobility was enhanced by additional removal of
other histone tails but was not affected by hyperacetylation of core
histones by p300. In addition, we found that the N-terminal tail of the
histone H4 is specifically required for ATP-dependent catalysis of
nucleosome sliding by NURF. Alanine scanning mutagenesis demon-
strated that H4 residues 16-KRHR-19 are critical for the induction of
nucleosome mobility, revealing a histone tail motif that regulates
NURF activity. An exchange of histone tails between H4 and H3
impaired NURF-induced sliding of the mutant nucleosome, indicating
that the location of the KRHR motif in relation to global nucleosome
structure is functionally important. Our results provide functions for
the N-terminal histone tails in regulating the mobility of nucleosomes.

he genome of eukaryotes is packaged into chromatin. The

fundamental building block of chromatin is the nucleosome
core particle, in which 147 bp of DNA is wrapped around a histone
octamer in a left-handed superhelix (1). Chromatin structure plays
amajor role in processes such as transcription (2). Recent advances
have revealed that chromatin structure is highly dynamic and
subject to reversible changes in higher-order folding and nucleo-
some positioning (3, 4). These structural changes are largely
mediated by enzymatic covalent modifications of the flexible
N-terminal amino acids of the core histones and by noncovalent
alterations of nucleosome architecture driven by ATP-dependent
chromatin remodeling enzymes (3, 4).

Four classes of ATP-dependent chromatin remodeling com-
plexes, each containing a member of the SWI2/SNF2 family of
ATPases, have been characterized (4-8). Complexes containing
SWI2/SNF2 or its highly related paralog STH1 (the SWI/SNF and
RSC complexes) have been demonstrated to play a role in tran-
scription (9-13). Complexes containing ISWI, Mi-2, and INOS0
ATPases are also implicated in transcription and possibly other
DNA transactions (14-18). Chromatin remodeling complexes that
contain the ISWI ATPase include Nucleosome Remodeling Factor
(NURF), ACF, CHRAC, RSF, WCREF, ISWI-B, and ISWI-D
complexes in metazoans, and the Iswl and Isw2 complexes in
budding yeast (19-28). ISWI complexes remodel chromatin by
mediating nucleosome “sliding,” the relative movement of a histone
octamer in cis, without irretrievable displacement from DNA (29,
30). The actions of the SWI/SNF or RSC complexes allow greater
disruption of nucleosome architecture. These complexes not only
increase nucleosome mobility (8, 31) but also can create a stably
remodeled nucleosome intermediate (32-34) and transfer a histone
octamer from one DNA fragment to another (35).

Previous work from our laboratory has indicated that the nu-
cleosome-stimulated ATPase activity of NURF is modulated by the
flexible N-terminal histone tails (36). Removal of all N-terminal
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histone tails from the nucleosome by trypsin digestion impaired the
ATPase activity of NURF, suggesting that recognition of one or
more histone tails by NURF is an important aspect of the remod-
eling mechanism (36). To investigate further the role of the
N-terminal histone tails, we have characterized the effects of
removing individual histone tails in reconstituted nucleosomes. We
unexpectedly found that the histone tails, especially the histone
H2B tail, can modulate the translational positioning of nucleo-
somes. In addition, we found that residues 16-KRHR-19 of the
N-terminal histone H4 tail are critical for the ATP-dependent
catalysis of nucleosome sliding by NURF.

Materials and Methods

DNA. The 359-bp hsp70 (87A4) fragment spans the promoter from
positions—348 to +11 and originates from an EcoRI digest of
plasmid pBSK359.3 m (29). The 256-bp fragment containing a sea
urchin 5S RNA gene (37) was gel-purified from a Ncil digest of
plasmid pLV405-10 (38). The 357-bp fragment containing a sea
urchin 5S RNA gene fused to the complete SP6 promoter was
gel-purified from a BamHI digest of plasmid pB357 (39).

Histones. Drosophila histones were PCR amplified by using Vent—
DNA polymerase from Drosophila melanogaster (Oregon R)
genomic DNA. Histone globular domains were produced by re-
moving the first 13 amino acids of H2A, the first 20 amino acids of
H2B, the first 26 amino acids of H3, and the first 19 amino acids of
H4. Wild-type (WT) histone H2B and H4 could not be expressed
in Escherichia coli. Insertion of the ATA codon (Ile) immediately
after the ATG dramatically increased their production to the same
level as WT histones H2A and H3. We used PCR-directed mu-
tagenesis to generate a series of mutations in the H4 N-terminal tail.
Amino acids 9-11, 13-14, and 16-19 of H4 were substituted with
alanines to generate H4 (9-11)A, H4 (13-14)A, and H4 (16-19)A.
H3 and H4 N termini were exchanged by using PCR to create
in-frame fusions of the first 20 amino acids of H4 and the first 27
amino acids of H3 to the globular domains of histone H3 and H4
(H4t-GH3 and H3t-GH4). Coding regions flanked by 5’ Ndel and
3" Xhol sites were cloned in pET21b. PCR-generated insertions
were cloned and sequenced for verification. BL21-CodonPlus-RIL
(Stratagene) cells were routinely grown at 37°C on LB medium plus
0.1% glucose and selective pressure (ampicillin and chloramphen-
icol). Expression was induced at an Agy of 0.6 by addition of
isopropyl B-D-thiogalactoside to a final concentration of 1 mM, and
the culture was incubated for 2 h at 37°C. Rifampicin (150 ug/ml)
was added, and the culture was incubated for another 3 h. Cells were
pelleted at 4,500 X g for 15 min. Individual histones were purified
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and assembled as described by Luger et al. (40). Aliquots of histone
preparations (1 mg/ml) were stored at —80°C.

Histone Acetylation. Recombinant FLAG-p300 was purified from
baculovirus-infected SF9 cells as described by Yang et al. (41).
Recombinant Drosophila histone octamers (20 ug) were acety-
lated in a 250-ul reaction containing 50 mM Tris"HCl, pH 8.0,
10% glycerol, 0.1 mM EDTA, 1 mM DTT, 3 nM at 50 nCi/pul of
[*H] acetyl-CoA (Amersham Pharmacia), and 1.2 pmol of
purified recombinant FLAG-p300. The mixture was incubated at
30°C for 1 h.

Nucleosome Reconstitution and Mobilization. Mononucleosomes
were assembled on linear DNA according to the “salt jump”
method (42). Carrier DNA (supercoiled plasmid DNA containing
the inserted fragment) was mixed with the 3?P-labeled DNA
(20,000-100,000 cpm, final DNA concentration, 200 ug/ml). The
suitable amount of histones (histone/DNA, weight ratio r,, = 0.6),
in 2 M NaCl/10 mM TrisHCI (pH 7.5)/100 ug/ml BSA were
added. The mixture was first incubated for 10 min at 37°C, diluted
to 50 pg/ml DNA and 0.5 M NaCl, incubated at the same
temperature for 30 min, and finally dialyzed at 4°C against 10 mM
TrissHCI (pH 7.5)/1 mM EDTA for at least 2 h. A histone/DNA
weight ratio of 0.6 gave optimal reconstitution of mononucleosomes
with little formation of dinucleosomes, as judged by glycerol
gradient centrifugation. For experiments involving quantification of
the ATPase activity of NURF, nonradioactive 359-bp DNA frag-
ment was substituted for the carrier plasmid DNA.

Nucleosome mobilization was performed at 37°C for 30 min
in Nucleosome Sliding Buffer [10 mM Tris*HCI (pH 7.6)/50 mM
NaCl/3 mM MgCI2/1 mM B-mercaptoethanol/1 mM ATP] at
a nucleosome concentration of ~10 ug DNA equivalent/ml, in
the presence of 0.5-2 ul of NURF. The standard reaction volume
was 10 ul.

Gel Electrophoresis. Mononucleosomes were electrophoresed at
room temperature in 4% polyacrylamide (acrylamide/bisacrylam-
ide, 29:1, wt/wt) slab gels (0.15 cm X 17 cm X 18 cm) in TE buffer
(TrissHCI 10 mM/EDTA 1 mM, pH 7.8). Gels were preelectro-
phoresed for 1 h at 200-250 V and electrophoresed at the same
voltage for 3 h with extensive buffer recirculation. Gels were dried
and autoradiographed at —80°C.

For native two-dimensional gel analysis, the mixed population of
nucleosomes was first fractionated on a native 4% TE gel as above,
the gel slice containing the mixed population was directly loaded on
the top of a 5% polyacrylamide gel (acrylamide/bisacrylamide 20:1,
wt/wt) in TGE buffer (Tris base 25 mM/glycine 190 mM/EDTA
1 mM). Gels were electrophoresed for 4 h at 250 V.

For histone-DNA quantification, the mixed population of nu-
cleosomes was first fractionated on a native gel as above. Nucleo-
some bands were excised and loaded directly onto the second
dimension 15% SDS-polyacrylamide gel. DNA and histones were
visualized by silver staining (43).

For the characterization of acetylated isoforms, histones were
first separated on a 15% SDS-polyacrylamide gel and visualized by
Coomassie blue staining. Histones were excised and incubated in a
soaking solution containing acetic acid (1 M), ammonia (0.03 M),
and mercaptoethylamine-HCl (1%) for 1 h. The gel slice was then
directly loaded on the top of the second dimension and embedded
in place with a melted agarose solution (1% in water). The
second-dimension gel contained urea (5 M), acrylamide (20%),
bis-acrylamide (0.1), acetic acid (1 M), glycine (0.1 M). The running
buffer contained acetic acid (1 M), glycine (0.1 M), and cetyltri-
methylammonium bromide (0.15%) (44).

Purification of NURF. NURF was purified to the final glycerol
gradient step from 200 g of 0—12 h Drosophila embryos, as described
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Fig. 1.  (A) Influence of histone tails on nucleosome assembly and positioning.
Mononucleosomes lacking histone N-terminal tails were reconstituted on a ra-
diolabeled 359-bp hsp70 promoter fragment and electrophoresed on a 4%
native polyacrylamide gel in TE buffer. The four major differentially migrating
nucleosome species are indicated: N1, N2, N3, and N4. Di, dinucleosome species,
confirmed by sedimentation on glycerol gradients. N* is a reconstitution artifact
(see text). (B) Electrophoresis of tailless nucleosomes in TGE buffer, as in A.

(19, 45). The concentration of NURF was determined to be 0.8
ng/ul ISWI equivalents (29).

ATPase Assays. ATPase assays were performed by using a-P32-
labeled ATP as described by Hamiche er al. (29). The standard
reaction (5 ul) contained: 10 mM Hepes-KOH, pH7.6, 50 mM KCl,
0.1 mM EDTA, 2 mM MgCly, 0.5 mM DTT, 7.5% glycerol, 0.01%
Nonidet P-40, 30 uM ATP, 5 uCi [a-P (32)]ATP (300 Ci/mmol,
Amersham Pharmacia), 25 ng of mononucleosomes (DNA weight
equivalent), 1.5 ng of NURF (and 350 ng of glutathione S-
transferase-H4 tail for the experiment in Fig. 4). Reactions were
incubated at 37°C for 30 min. The labeled ADP product of ATP
hydrolysis was separated by TLC (polyethyleneimine cellulose on
polyester; Sigma) by using 0.75 M KH,PO, (1.0-ul load).

Results

Histone N-Terminal Tails Modulate Nucleosome Positioning. We gen-
erated recombinant DNA constructs for bacterial expression of WT
and mutant Drosophila histones lacking the N-terminal histone
tails. The “tailless” histones were constructed by removing se-
quences corresponding to residues preferentially cleaved from
nucleosomal histones by trypsin, leaving behind the histone glob-
ular domains (46). We purified bacterially expressed full-length and
tailless histones (see Fig. 6, which is published as supporting
information on the PNAS web site, www.pnas.org). Mononucleo-
somes reconstituted from full length recombinant Drosophila his-
tones adopt four major positions (N1-N4) on the 359-bp hsp70
promoter when analyzed by native gel electrophoresis at low ionic
strength (TE buffer: 10 mM Tris-Cl, pH 7.8/1 mM EDTA) (Fig. 14,
WT). These nucleosomal locations, which generate distinct elec-
trophoretically separable nucleosome conformations depending on
the length of linker DNA extending from each end of the core
particle (39, 47), are the same as those reported for nucleosomes
reconstituted from native Drosophila histones (29). The similar
nucleosome positions validate use of bacterially expressed proteins.
We found that removal of the histone H2B tail led to the assembly
of a highly prominent nucleoprotein species (N*) located between
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nucleosomes N3 and N4, and a minor species between N2 and N3
(Fig. 1B; GH2B). Curiously, the intensity of N* is reduced, and the
minor species is absent when both H2A and H2B tails were
simultaneously removed. As described below, these unusual species
are artifacts of reconstitution.

Removal of the N-terminal tail from an individual core histone
or from two histones in combination had insignificant effects on the
electrophoretic migration of N1-N4 nucleosomes (Fig. 14). Re-
moval of the histone H3 tail did reveal a slightly slower gel migration
for all N1-N4 nucleosome species. By contrast, the combined
removal of all four histone tails diminished the N2 nucleosome; in
addition, N1, N3, and N4 species were also diminished relative to
the heterogenous background signal. Given early indications that
increased salt concentrations can disrupt interactions between
nucleosomal histones and DNA (48-50), we used an alternative
electrophoresis buffer that contains a higher electrolyte concen-
tration (TGE: 25 mM Tris base/190 mM glycine/1 mM EDTA,
pH 8.3) to promote destabilization of histone tail interactions
with DNA.

On electrophoresis in TGE, nucleosomes lacking the H2B tail
alone or the tails of H2A and H2B showed a striking loss of N1, N2,
and N4 nucleosomes and a gain in the N3 species (Fig. 1B; GH2B,
GH2A-GH2B). These tailless N3 species also showed greater
electrophoretic heterogeneity when compared with WT N3. Similar
results were observed on electrophoresis of H2B tailless nucleo-
somes in Trissborate:'EDTA (data not shown). When both H3 and
H4 tails were removed, we observed heterogeneous migration and
some depletion of N1-N3 nucleosomes (Fig. 1B, GH3-GH4).
When all four N-terminal histone tails were removed, we observed
complete depletion of the N1 and N2 nucleosomes and greater
heterogeneity in migration of N3 and N4. The enhancement of
nucleosome mobility in TGE appears to be because of the desta-
bilizing effects of gel electrophoresis as well as the TGE buffer, as
it was not observed when nucleosomes were first incubated in TGE
before subsequent electrophoresis in TE buffer (data not shown).
We conclude that the H2B tail, with additional contributions from
the other three histone tails, is important for maintaining the
translational positions of histone octamers under assay conditions.

Dynamics of Nucleosome Sliding. We examined the dynamics of
nucleosome mobility further by using two-dimensional native gel
electrophoresis (47). Mononucleosomes lacking one or more tails
were first separated on a native gel in TE, followed by native gel
electrophoresis in the second-dimension in TGE. Any movement of
nucleosomes on electrophoresis in the second dimension should be
evident from the electrophoretic migration of nucleosomes away
from the diagonal. We observed little effect on nucleosome dy-
namics for WT nucleosomes and nucleosomes lacking N-terminal
tails of histones H2A, H3, and H4 individually and H3 and H4 tails
in combination (Fig. 2). The observed tendency for electrophoretic
migration away from the diagonal is: WT<GH2A =
GH4<GH3<(GH3-GH4). However, removal of the H2B tail
alone revealed nucleosomes moving off the diagonal, from one
position to another linked together by smeary lines, suggesting that
movement was induced slowly during gel electrophoresis (Fig. 2,
GH2B). We also found that removal of both H2A and H2B
tails resulted in redistribution of nucleosomes to a heteroge-
nous region around N3 (Fig. 2; GH2A-GH2B); the absence of
smears linked to the original positions suggests that nucleo-
some movement was probably induced quickly at the onset of
electrophoresis. Removal of all four histone tails resulted in
the induction of even greater nucleosome mobility around N3
(Fig. 2; GH2A-GH2B-GH3-GH4).

Increased Nucleosome Mobility Is Not Caused by Histone Loss. To
assess whether the increased dynamics of nucleosomes lacking the
H2B N-terminal tail is accompanied by a change in the composition
of the histone octamer, we examined the state of nucleosomal
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Fig. 2. Two-dimensional native gels showing dynamics of nucleosome sliding.

Electrophoresis of 359-bp hsp70 mononucleosomes containing WT and mutant
histones was first conducted in TE buffer (4% polyacrylamide gel). Entire gel lanes
containing the separated nucleoprotein species identical to Fig. 1B were excised
and applied horizontally for electrophoresis on 5% polyacrylamide gels in TGE
buffer. The electrophoretic positions of N1-N4, N*, and free DNA are indicated.

histones after the induction of sliding. Nucleosomes lacking the
H2B N-terminal tail that had mobilized to the N3 region (Fig. 34)
were isolated by excision of the gel band and analyzed by SDS/
PAGE and silver staining. We found all four core histones present
in these nucleosomes (Fig. 3B), showing the integrity of the histone
octamer lacking the H2B N-terminal tail after mobilization.
Consistent with these results, H2B tailless nucleosomes showed
a glycerol gradient sedimentation profile similar to that of mono-
nucleosomes reconstituted from full length histones (data not
shown). We also found that the N* species generated by reconsti-
tution of H2B tailless nucleosomes sedimented between mononu-
cleosomes and free DNA. The N* species was unstable in solution
at moderate salt concentrations; incubation of H2B tailless nucleo-
somes in 100 mM NaCl before native gel electrophoresis in TE
buffer greatly reduced its appearance (Fig. 3C). N* could not be
isolated as a stable complex after gel elution, thus precluding
further analysis by nuclease digestion techniques. We conclude that
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Fig. 3.  (A) Characterization of mobilized H2B tailless nucleosome. Mononu-

cleosomes containing WT recombinant histones and lacking histone H2B N-
terminal tails (GH2B) were reconstituted on a radiolabeled 359-bp hsp70 pro-
moter fragment and electrophoresed on a 4% native polyacrylamide in TGE
buffer. N* is a reconstitution artifact (see text). (B) Histone composition of GH2B
nucleosomes migrating to the N3 region. The corresponding native gel band (A,
lane 2) was excised and analyzed by SDS/PAGE and silver staining. (C) N* is greatly
reduced in 100 mM NaCl. hsp70 mononucleosomes (359 bp) lacking histone H2B
tails were incubated for 1 h at room temperature in TE buffer containing 100 mM
NaCl. The sample was electrophoresed on a 4% native polyacrylamide gel in TE
buffer. (D and E) Mononucleosomes containing recombinant histones (WT) or
histones lacking H2B N-terminal tails (GH2B) were reconstituted on radiolabeled
357-bp 55 and 256-bp 55 DNA fragments and electrophoresed as above in TGE
buffer.
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N* is likely to be an artifact of reconstitution, which generates a
nucleohistone complex that is not fully folded or assembled in a
canonical nucleosome.

H2B Tailless Nucleosomes Are Also Mobile on 55 DNA. To extend the
analysis of nucleosome dynamics to DNA sequences other than the
hsp70 promoter, we used DNA fragments from the sea urchin 5S
ribosomal DNA gene. Reconstitution of mononucleosomes on 357-
and 256-bp 5S DNA fragments with bacterially expressed Drosoph-
ila histones revealed multiple nucleosome species migrating at
positions similar to those previously observed for 5S nucleosomes
reconstituted with native (duck) histone octamers (39, 51) (Fig. 3
D and E). When 58S nucleosomes lacking the H2B N-terminal tail
were reconstituted and analyzed by native gel electrophoresis in
TGE buffer, we observed a dramatic smearing of specific nucleo-
some bands, showing changes in nucleosome positioning (Fig. 3 D
and E, compare lanes 1 and 2). A prominent nucleoprotein species
with N* behavior was also generated, indicating that the reconsti-
tution artifact for nucleosomes lacking the H2B N-terminal tail is
not unique to Asp70.

Histone N-terminal tails undergo extensive posttranslational
modifications such as lysine acetylation, which have profound
effects on gene transcription in vivo and on chromatin architecture
in vitro (47, 52-54). We examined whether nucleosome mobility
could be affected by acetylation of histones with the p300 histone
acetyltransferase (55). p300 specifically acetylates all sites of histone
H2A and H2B known to be acetylated in bulk chromatin and
preferentially acetylates histone H3 lysines 14 and 18, and histone
H4 lysines 5 and 8 (41). As a sensitive measure of nucleosome
sliding, we used two-dimensional native gel electrophoresis with TE
buffer in the first dimension and TGE buffer in the second
dimension. We found no evidence of migration away from the
diagonal when nucleosomal histones were acetylated (see Fig. 7,
which is published as supporting information on the PNAS web site,
WWW.pNas.org).

Importance of Histone H4 Tail for NURF Activity. To examine how the
histone N-terminal tails influence NURF-mediated nucleosome
sliding, we analyzed the ability of tailless nucleosomes to stimulate
the ATPase activity of NURF. Incubation of NURF with nucleo-
somes lacking histone H2A, H2B, or H3 tails individually or lacking
both H2A and H2B tails showed simulation of ATPase activity like
that generated by WT nucleosomes (Fig. 44). By contrast, nucleo-
somes lacking the histone H4 tail alone or combined with removal
of other histone tails showed no stimulation of the ATPase activity
of NUREF (Fig. 44).

We investigated the effects of tailless nucleosomes on nucleo-
some sliding by NURF (Fig. 4B). For WT nucleosomes and
nucleosomes lacking the histone H2A, H2B, or H3 tail, we observed
NURF-mediated nucleosome mobility similar to that reported for
nucleosomes containing native full length histones (29) (Fig. 4B;
WT, GH2A, GH2B, and GH3). Nucleosomes N1 and N2 were
depleted, whereas N3 was enriched, along with slower migration of
the N4 “fragment end nucleosomes” (the N* species was not
mobilized by NURF). In contrast, nucleosomes lacking the H4 tail
showed little mobilization on reaction with NURF (Fig. 4B; GH4).
N1 and N2 positions were retained, whereas N3 showed little
enrichment (but the N4 nucleosomes showed clear changes in
migration). Taken together, the results demonstrate that the N-
terminal tail of histone H4 regulates the activity of NURF.

We examined whether a glutathione S-transferase (GST)-histone
H4 tail fusion could block nucleosome stimulation of the ATPase
activity of NURF in trans. Consistent with previous work (36),
GST-H4 tail reduced stimulation of the ATPase activity of NURF
by only 2-fold when introduced at 100-fold molar excess to nucleo-
somes (Fig. 44, lane 13). The ability of NURF to catalyze nucleo-
some sliding was not detectably affected by a 100-fold molar excess
of GST-H4 tail (Fig. 4B), and higher concentrations of GST-H4 tail
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Fig. 4. Requirement of histone H4 N-terminal tail for NURF activity. (A) Stim-
ulation of ATPase activity of NURF by nucleosomes. ATPase assays contained WT
nucleosomes or nucleosomes lacking histone tails, as indicated. ATPase activity
was measured by hydrolysis of [a-P32]JATP to [a-P32JADP and visualized by TLC.
ATPase assays were conducted in the presence of GST or GST-H4 tail proteins, as
indicated. (B) Nucleosome sliding assay. hsp70 mononucleosomes (359 bp) re-
constituted from WT or mutant histones were incubated with NURF in the
presence or absence of ATP and electrophoresed (4% polyacrylamide gel) in TE
buffer. WT mononucleosomes were reacted with NURF and ATP in the presence
of GST or GST-H4 tail proteins, as indicated, before electrophoresis.

failed to show inhibition (data not shown). It appears that the H4
tail is unable to influence NURF-induced nucleosome sliding when
removed from the context of the nucleosome.

Histone H4 Residues 16-KRHR-19 Constitute a Regulatory Motif. To
further define histone H4 residues important for regulating the
activity of NURF, we conducted alanine scanning mutagenesis of
the histone H4 tail. We introduced alanine substitutions in histone
H4 residues 9-11 [H4 (9-11)A], residues 13-14 [H4 (13, 14)A], and
residues 16—19 [H4 (16-19)A]. We purified bacterially expressed
mutant proteins and reconstituted each of the H4 tail mutants with
the remaining, WT core histones (Fig. 54). (Mutagenesis of histone
H4 residues 1-8, which are essentially identical to the correspond-
ing residues of histone H2A, was not conducted.) Nucleosome
mobility similar to the sliding induced on WT nucleosomes was
observed for nucleosomes bearing H4 (9-11)A and H4 (13, 14)A
(Fig. 5B; N3 /N1 ratios 35.0, 28.5). However, the sliding of nucleo-
somes containing H4 (16-19)A was significantly reduced to the
level displayed for H4 tailless nucleosomes (GH4) (Fig. 5B; N3/N1
ratios 5.5 vs. 4.7). The results demonstrate that histone H4 residues
16-KRHR-19 are critical for activating NURF. Finally, hybrid
nucleosomes in which the N-terminal tails of histone H3 and H4
were exchanged showed significant reduction of ATP-dependent
nucleosome mobility compared with that of WT nucleosomes (Fig.
5B; H3t-GH4, H4t-GH3: N3/N1 ratio 6.2 vs. 34.4). Hence, the
location of the histone H4 tail motif 16-KRHR-19 relative to the
nucleosome core particle is functionally important. The influence
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phoresed on a 4% native polyacrylamide gel in TE buffer, and
N3Nl 1.0 344 23 47 L1 350 09 285 16 55 135 62 visualized by autoradiography.

of histone H4 tail mutations on nucleosome sliding is corroborated
by similar effects on the ATPase activity of NURF (see Fig. 8, which
is published as supporting information on the PNAS web site,
WWW.pnas.org).

Discussion

The x-ray crystal structure of the nucleosome core particle shows
that the N-terminal tails of histones H3 and H2B exit through the
aligned minor grooves of adjacent gyres of the DNA superhelix,
whereas H4 and H2A tails exit in minor grooves from the top or
bottom edges of the disk-like particle (56). Beyond the nucleosome
core particle, the histone tails are disordered, having no visible
interactions with the 147-bp DNA superhelix (56). Biophysical
studies of nucleosome arrays in which the histone tails are removed
by trypsinization or modified by acetylation indicate their involve-
ment in the higher-order folding of chromatin (57-65). Moreover,
contacts can be observed between the tails and the histone octamer
of neighboring core particles in the x-ray crystal structure (56).

However, there is evidence that the N-terminal histone tails also
interact with core particle DNA in solution. The absence of histone
N-terminal tails decreases the thermostability of the nucleosome
(66) and alters the equilibrium constants for dynamic DNA site
accessibility in nucleosomes (67). Binding of sequence-specific
transcription factors to the nucleosome is modulated by the pres-
ence of the histone tails (68—71), and photochemical and U V-laser
crosslinking experiments reveal physical interactions between core
histone tails and nucleosomal DNA (50, 72). The histone tails
not only make contact with DNA in the nucleosome core particle
but also can preferentially interact with linker DNA (73).
Stabilization of nucleosomes by histone tails is apparently ef-
fective only on intrinsically straight or bent, rather than flexible,
DNA fragments (74).

Our study provides an additional perspective for the histone
N-terminal tails. We found that deletion of the N-terminal tail of
histone H2B promoted uncatalyzed nucleosome mobility when
perturbed by native gel electrophoresis in Tris-glycine-EDTA (or
Tris-borate'EDTA), and that this effect was increased by deletion
of the other histone tails. The observed changes in electrophoretic
migration are likely to be caused by increased translational mobility
of the histone octamer on DNA, although the additional possibility
of increased conformational flexibility of the linker DNA is not
excluded. Thus, uncatalyzed nucleosome positioning and mobility
not only may depend on structured histone-DNA interactions in
the nucleosome core particle but also could be modulated by

14320 | www.pnas.org/cgi/doi/10.1073/pnas.251421398

interactions of the histone H2B tail and other histone tails with
nucleosomal DNA. The proximity of the basic histone H2B tails to
two adjacent DNA gyres of the nucleosome core particle may
provide especially suitable interactions that restrict nucleosome
mobility. In this respect, it is intriguing to recall genetic studies in
which deletion of the first 20 amino acids of the H2B N-terminal tail
bypassed the requirement for Swi-Snf in yeast (75).

It is of interest that quantitative hyperacetylation of core histones
by p300 had no detectable effect on nucleosome positioning or
nucleosome dynamics. These results, which suggest that histone
acetylation by p300 has a significantly greater impact on higher-
order folding of nucleosome arrays than on the positioning and
mobility (or stability) of individual nucleosomes, concur with other
findings of a similar nature (74, 76, 77). We also note parenthetically
that deletion of the histone H3 tail produced a slight retardation in
electrophoretic migration irrespective of nucleosome positioning,
raising the possibility that this histone tail affects the entry—exit
angle of the linker DNA.

We demonstrated the importance of the histone H4 tail in
ATP-dependent nucleosome sliding catalyzed by NURF. This
finding concurs with results showing that the histone H4 tail is
required for induction of nucleosome sliding by the CHRAC
chromatin remodeling complex and for stimulation of the
ATPase activity of recombinant ISWI (78). Given that ISWI is
a common component of NURF and CHRAGC, it is likely that
interactions between the H4 tail and ISWI are important for
activating NURF. Full efficiency and positional specificity of
nucleosome sliding require the participation of the largest
NUREF subunit, NURF301 (79).

The definition by alanine-scanning mutagenesis of histone H4
tail residues responsible for regulating NURF activity reveals that
H4 16-KRHR-19 are critical for the induction of ATP-dependent
nucleosome sliding. The proper spatial location of this regulatory
motif relative to the global structure of the nucleosome is also
important, because interchanging the tails of H3 and H4 impaired
nucleosome sliding by NURF. These findings, taken with the failure
of a GST-H4 tail fusion protein to significantly inhibit NURF
function, suggest that NURF probably interacts with H4 tail
residues 16-KRHR-19 in complex with nucleosomal DNA. There
is evidence that part of the N-terminal tails of histone H4 (and H3)
can be organized in the nucleosome as DNA-bound polypeptide
segments with a-helical character (80). It will be interesting to
investigate the nature of the regulatory interaction between H4
16-KRHR-19 and NURF (ISWI). Given that H4 K16 and K20 are
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known sites of histone acetylation and methylation, respectively, it
is possible that these modifications could influence the activities of
NUREF and other ISWI complexes.

Aside from the evident importance of histone H4 16-KRHR-19
in providing a key to the ATP-dependent catalytic activity of
NUREF, the involvement of the other core histone tails in catalyzed
nucleosome sliding is unclear. Deletion of the histone H2B tail did
not bypass the need for NURF to induce ATP-dependent nucleo-
some sliding under in vitro assay conditions, indicating that DNA—
protein interactions within the nucleosome core particle are dom-
inant. An attractive model for nucleosome sliding invokes the
ATP-dependent induction and propagation of a DNA twist or
bulge over the histone octamer, a process that necessitates the
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transient disruption of contacts between structured histone ele-
ments and core particle DNA (29-31, 81, 82). However, it is
possible that the dissociation of the N-terminal tail of histone H2B
and the other histone tails from nucleosomal DNA may facilitate
the overall nucleosome sliding mechanism.
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