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Sin mutations in Saccharomyces cerevisiae alleviate transcriptional defects that result from the inactivation
of the yeast SWI/SNF complex. We have investigated the structural and functional consequences for the nu-
cleosome of Sin mutations in histone H3. We directly test the hypothesis that mutations in histone H3 leading
to a SWI/SNF-independent (Sin) phenotype in yeast lead to nucleosomal destabilization. In certain instances
this is shown to be true; however, nucleosomal destabilization does not always occur. Topoisomerase I-mediat-
ed relaxation of minichromosomes assembled with either mutant histone H3 or wild-type H3 together with
histones H2A, H2B, and H4 indicates that DNA is constrained into nucleosomal structures containing either
mutant or wild-type proteins. However, nucleosomes containing particular mutant H3 molecules (R116-H and
T118-I) are more accessible to digestion by micrococcal nuclease and do not constrain DNA in a precise ro-
tational position, as revealed by digestion with DNase I. This result establishes that Sin mutations in histone
H3 located close to the dyad axis can destabilize histone-DNA contacts at the periphery of the nucleosome core.
Other nucleosomes containing a distinct mutant H3 molecule (E105-K) associated with a Sin phenotype show
very little change in nucleosome structure and stability compared to wild-type nucleosomes. Both mutant and
wild-type nucleosomes continue to restrict the binding of either TATA-binding protein/transcription factor IIA
(TFIIA) or the RNA polymerase III transcription machinery. Thus, different Sin mutations in histone H3 alter
the stability of histone-DNA interactions to various extents in the nucleosome while maintaining the funda-
mental architecture of the nucleosome and contributing to a common Sin phenotype.

A substantial component of transcriptional regulation de-
pends on the interplay between transcription factors and his-
tones at specific sites within the enhancers and promoters of
eukaryotic genes (9, 10, 82). In the yeast Saccharomyces cer-
evisiae, the outcome of this interaction can be influenced by the
products of the several genes originally identified by defects in
mating type switching (SWI) and/or sucrose fermentation
(SNF [sucrose nonfermenter]) (53, 67, 101). The SWI/SNF
complex is a multicomponent molecular machine required for
the transcriptional induction of many, but not all, genes and for
the functions of several heterologous activators in yeast (14, 17,
68, 69). Genetic and biochemical studies of the yeast proteins
and their larger eukaryotic homologs suggest that one function
of the SWI/SNF complex is to help transcription factors over-
come the repressive effects of nucleosome assembly on tran-
scription (20, 42, 48–50).

Powerful genetic and physical mapping evidence has estab-
lished a role for nucleosomes as transcriptional repressors in
yeast (1, 2, 33, 81). Alterations in histone abundance (34, 35),
histone stoichiometry (19, 26), and histone sequence (27, 44,
46, 49) can all relieve transcriptional repression for particular
yeast genes. General alterations in chromatin structure that
lead to specific changes in transcription might be explained by
both the positioning of nucleosomes within specific regulatory
structures (24, 76, 77) and the targeted recruitment of partic-
ular molecular machines and/or enzyme complexes that modify
chromatin structure (12, 67, 101). Exactly how chromatin struc-
ture might be modified or disrupted by the targeted recruit-
ment of molecular machines such as the SWI/SNF complex

remains unknown. However, the SWI/SNF complex has the
capacity to alter the rotational positioning of DNA on the
surface of a nucleosome core and increases the accessibility of
nucleosomal DNA to transcription factors in vitro (20, 50).
The SWI/SNF complex also has the capacity to interact with
DNA independent of any gene specific targeting (73).

An important clue to the role of the SWI/SNF complex in
disrupting chromatin structure came from the isolation of Sin
(switch-independent) mutations, which alleviate transcrip-
tional defects due to the inactivation of the yeast SWI/SNF
complex (48, 49, 66). Sin alleles can result from single point
mutations in histone H3 or H4; however, the SIN2 gene itself
is identical to HHT2, which encodes histone H3 (49). Local-
ization of the amino acid changes in histone H3 and H4 that
lead to the Sin phenotype offers insight into the potential
function of the SWI/SNF complex (41, 49, 102). Arents et al.
have determined the structure of the histone octamer around
which DNA is wrapped in the nucleosome (3, 4). Each core
histone has (i) an amino-terminal tail domain that reaches
outside the two superhelical turns of DNA within the nucleo-
some and (ii) a carboxy-terminal histone fold domain that is
involved in histone-histone interactions inside nucleosomal
DNA. The carboxy-terminal domains of each core histone are
predominantly a-helical, with a long central helix bordered on
each side by a loop segment and a shorter helix (Fig. 1A).
Histone heterodimerization leads to the loop segments from
each half of the dimer being paired to form eight parallel
b-bridge segments, two of which are found in each of the
heterodimers (H3 and H4) and (H2A and H2B). Each b-
bridge segment is associated with at least two positively
charged amino acids, which are available to make contact with
DNA on the surface of the histone octamer (4). A second
potential DNA binding surface arises from the pairing of the
amino-terminal end of the first helical domain of each of the
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histones in the heterodimers (Fig. 1B). The eight parallel b-
bridges and four paired ends of helices provide 12 potential
DNA contact sites that are regularly arranged along the ramp
on which the double helix has been proposed to be wound (4).
The mutations in histones H3 and H4 found in the Sin2 alleles
cluster in one b-bridge motif within the H3-H4 heterodimer.
Because of the juxtaposition of the two H3-H4 heterodimers at
the dyad axis of the nucleosome (3), these mutations have the
potential to disrupt histone-DNA interactions involving the
central turn of DNA at the dyad axis. This could have a major
impact on the integrity of both the nucleosome and higher-
order chromatin structures and thereby relieve the require-
ment for the SWI/SNF complex to disrupt chromatin structure
as a prerequisite for recruitment of other components of the
transcriptional machinery.

In this work, we have examined the consequences of the Sin2
mutations of histone H3 for nucleosome assembly, structure,
and stability in vitro. We find that although Sin2 mutations of
H3 assemble nucleosomes and wrap DNA leading to the same
topological constraints as wild-type histones, the nucleosomes
containing certain mutant H3 proteins have altered accessibil-
ity to micrococcal nuclease (MNase) and DNase I. This finding
establishes that Sin2 mutations can lead to a general alteration
in histone-DNA contacts within the nucleosome. Other Sin2

mutations of H3 assemble nucleosomes comparable in stability
to those containing wild-type H3. The alterations in nuclease
cleavage observed with the Sin2 mutants that labilize the nu-
cleosome core mirror the influence of the SWI/SNF complex
on nucleosome cores in vitro (20, 50). Nevertheless, we find
that nucleosomes containing mutant H3 constrain DNA in a
comparable manner to wild-type nucleosomes with respect to
both the binding of TATA-binding protein (TBP)/transcrip-
tion factor IIA (TFIIA) and the RNA polymerase III tran-
scriptional machinery. The implications of this result for SWI/
SNF function are discussed.

MATERIALS AND METHODS

Plasmids and DNA fragments. The construction of plasmid pX5S 197-2, con-
taining two tandem repeats of the 5S RNA gene, has been described elsewhere
(87). This plasmid DNA molecule was used for chromatin reconstitution. For
certain experiments, a 424-bp XbaI-XhoI fragment derived from plasmid pX5S
197-2 was isolated from nondenaturing acrylamide gels for nucleosome recon-
stitution after end labeling at the XbaI site with T7 polynucleotide kinase or
Klenow fragment (New England Biolabs). This fragment was reconstituted into
nucleosomes. A second DNA fragment used in these studies was a 238-bp
HpaII-DdeI fragment derived from plasmid pXbs-1 containing the Xenopus bo-
realis somatic 5S RNA gene was radiolabeled on the coding strand at the HpaII
site 102 bp upstream from the initiation site for transcription of the 5S gene (11)
as described previously (71).

FIG. 1. Strategy for analyzing nucleosomes containing mutant histones in vitro. (A) Recombinant histones H3 and H4. a-Helices are indicated by cylinders.
Residues which were mutated in histone H3 are indicated by arrows. (B) Locations of Sin mutations in histone H3 in H3-H4 dimer. Relative locations of H2A-H2B
and H3-H4 dimers are presented. Stars indicate amino acid residues of Arg116 and Thr118 in histone H3 (3, 4). (C) Purified histones (1 mg) were analyzed by SDS–18%
polyacrylamide gel electrophoresis. Lanes 2 to 5, mutant histones H3, R116,T118-A, T118-I, R116-H, and E105-K, respectively; lanes 6 and 7, recombinant wild-type
(WT) histones H3 and H4, respectively; lanes 1 and 8, molecular weight markers (M). (D) Strategy for reconstituting nucleosomes by recombinant histones. Purified
recombinant histones H3 and H4 were incubated in the presence of 6 M urea, and (H3-H4)2 tetramers were reconstituted by salt-urea dialysis. Nucleosomes were
reconstituted with chicken histones H2A and H2B and 5S DNA by salt dialysis (Materials and Methods).
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Sin2 mutations in histone H3; purification of recombinant tetramers of (H3-
H4)2. DNA fragments containing Xenopus histones H3 and H4 (65) were cloned
into the NheI site and EcoRI site, respectively, of the pRSET plasmid vector
(Invitrogen, San Diego, Calif.). Recombinant histones H3 and H4 were ex-
pressed in Escherichia coli as His-tagged proteins and purified by Ni column
chromatography. The recombinant H3 contains the amino-terminal sequence
Met-Arg-Gly-Ser-His-His-His-His-His-His-Gly-Met-Ala-Ser-Asp-Tyr-Lys-Asp-
Asp-Asp-Asp-Lys, and recombinant H4 contains the amino-terminal sequence
Met-Arg-Gly-Ser-His-His-His-His-His-His-Gly-Met-Ala-Ser-Met-Thr-Gly-Gly-
Gln-Met-Gly-Arg-Asp-Leu-Tyr-Asp-Asp-Asp-Asp-Lys-Asp-Pro-Ser-Ser-Arg-
Ser-Ala-Ala-Gly-Thr-Met-Glu-Ala-Ser-Asp-Tyr-Lys-Asp-Asp-Asp-Asp-Lys.
The mutations in histone H3 were introduced by PCR (28). Recombinant his-
tones H3 and H4 were expressed in E. coli as His-tagged proteins by T7 RNA
polymerase. Cells which express recombinant histones were harvested and dis-
rupted by sonication in buffer containing 20 mM Tris-HCl (pH 7.9), 0.5 M NaCl,
and 10% glycerol. The cell suspension was centrifuged at 35,000 rpm for 1 h
at 4°C to separate soluble and insoluble fractions. Recombinant histones
were recovered in the insoluble fraction and dissolved in buffer containing
20 mM Tris-HCl (pH 7.9), 0.5 M NaCl, 5 mM imidazole, and 6 M urea. Then
the protein solution containing recombinant histones was applied to an Ni
column (ProBond; Invitrogen). Recombinant histones were eluted by a linear
gradient of imidazole from 5 to 300 mM. Concentrations of purified recombinant
histones were estimated by the modified Folin method (Pierce), and stoichio-
metric amounts of histones H3 and H4 were mixed in the presence of 2 M NaCl
and 6 M urea. (H3-H4)2 tetramers were reconstituted by decreasing of concen-
tration of urea until 0 M by dialysis. The concentrations of wild-type (H3-H4)2
and mutant (H3-H4)2 tetramers were determined by the use of Coomassie blue
G-250 (Bio-Rad protein assay kit).

Nucleosome reconstitution. For the salt dialysis method using purified histones
(78), radiolabeled DNA (500 ng) and unlabeled DNA (4.5 mg) were mixed with
histone octamers in 2.0 M NaCl. The final DNA concentration was 0.1 mg/ml,
and the histone octamer concentration was 1.0 mol of octamer/mol of DNA
repeat. Samples were then dialyzed at 4°C against 10 mM Tris-HCl (pH 7.5)–1
mM EDTA–0.1 mM phenylmethylsulfonyl fluoride (PMSF)–1 mM 2-mercapto-
ethanol and NaCl as follows: 2.0 M NaCl, 1 h; 1.5 M NaCl, 4 h; 1 M NaCl, 4 h;
and 0.75 M NaCl, 4 h. The final dialysis was overnight into 10 mM Tris-HCl (pH
7.5)–1 mM EDTA–1 mM 2-mercaptoethanol at 4°C. The products contained
naked DNA and mono-, di-, and trinucleosome cores.

After reconstitution, the oligonucleosome cores were loaded on 5 to 20%
sucrose gradients containing 10 mM Tris-HCl (pH 7.5) 1 mM EDTA, and 0.1
mM PMSF and then centrifuged for 16 h at 35,000 rpm at 4°C in a Beckman
SW41 rotor. Fractions were collected and analyzed in nucleoprotein agarose
(0.7%) gels in 0.53 TBE (13 TBE is 90 mM Tris base, 90 mM boric acid, and
2.5 mM EDTA). Fractions containing mono-, di-, or trinucleosomes were pooled
separately, concentrated to ;2.5mg/ml in a Microcon-30 (Amicon), and dialyzed
against 10 mM Tris-HCl (pH 7.5)–0.1 mM EDTA–1 mM 2-mercaptoethanol
overnight at 4°C. Samples were stored on ice until use. We always checked for
the presence of spontaneous dissociation on nucleosomes by polyacrylamide gel
electrophoresis (31). Chicken erythrocyte oligonucleosomes (chromatin lengths
of 1 to 30 nucleosomes) were prepared, after removal of linker histones (55), and
used as a control for isolation of the native dinucleosome complex.

To determine histone stoichiometry in reconstituted nucleosomes, we scaled
up our preparations. Plasmid DNA pX5S 197-2 (10.5 mg) or the 424-bp DNA
fragment from this plasmid (5 mg) was incubated with masses of core histones
sufficient to allow one histone per 180 bp in buffer containing 10 mM Tris (pH
8.0), 1 mM EDTA, 1 mM 2-mercaptoethanol, and 2 M NaCl. Nucleosomes were
reconstituted by the salt dialysis method (as described above). Nucleosomes
reconstituted on plasmid DNA were separated by 0.7% agarose gel electro-
phoresis in buffer containing 45 mM Tris, 45 mM boric acid, and 1 mM EDTA
and then electroeluted. Histones incorporated into nucleosomes were precipi-
tated with 20% trichloroacetic acid and washed twice with 200 ml of acetone.
Proteins were analyzed by sodium dodecyl sulfate (SDS)–18% polyacrylamide
gel electrophoresis and stained with silver (107). Nucleosomes reconstituted on
the 424-bp DNA fragment were fractionated by 5 to 20% sucrose gradients as
described above and precipitated with 20% trichloroacetic acid. Proteins were
analyzed by SDS–18% polyacrylamide gel electrophoresis and stained with silver
(107).

Topological assay. Core histones (4, 8, and 12 mg) were incubated with 5 mg of
plasmid DNA (pX5S 197-2, 3,624 bp) in the presence of 2.0 M NaCl. The
concentration of NaCl was decreased gradually (2.0, 1.5, 1.2, 1.0, 0.8, 0.6, and
0 M) to reconstitute nucleosomes by the salt dialysis method. Reconstituted
nucleosomes (ca. 200 ng) were analyzed on a 1% agarose gel. To assess nucleo-
some assembly, reconstituted nucleosomes were treated with 2.4 U of eukaryotic
topoisomerase I (Gibco BRL) at 37°C for 30 min. Reactions were terminated by
the addition of 1.5% SDS, and the plasmid DNAs were extracted with phenol-
chloroform. DNA topoisomers were separated 1% agarose gel electrophoresis
and were visualized by ethidium bromide staining. To determine the number of
superhelical turns, marker DNA containing a defined number of negative super-
helical turns was prepared (18) and resolved together with DNA isolated from
minichromosomes on 1% agarose gels containing chloroquine (90 mg/ml) (18).

DNase I and hydroxyl radical footprinting. Reconstituted nucleosomes were
treated with either DNase I or hydroxyl radicals before nucleoprotein complexes

were resolved on preparative 0.7% agarose gels (104). Samples contained labeled
dinucleosomes (60 ng of DNA) and chicken erythrocyte core particles (;1 mg).
Mg21 was adjusted to 4 mM concomitantly with addition of DNase I. Naked
DNA was digested with 12 ng of DNase I (Gibco BRL); nucleosome cores were
digested with 30 to 60 ng of enzyme. DNase I reactions were carried out at room
temperature for 1 min and terminated by the addition of EDTA (5 mM).
Glycerol (5%, vol/vol) was added to the sample, and the entire reaction volume
was loaded on a preparative gel. The hydroxyl radical reaction was carried out as
described previously (38). Free radical reactions were quenched with the addi-
tion of glycerol to a concentration of 5%, and the entire volume was applied to
a gel as described above. After electrophoresis, bound or nucleosome complexes
were excised from the gel. DNA from these complexes was isolated and analyzed
by denaturing polyacrylamide (6%) gel electrophoresis. Specific DNA markers
were produced by Maxam and Gilbert cleavage at G residues.

MNase mapping. Nucleosomes were reconstituted on plasmid or on linear
DNA fragments (424 or 238 bp as indicated) by the salt dialysis method (see
above). Reconstituted chromatin (200 ng of DNA) was digested with 0.075 to 2 U
of MNase (Worthington Biochemical Company) for 5 min at 22°C. Ca21 was
adjusted to 0.5 mM concomitantly with addition of MNase. Digestions were
terminated with addition of EDTA (5 mM), SDS (0.25%, wt/vol), and proteinase
K (1 mg/ml; Gibco BRL). The DNA was recovered and 59-end labeled with
[g-32P]ATP and T4 polynucleotide kinase, and the end-labeled DNA fragments
were separated by electrophoresis in nondenaturing 6% polyacrylamide gels.

Nucleosome mobility experiments. One- and two-dimensional gel experiments
to show the distribution and redistribution, respectively, of nucleosome cores
were performed following established procedures (58), with slight modifications.
Reconstituted nucleosomes were loaded onto nondenaturing 4% polyacrylamide
(29:1 acrylamide/bisacrylamide) gels at 4°C in 0.53 TBE. The gels were run at
a maximum of 10 V/cm. For the one-dimensional gel, the gel was dried and
exposed for autoradiography. For the two-dimensional gels, each lane was cut in
half lengthwise. One half of each lane was left at 4°C, and the other was sealed
and immersed at 37°C for 1 h. The gel strips were then arranged on top of a
second nondenaturing gel in the cold, and the second dimension was electro-
phoresed at 4°C under the same conditions as the first dimension.

Transcription reactions for dinucleosomes. Nucleosomal complexes separated
by sucrose gradient centrifugation from free histones and naked DNA were used
as templates for transcription in an extract from Xenopus oocyte nuclei. Oocyte
nuclear extract was prepared as described previously (11). Transcription reaction
conditions were as follows. Radiolabeled template (10 ng) was added to 10 ml of
reaction mixture containing 5 ml of nuclear extract in J buffer (10 mM HEPES
[pH 7.4], 50 mM KCl, 7 mM MgCl2, 2.5 mM dithiothreitol, RNasin [0.25 U/ml;
Gibco BRL], 0.1 mM EDTA) and preincubated for 20 min before addition of
exogenous triphosphates (250 mM ATP, CTP, and GTP plus 50 mM UTP) and
2.5mCi of [a-32P]UTP. The reaction temperature was 22°C. Labeling was con-
tinued for 40 min after preincubation. Radiolabeled transcripts were extracted
with phenol, precipitated with ethanol, and analyzed by electrophoresis in a 6%
denaturing polyacrylamide gel. The level of 5S RNA transcription was quanti-
tated with a Molecular Dynamics PhosphorImager. The radiolabeled 5S DNA
template served as an internal control for recovery.

TBP/TFIIA binding studies. The two subunits of TFIIA were expressed in
E. coli BL21 independently (32). Harvested cells were resuspended in 1/20
culture volume of buffer B (20 mM Tris-HCl [pH 7.9], 5 mM MgCl2, 10% glyc-
erol, 1 mM PMSF, 0.1% Nonidet P-40) containing 6 M guanidinium HCl, 500
mM KCl, and 10 mM imidazole, incubated on ice for 15 min, and then sonicated
for 30 s. After centrifugation (40,000 3 g, 30 min), the supernatant was incubated
with 1/20 volume of Ni21-nitrilotriacetic acid-agarose for 30 min with rotation.
After washing with the same buffer, protein was eluted with the same buffer
containing 200 mM imidazole. The independently purified subunits were mixed
at an equimolar ratio and dialyzed against buffer B containing 2 M guanidine-
HCl and 500 mM KCl for 12 h and then dialyzed against buffer B containing 100
mM KCl for 12 h. The TFIIA complex was further purified by gel filtration using
fast protein liquid chromatography (Superose 12) and the same chromatography
buffer. Recombinant S. cerevisiae TBP was expressed in and purified from E. coli
as described previously (32) except that trypsin cleavage of the histidine tag was
omitted.

The nucleosome positioning constructs containing the adenovirus major late
promoter TATA box sequence at the nucleosomal edge (10 edge) and at the
dyad (10 dyad) have already been described (32). DNase I footprinting was done
as previously described (32). Constructs which had been subcloned into pBlue-
script were cut with XbaI, labeled by using Klenow fragment and radiolabeled
deoxynucleotides, and then cut with DdeI to liberate a 180-bp fragment. This
fragment was gel purified and used to reconstitute nucleosome core particles.
The assay for TBP/TFIIA binding was as described above and was scaled up as
necessary. Samples were digested with DNase I at a concentration of 30 mg/ml
(for octamers) or 200 ng/ml (for naked DNA) for 2 min at 30°C. The reaction was
stopped with a twofold excess of EDTA, made 0.25% SDS and 0.3 M sodium
acetate, and extracted with phenol and phenol-chloroform prior to precipitation.
Samples were resolved on a 6% denaturing gel.
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RESULTS

Influence of Sin mutants on nucleosomal structures recon-
stituted in vitro. Our experimental strategy (Fig. 1) was to
express Xenopus laevis histone H3 in E. coli either as a wild-
type protein or as a protein containing the Sin mutations (Fig.
1A). All of our recombinant proteins contain an amino acid
extension at the amino terminus. We have not found such
extensions to influence the efficiency of nucleosome assembly
in vivo (28) or in vitro (this work). However, we are careful to
compare the properties of recombinant wild-type H3 and H4
containing this N-terminal extension with that of wild-type
histones H3 and H4 isolated from chicken chromatin in all of
our nucleosome reconstitution experiments. The recombinant
H4 contains additional amino acid sequences between the His
tag and the normal protein (see Materials and Methods) that
lead the recombinant H3 and H4 to comigrate on SDS–18%
polyacrylamide gels (Fig. 1C, lanes 6 and 7). The recombinant
histone H3 was purified (Fig. 1C; Materials and Methods) and
mixed with wild-type histones H2A and H2B and recombinant
H4 under denaturing conditions, and nucleosomes were recon-
stituted by dialysis from high salt and urea concentrations,
using short DNA fragments or plasmid DNA molecules as
indicated (Fig. 1D). Nucleosomes were reconstituted by using
all three single-point mutations of histone H3 leading to the
Sin2 phenotype (49); we also made use of an additional mutant
form of histone H3 in which two amino acids whose substitu-
tion leads to a Sin phenotype were altered (R116,T118-A [Fig.
1]).

We initially examined whether histones H2A and H2B were
assembled into nucleosomes containing the mutant H3 pro-
teins. We reconstituted a plasmid DNA molecule containing a
424-bp tandem repeat of the X. borealis 5S RNA gene (pX5S
197-2 [87]) with core histones by the salt dialysis method (16).
The reconstituted nucleosome was resolved from free histones
and naked DNA on a nondenaturing 0.7% agarose gel (see
Fig. 5A). The band corresponding to the minichromosome was
excised and electroeluted. The histones were precipitated with
20% trichloroacetic acid and analyzed by SDS–18% polyacryl-
amide gel electrophoresis. The silver-stained gel reveals that

the stoichiometry of histone H2A-H2B dimers to H3-H4
dimers that are assembled into nucleosome cores was equal in
all reconstituted minichromosomes (Fig. 2A; compare lane 2
with lanes 3 to 6). Note that our extraction and staining pro-
tocol (107) is especially sensitive to the lysine-rich histones
H2A and H2B compared to the arginine-rich histones H3 and
H4; this is best shown by the staining of core histones from
chicken erythrocytes that are assembled into minichromosomes
and then analyzed by the same procedure (Fig. 2A, lane 7;
reference 18). Other protocols give equivalent staining and re-
covery of all of the core histones (18); however, we needed to
focus on the incorporation of H2A and H2B since it has been
suggested that these proteins might be deficient in transcrip-
tionally competent chromatin (7, 36), including nucleosomes
destabilized by the SWI/SNF complex (70). We also fractionat-
ed nucleosome cores reconstituted on a 424-bp linear DNA
fragment away from free DNA and free histones, using sucrose
gradients (see Fig. 7B). Again an equivalent stoichiometry of
histones H2A and H2B was obtained for all the reconstitutes
containing mutant H3 proteins as obtained with those contain-
ing recombinant wild-type H3 (Fig. 2B). We also wished to de-
termine that histone H3 and H4 were assembled into chroma-
tin with appropriate stoichiometry. We assembled tetramers
onto plasmid DNA molecules (36) and recovered the resulting
tetramer-DNA complex before treatment with enterokinase to
remove the His tags. The proteolytic products from tetramers
containing wild-type recombinant H3 and a mutant H3 (R116,
T118-A) are shown in Fig. 2A, lanes 8 and 9. An approximate
equimolar stoichiometry of histones H3 and H4 is obtained
consistent with the anticipated reconstitution process (25, 45).

We next examined the capacity of wild-type histone H3,
wild-type recombinant histone H3, and mutant histone H3,
together with the appropriate stoichiometries of wild-type his-
tones H2A, H2B, and H4, to protect a DNA fragment con-
taining the X. borealis somatic 5S rRNA gene from nuclease
digestion (wild-type histones are those isolated from chicken
erythrocytes; wild-type recombinant histones are those isolated
after expression in bacteria). MNase prefers to cleave chroma-
tin in the most accessible DNA. First the linker DNA between

FIG. 2. Histone stoichiometry in reconstituted nucleosomes. (A) Nucleosomes were reconstituted on plasmid DNA which contains a tandem repeat of the
X. borealis 5S RNA gene by the salt dialysis method and separated on 0.7% agarose gels. Bands corresponding to nucleosomes were excised and electroeluted. Core
histones were precipitated with 20% trichloroacetic acid and analyzed by SDS–18% polyacrylamide gel electrophoresis. Proteins were visualized by silver staining (107).
Lane 1, molecular weight markers (M); lanes 2 and 7, recombinant and chicken erythrocyte wild-type (WT) histones, respectively; lanes 3 to 6, nucleosomes containing
histone H3 mutants E105-K, R116-H, T118-I, and R116,T118-A, respectively. Recombinant (H3-H4)2 tetramers contain stoichiometric amounts of histones H3 and
H4. One microgram of recombinant (H3-H4)2 tetramers was treated with 3 ng of enterokinase to remove His tags and analyzed by SDS–18% polyacrylamide gel
electrophoresis. Lanes 8 and 9, recombinant wild-type tetramers and tetramers containing histone H3 mutant R116,T118-A, respectively. Proteins were silver stained.
(B) Nucleosomes were reconstituted on a 424-bp DNA fragment which contains a tandem repeat of the X. borealis 5S RNA gene by the salt dialysis method, and
mononucleosomes were isolated by sucrose gradient centrifugation. Core histones from the mononucleosomal fraction were precipitated with 20% trichloroacetic acid
and analyzed by SDS–18% polyacrylamide gel electrophoresis. Proteins were stained with silver. Lane 1, recombinant wild-type histones; lanes 2 to 5, nucleosomes
containing histone H3 mutants E105-K, R116-H, T118-I, and R116,T118-A, respectively.
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nucleosomes is cut, and then the nuclease digests the rest of
the linker until nucleosome core particles containing an oc-
tamer of core histones (H2A-H2B-H3-H4)2 and 146 bp of
DNA accumulate (63). However, the nucleosome core particle
itself represents only a kinetic intermediate in the digestion of
DNA. Eventually MNase can degrade the DNA in this residual
structure, and the core particle will fall apart.

Our initial analysis used minichromosomes reconstituted
by using an entire DNA molecule including two Xenopus 5S
rRNA genes (pX5S 197-2) and relatively low concentrations of
MNase. We find that wild-type chicken core histones reconsti-
tute chromatin that generates a robust protection of core par-
ticle-size DNA on MNase digestion, as seen from the accumu-
lation of DNA fragments of 146 bp in length during digestion
(Fig. 3, lanes 2 and 3). However, whereas some of the mini-
chromosomes containing the mutant histone H3 proteins also
allow efficient accumulation of large amounts of core particles
(E105-K [lanes 5 and 6]), others generate only a small amount
of core particles (T118-I [lanes 11 and 12]) and others show
little or no accumulation of core particles during MNase di-
gestion (R116-H [lanes 8 and 9]). All of these templates had
practically complete reconstitution of nucleosomes as assayed
by linking number change (18 to 20 on a 3.5-kb plasmid [see
Fig. 5B]). Therefore, the failure to detect core particles during
MNase digestion is not apparently due to a failure to have
stable interaction of histones with DNA in a nucleosome-like
architecture that alters DNA topology. Care was also taken in
this experiment to ensure that equivalent amounts of radioac-
tive reconstituted nucleosomes were added to the digestion
reaction in order to facilitate comparison.

Our next experiments extended this analysis by using MNase
to mononucleosomes reconstituted on linear DNA fragments
(238 bp) in length, which we could also use for DNase I and
hydroxyl radical cleavage analysis (see Fig. 4 and 6). MNase
digestion of our reconstituted mononucleosomes when either
wild-type histone H3 or recombinant wild-type histone H3 is
used for assembly again shows a clear kinetic intermediate in
digestion of ;146 bp, reflecting the assembly of a nucleosome
core particle (Fig. 3B; core particle-size DNA is indicated by
the dots between lanes 3 and 4 and lanes 7 and 8) (63). How-
ever, when the double mutant of histone H3 (R116,T118-A) is
incorporated, there is no substantial accumulation of material
around ;146 bp; instead, there is rapid digestion of DNA to
fragments smaller than 90 bp (Fig. 3B, lanes 10 to 17; the
original DNA fragment of 238 bp remains visible in lanes 16
and 17, at very low levels of digestion). Although a naked DNA
control is not shown in this Fig. 3B, cleavage of this 238-bp
naked DNA fragment with MNase generates a series of
smaller DNA fragments identical to those seen in Fig. 3B,
lanes 10 to 17 (37a). Our next experiments examined the con-
sequences of incorporating the individual Sin mutations of
histone H3 into our reconstitution protocol. The accumulation
of core particle-size DNA is indicated by the dots in Fig. 3C
between lanes 4 and 5, 9 and 10, and 19 and 20. We find that
compared to wild-type H3 (Fig. 3C, lanes 2 to 5), the Sin
mutants with the exception of E105-K assemble histone-DNA
complexes that appear significantly less resistant to MNase
digestion. For the R116-H mutation, the nucleosome core
boundary at ;146 bp is almost completely absent (Fig. 3C,
lanes 12 to 15); for the T118-I mutation, there is a substantial
reduction in protected DNA fragments ;146 bp in length (Fig.
3C, lanes 17 to 20); however, there are only minor reductions
in stability compared to the wild type for the E105-K mutation
(Fig. 3C, lanes 7 to 10). The wild-type, wild-type recombinant,
E105-K, and T118-I histone H3s also show transient accumu-
lation of a DNA fragment of ;123 bp during MNase digestion

which presumably reflects a stable core histone-DNA complex
smaller than the nucleosome core particle (Fig. 3B and C,
arrowheads). Such subnucleosomal complexes have been ob-
served with histone tetramers (H3-H4)2 or hexamers [H2A-
H2B(H3-H4)2] bound to DNA (36, 74). This intermediate in
digestion is again absent in the Sin mutation R116-H and the
double mutation of histone H3. These experiments lead us to
suggest that the Sin mutations allow the incorporation of all of
the core histones into a nucleosomal structure (Fig. 2) but that
the contacts of histones with DNA are destabilized to various
extents. In particular, the association of histones H2A and
H2B appears to be particularly vulnerable to mutations of H3
leading to a Sin phenotype, as predicted (70). This is because
H2A and H2B help define the boundaries of resistance to
MNase digestion in the nucleosome core (23). If those bound-
aries are no longer detected upon MNase digestion (Fig. 3),
then potentially H2A-H2B binding has been destabilized.

DNase I digestion of nucleosome core particles has been
used to demonstrate the wrapping of DNA on the surface of
the core histones (56) and the precise rotational positioning of
the double helix with respect to the histone surface such that
certain sequences are exposed toward solution and others
make contact with the histones (79). The DNA fragment used
in this work (238 bp in length) contains the X. borealis somatic
5S rRNA gene that can be precisely positioned with respect to
the surface of the histone octamer (38, 39). DNase I cleavage
of reconstituted nucleosomes containing wild-type core his-
tones shows an alternating pattern of DNase I cleavage and
protection compared to naked DNA with the cleavage sites
spaced every 10 to 11 bp (Fig. 4, dots). This DNase I footprint
is identical to those previously reported for the 5S rRNA gene
(38, 39, 75). The precise rotational positioning of DNA on the
surface of the core histones as revealed by DNase I cleavage
(Fig. 4A, lane 4) is maintained in the Sin mutant E105-K (lane
5) but substantially lost in the Sin mutants T118-I (lane 5) and
R116-H (lane 6) and the H3 double mutant (lane 8). We
suggest that certain of the Sin mutations (R116-H and T118-1)
destabilize contacts between the core histones and DNA such
that rotational positioning as revealed using DNase I is sub-
stantially lost (but see Fig. 6). The H3 mutant E105-K appears
to assemble a nucleosome that has stability to DNase I diges-
tion comparable to that of a nucleosome containing wild-type
recombinant H3. Taken together, our experiments with MNase
(Fig. 3) and DNase I (Fig. 4) lead us to hypothesize that certain
of the Sin mutations in histone H3 (R116-H and T118-I) alter
the quality of histone association with DNA such that the
assembled structure is much less stable. We next attempted to
explore this possibility by using alternative probes of nucleo-
some core structure.

Each nuclease is a DNA-binding protein that can compete
for histone association with DNA and disrupt weak histone-
DNA contacts. Therefore, alternate strategies must be used to
identify potentially unstable nucleosomes. The resolution of
nucleoprotein complexes on a nondenaturing gel does not nec-
essarily indicate nucleosome assembly, as histones can bind to
DNA without the assembly of a specific structure. A simple
methodology to determine the assembly of nucleosomes is to
make use of the observation that the introduction of each
histone octamer into association with a closed circular plasmid
DNA molecule in the presence of topoisomerase I introduces
one negative superhelical turn into DNA (30, 80). The intro-
duction of one negative superhelical turn into a closed circular
plasmid DNA molecule by the assembly of a single nucleosome
is explained by both the wrapping of DNA around the core
histones and the overwinding of the double helix in the nu-
cleosome compared to DNA structure in solution (8, 38, 99).
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The association of histones with plasmid DNA can be con-
veniently monitored by an agarose gel retardation assay (36),
where increasing masses of wild-type or wild-type recombinant
histones relative to DNA lead to a decrease in the mobility of
negatively supercoiled form I DNA (Fig. 5A, upper panel,
lanes 2 to 4 and 17 to 19). All of the Sin mutations of H3 form
stable complexes with DNA in the presence of the other core
histones (Fig. 5A, upper panel, lanes 5 to 13). However, there
appears to be some dissociation of histones from DNA during
electrophoresis when the double H3 mutant is used (Fig. 5A,

upper panel, lane 15). Nevertheless, this must involve the dis-
sociation of complete histone octamers because histones H2A
and H2B are recovered in the same stoichiometry compared to
histones H3 and H4 as nucleosomes containing wild-type H3
from this type of gel (Fig. 2A). These same samples were then
deproteinized, and the capacity to supercoil DNA was assayed
on an agarose gel without chloroquine (Fig. 5A, lower panel).
This result indicates a progressive increase in the number of
negative superhelical turns introduced into DNA as increasing
masses of core histones including the Sin mutants of H3 are

FIG. 4. DNase I footprinting of nucleosomes containing mutant histone H3 proteins. Recombinant histone H3-H4 and chicken histones H2A and H2B were
incubated with 238-bp DNA fragments containing a 5S DNA to reconstitute nucleosomes (Materials and Methods). Naked DNA (95 ng) or nucleosomal DNA (400
ng) was treated with 10 or 80 ng of DNase I, respectively. The resulting DNA fragments were analyzed by denaturing 8% polyacrylamide gel electrophoresis. (A) Lanes
1 and 2, G-specific cleavage of the 5S DNA (G) and MspI digests of pBR322 used as markers (M), respectively. Digestions of naked DNA (lane 3), of wild-type (WT)
nucleosomes (lane 4), and of nucleosomes containing mutant histone H3 proteins (lanes 5 to 8) are shown, as indicated at the top of panel A. The large arrow indicates
nucleosomal dyad; dots indicate the 10 to 11-bp spacing of DNase I cleavage sites apparent when 5S DNA is wrapped around wild-type core histones. (B) Densitometric
analysis of the DNase I cleavage pattern of wild-type and mutant nucleosome core particles. The position of nucleosomal dyad and the peaks in the DNase I cleavage
pattern are indicated (labeled arrows and dots). Peaks are numbered relative to the start site of transcription of the 5S RNA gene at position 11. The thick arrow is
the 5S rRNA gene.

FIG. 3. Sin mutations of histone H3 destabilize nucleosome core particles to MNase. (A) Nucleosomes were reconstituted on plasmid DNA (pX5s 197-2) which
contains a tandem repeat of the X. borealis (Materials and Methods) 5S RNA gene and digested with MNase. After 10 min of incubation with MNase, DNA fragments
were extracted with phenol-chloroform and labeled with T4 polynucleotide kinase. 32P-labeled DNA fragments were analyzed by nondenaturing 6% polyacrylamide
gel electrophoresis. Lanes 1, 4, 7, and 10, MspI digests of pBR322 (M); lanes 2 and 3, recombinant wild type (WT); lanes 5 and 6, E105-K; lanes 8 and 9, R116-H; lanes
11 and 12, T118-I. The amounts of MNase are 0.00025 U (lanes 2, 5, 8, and 11) and 0.0025 U (lanes 3, 6, 9, and 12). (B) DNA fragments (238 bp) that contain a single
copy of 5S DNA were prepared by PCR. Core histones were incubated with the 238-bp 5S DNA fragment, and nucleosomes were reconstituted by the salt dialysis
method (Materials and Methods). Reconstituted nucleosomes were digested with various amounts of MNase. After treatment of MNase, the DNA fragments were
extracted by phenol-chloroform and labeled by T4 polynucleotide kinase with [g-32P]ATP. The labeled DNA fragments were separated by nondenaturing 6%
polyacrylamide gel electrophoresis. Lanes 2 to 4, nucleosomes containing wild-type core histones purified from chicken erythrocytes; lanes 6 to 8, recombinant wild-type
histone lanes 10 to 17, nucleosomes including the R116,T118-A mutations in histone H3. The amounts of MNase are 2 U (lanes 2, 6, and 10), 0.25 U (lanes 3, 7, and
11), 0.025 U (lanes 4, 8, and 12), 0.016 U (lane 13), 0.0125 U (lane 14), 0.01 U (lane 15), 0.0067 U (lane 16), and 0.005 U (lane 17). Lanes 1, 5, 9, and 18 are MspI
digests of pBR322. (C) As in panel B except that lanes 2 to 5 are wild-type nucleosomes. Lanes 7 to 10, 12 to 15, and 17 to 20 are nucleosomes which include Sin mutant
histone H3 proteins, E105-K, R116-H, and T118-I, respectively. The amounts of MNase are 2 U (lanes 2, 7, 12, and 17), 0.25 U (lanes 3, 8, 13, and 18), 0.1 U (lanes
4, 9, 14, and 19), and 0.025 U (lanes 5, 10, 15, and 20). Lanes 1, 6, 11, and 16, MspI digests of pBR322. The dots indicate a kinetic intermediate of ;146 bp corresponding
to core particle-size DNA (CP) during MNase digestion, and the arrowheads represent an intermediate of ;123 bp that accumulates (see text for details).
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FIG. 5. Sin mutations of histone H3 do not affect nucleosome assembly on plasmid DNA. Core histones were incubated with plasmid DNA (5 mg) which contains
a tandem repeat of 5S DNA (pX5S 197-2 [87]) in the presence of 2 M NaCl to reconstitute nucleosomes by the salt dialysis method. (A) Upper panel, gel shift assay.
Nucleosomes were reconstituted with different amounts of core histones and separated by 1% agarose gel electrophoresis. Lane 1, plasmid DNA without core histones;
lanes 2 to 4 and 17 to 19, nucleosomes with recombinant and chicken wild-type (WT) core histones, respectively; lanes 5 to 7, 8 to 10, 11 to 13, and 14 to 16, nucleosomes
containing mutant histone H3 proteins E105-K, R116-H, T118-I, and R116,T118-A, respectively. The amounts of core histones used for reconstitution were 4 mg (lanes
2, 5, 8, 11, 14, and 17), 8 mg (lanes 3, 6, 9, 12, 15, and 18), and 12 mg (lanes 4, 7, 10, 13, 16, and 19), respectively. Lower panel, topological assay. Nucleosomes were
treated with 2.4 U of topoisomerase I at 37°C for 30 min. Nucleosomal DNA was then extracted by phenol-chloroform, followed by 1% agarose gel electrophoresis.
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reconstituted into nucleosomes. These results lead us to sug-
gest that nucleosomes containing each of the Sin mutant H3
molecules can be assembled on closed circular plasmid DNA
molecules. However, although the lower panel of Fig. 5A dem-
onstrates that the various mutant core histone H3 molecules
can be assembled into particles that introduce topological con-
straint, this assay does not allow us to determine how efficiently
each particle constrains nucleosomes. We have made extensive
use of topological assays to determine nucleosome number
(18, 51, 52). To determine absolute DNA topology, it is nec-
essary to use marker DNAs with a known number of negative
superhelical turns and to count DNA topoisomers on two-
dimensional agarose gels (18, 51, 52). In Fig. 5B, we show that
reconstitution of equivalent masses of wild-type recombinant
and mutant H3 into nucleosomes on a closed circular plasmid
DNA molecule (3.5 kb in length) relative to a marker DNA of
known topology leads to approximately the same number of
negative superhelical turns (18 to 20) being introduced in the
presence of topoisomerase I (Fig. 5B; compare lanes 3 to 7).
This corresponds to one nucleosome core every 175 to 194 bp.
We conclude that all of the recombinant H3 molecules have
the capacity to be assembled into nucleosome cores that wrap
DNA comparably to wild-type core histones.

The helical periodicity of DNA on the surface of the histone
octamer is conveniently assayed by using the hydroxyl radical
as a DNA cleavage reagent. The hydroxyl radical is generated
by chemistry that does not require any contact with the double
helix (86). Cleavage of the DNA molecule varies dependent on
the width of the minor groove and on protein association (13,
40). Importantly, the hydroxyl radical is a noninvasive probe of
DNA structure in the nucleosome and has been shown to
detect histone-DNA contacts that are not revealed by DNase I
digestion (38, 39, 71). Hydroxyl radical cleavage of reconsti-
tuted histone-DNA complexes containing the Sin mutants of
H3 reveal that DNA is wrapped around the histones with a
unique rotational position in all instances (Fig. 6). This result
is in marked contrast to that obtained with DNase I (Fig. 4).
We believe that the reason for this difference is the necessity
for DNase I to bind to DNA and hence compete with the
histones for association with DNA before cleaving it. The hy-
droxyl radical has no need to form a stable complex with DNA
before the cleavage reaction; therefore, it is much less disrup-
tive of histone-DNA interactions. Wild-type and recombinant
histone H3 direct the assembly of identical nucleosomal struc-
tures (Fig. 6A; compare lanes 4 and 5). The Sin mutations
T118-I and E105-K lead to the assembly of nucleosomes with
wrapping of DNA very similar to that observed with the wild-
type histone H3 (Fig. 6A; compare lanes 1, 3, 4, and 5). The
precise helical periodicity of the double helix on the surface of
the histone octamer as revealed by hydroxyl radical cleavage is
like that previously observed both for 5S rRNA gene contain-
ing nucleosomes and mixed-sequence nucleosomes (the num-
bers refer to base pair positions relative to the start site of 5S
rRNA gene transcription, 11 [38, 39]). However, the R116-H
mutant wraps DNA, but with a rotational positioning of the
double helix relative to the histone surface that is shifted by 1
to 2 bp relative to nucleosomes containing the wild type or

other Sin mutants of histone H3 (Fig. 6A; compare lane 2 with
lanes 1, 3, 4, and 5). The shift in rotational positioning of DNA
is more apparent in the densitometric scans of the hydroxyl
radical cleavage pattern (Fig. 6B; compare positions of peaks
indicated with arrowheads, which are for wild-type histones
with those indicated with dots, which are for the R116-H mu-
tant). A second difference between the Sin mutant R116-H and
the other Sin mutants and wild-type H3 is that nucleosomes
containing this protein show a much less extended modulation
of hydroxyl radical cleavage toward the periphery of the nu-
cleosome (Fig. 6B; compare scans of the wild type and R116-H
[black bar]). This portion of nucleosomal DNA is still partially
constrained on a histone surface because modulations in rad-
ical cleavage exist; however, the cleavage pattern is much more
like that of naked DNA. Earlier work has shown that this
region of the 5S rRNA gene makes contacts with histones H2A
and H2B (Fig. 6C and D; references 39 and 71). In the R116-H
mutant nucleosome, the quantitative modulations of hydroxyl
radical cleavage over the three turns of DNA to either side of
the dyad axis are very similar to those of wild-type nucleo-
somes. Thus, although the region of DNA actually in contact
with the Sin mutant histone H3 is wrapped in a manner similar
to that observed in the wild-type nucleosome, the main region
of quantitative variation in hydroxyl radical cleavage occurs in
a different region of the nucleosome (see Discussion). To con-
trol for the contacts of core histone with the DNA in the
various reconstitutions shown in Fig. 6A and B, we reconsti-
tuted the same DNA fragment with an intact histone octamer
[(H2A-H2B-H3-H4)2 (Fig. 6C, lane 3)], with a histone tet-
ramer [(H3-H4)2 (Fig. 6C, lane 4)], and with histone H2A-
H2B dimers (Fig. 6C, lane 5). Compared to naked DNA, the
DNA associated with the H2A-H2B dimers shows no changes
in hydroxyl radical cleavage (Fig. 6C; compare lanes 2 and 5);
however, the other histone-DNA complexes show changes
(compare lane 2 with lanes 3 and 4). Densitometric scans of
these gel lanes are shown in Fig. 6D. The modulation of hy-
droxyl radical cleavage extends into the entire TFIIIA binding
site (145 to 195) with the histone octamer (H2A-H2B-H3-
H4)2 but not with the histone tetramer (H3-H4)2. This is con-
sistent with histones H2A and H2B making contact with DNA
in the 167 to 195 region of this DNA fragment (72).

The results of our topological and hydroxyl radical cleavage
analyses indicate that the Sin histone H3 mutants are incorpo-
rated into nucleosomal structures. The topological constraints
are similar whether wild-type or mutant H3 is present (Fig. 5);
moreover, 5S DNA is actually wrapped on the surface of the
histones with a defined rotational position (Fig. 6). This dif-
ference in result from that obtained with DNase I as a probe
(Fig. 3) might be explained by the fact that the hydroxyl radical
does not need to form a stable nucleoprotein complex with
nucleosomal DNA before DNA cleavage can occur (see Dis-
cussion). For the R116-H Sin mutant, hydroxyl radical cleav-
age reveals variation in the constraint of DNA at the edge of
the nucleosome core (Fig. 6B). We conclude that the alter-
ations in nuclease accessibility (Fig. 3 and 4) are not due to a
failure to assemble nucleosomes per se but are instead due to

Lanes 1 and 2, untreated and topoisomerase I-treated naked plasmid DNA, respectively; lanes 3 to 5 and 18 to 20, nucleosomes reconstituted with recombinant and
chicken wild-type core histones, respectively; lanes 6 to 8, 9 to 11, 12 to 14, and 15 to 17, nucleosomes containing mutant histone H3 proteins E105-K, R116-H, T118-I,
and R116,T118-A, respectively. (B) Nucleosomes were reconstituted on plasmid DNA which contains a tandem repeat of the X. borealis 5S RNA gene by the salt dialysis
method and treated with topoisomerase I. Topoisomers were separated on a 1.0% agarose gel containing 90 mg of chloroquine per ml and detected by Southern
hybridization. Lane 1, negatively supercoiled DNA known to contain an average of 20 negative superhelical turns (18); lane 2, closed circular DNA which is relaxed
by topoisomerase I; lanes 3 and 8, recombinant and chicken erythrocyte wild-type histones, respectively; lanes 4 to 7, E105-K, R116-H, T118-I, and R116,T118-A,
respectively. The average number of nucleosomes reconstituted is indicated below each lane.
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alterations in the stability with which the core histones con-
strain DNA in the presence of the Sin mutants of histone H3.

Influence of Sin mutants on the structural and functional
properties of a dinucleosome transcription template. The al-

terations in accessibility of the mononucleosomal structures
incorporating the Sin mutants R116-H and T118-I of histone
H3 to MNase and DNase I are consistent with the in vitro
activities of the SWI/SNF complex and related proteins (15, 20,

FIG. 7. Influence of Sin mutation of histone H3 on nucleosome mobility and transcription of nucleosomal templates. (A) Gel shift assay. A DNA fragment (424
bp) which contain a tandem repeat of 5S DNA was prepared from plasmid DNA (pX5S 197-2) by XbaI and XhoI digestion. Nucleosomes were reconstituted with
XbaI-XhoI fragments (5 mg) and various amounts of core histones (5, 7.5, and 10 mg) by the salt dialysis method and analyzed by 0.7% agarose gel electrophoresis. Lane
1, naked DNA; lanes 2 to 4, nucleosomes containing recombinant wild-type (WT) histones H3 and H4; lanes 5 to 7, 8 to 10, 11 to 13, and 14 to 16, nucleosomes
containing mutant histone H3 proteins E105-K, R116-H, T118-I, and R116,T118-A, respectively. (B) Reconstituted nucleosomes such that one histone octamer should
bind per 180 bp were subjected to 5 to 20% sucrose gradient centrifugation for 19 h at 4°C. The fractions were analyzed by 0.7% agarose gel electrophoresis. The
numbers below the panels indicate fraction numbers from the bottom of the gradient. (C) Nucleosomes were reconstituted with the XbaI-XhoI fragments. Nucleosomal
samples were used as templates for transcription in an extract from Xenopus oocyte nuclei. Transcripts were analyzed by denaturating 6% polyacrylamide gel
electrophoresis and quantitated with a PhosphorImager. Lane 1, transcription from naked DNA; lanes 2 to 6, transcriptions from nucleosomal DNAs which contain
wild-type protein and mutant histone H3 proteins E105-K, R116-H, T118-I, and R116,T118-A, respectively. The data are shown as a bar graph, using radiolabeled DNA
as an internal control. Error bars are shown. The transcriptional activity of the naked DNA template is taken as 100%.

FIG. 6. Hydroxyl radical footprints of nucleosome core particles that include Sin mutant histone H3 proteins. Mononucleosomes were reconstituted and used for
hydroxyl radical footprinting as described in Materials and Methods. Nucleosomal DNAs were isolated and analyzed by denaturing 8% polyacrylamide gel electro-
phoresis. (A) Autoradiograph of DNA fragments generated by hydroxyl radical cleavage. Lanes 1 to 3, footprints of nucleosomes containing mutant histone H3 proteins
T118-I, R116-H, and E105-, respectively; lanes 4 and 5, footprints of nucleosomes containing wild-type (WT) recombinant and chicken histones, respectively; lane 6,
naked DNA; lane 7, MspI digest of pBR322 (M). (B) Densitometric analysis of the hydroxyl radical cleavage pattern of wild-type and mutant core particles. The position
of nucleosomal dyad and the peaks in the DNase I cleavage pattern are indicated (arrowheads for all scans except the dots for R116-H). Peaks are numbered relative
to the start site of transcription of the 5S RNA gene at position 11. Thick arrow is 5S RNA gene; the thick bar above the scans indicates the region of reduced
modulation of hydroxyl radical cleavage for the R116-H Sin mutant. (C and D) As in panels A and B except that wild-type chicken core histones were used to
reconstitute distinct histone-DNA complexes. (C) Hydroxyl radical cleavage of naked DNA (lane 2) and cleavage of DNA associated with either a complete histone
octamer (lane 3), a histone tetramer (lane 4), or histone dimers (lane 5) bound to the 5S DNA. (D) Densitometer scans of selected lanes of hydroxyl radical cleavage
patterns of 5S DNA bound by either a histone octamer or a histone tetramer as indicated. The locations of the TFIIIA binding site and the most important region for
contacts to DNA by TFIIIA are indicated by a solid bar and a hatched box, respectively.
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FIG. 8. DNase I footprinting of TBP/TFIIA interaction with nucleosomal DNA. DNA fragments that include a TATA box at position 273 or 113 relative to the
start site of transcription of the 5S RNA gene at position 11 were prepared by XbaI-ScaI digestion of the plasmid DNA p5S (10 edge) and p5S (10 dyad) (32) (E).
The XbaI site was labeled by the Klenow fragment, and the aforementioned fragment of 180 bp used as a substrate for nucleosome reconstitution. Then 200 ng of
nucleosomes containing 1.6 nM labeled DNA was incubated with various amounts of TBP (100, 200, and 400 nM) in the presence of stoichiometric amounts of TFIIA.
After 10 min of incubation at 30°C, samples were treated with 80 ng of DNase I for 2 min at 30°C (unless indicated otherwise), and nucleosomal DNAs were extracted
by phenol-chloroform. Purified DNA samples were separated by denaturating 8% polyacrylamide gel electrophoresis. (A) DNase I footprinting of TBP interaction with
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50, 84, 85). SWI/SNF directs the loss of rotational positioning
of DNA on the nucleosome surface as detected using DNase I
in vitro, and in vivo results indicate a role for SWI/SNF in
increasing MNase access to nucleosomal DNA (42). These two
effects are associated with an increase in transcription factor
access to nucleosomal DNA (20, 50, 85). We next investigated
whether the incorporation of the Sin mutants of H3 into a
defined dinucleosomal template would relieve basal transcrip-
tional repression. We made use of the transcriptional machin-
ery for RNA polymerase III, because there is no known tar-
geting of chromatin disruption directed by transcription factors
required for 5S rRNA gene transcription (103). This is in
contrast to the situation with the RNA polymerase II transcrip-
tional machinery, where TAFII250 has acetyltransferase activ-
ity (59).

Two tandemly reiterated X. borealis somatic 5S rRNA genes
were used to define the structural properties of a dinucleoso-
mal template and to examine the functional consequences of
the assembly of different nucleosomal structures. In earlier
work, we have defined the repression of 5S rRNA gene tran-
scription due to core histones alone (87), the repression due to
the incorporation of histone H1, HMG1, and other types of
linker histone into the nucleosome (87, 88), and the conse-
quences for transcription of acetylating the core histones in the
presence or absence of H1 (89). Our experimental strategy to
examine the effects of the Sin mutant forms of H3 was to
reconstitute the 424-bp DNA fragment containing the two 5S
rRNA genes with increasing masses of core histones (including
the mutant H3). Agarose gel retardation experiments indi-
cated the assembly of mixtures of mono-, di-, and trinucleo-
somes (Fig. 7A). Comparable levels of histone-DNA associa-
tion were obtained for all Sin mutants, the H3 double mutant,
and wild-type core histones. We next attempted to resolve a
homogeneous population of dinucleosomes from mononucleo-
somes on sucrose gradients before using these as templates for
in vitro transcription reactions (Fig. 7B; reference 87). Al-
though this can be successfully achieved for the wild-type his-
tones (Fig. 7B, wild type, fractions 16 and 18), we failed for all
preparations of dinucleosomes containing mutant H3 except
for T118-I (Fig. 7B, T118-I). The failure to recover assembled
dinucleosomes with most of the H3 mutants is currently not
understood. As discussed below, we have excluded differences
in mobility or translational position of the histone octamer
relative to DNA sequence as an explanation. Since we could
not use our established approach (87, 89), our next experiment
then focused on samples that were predominantly mononu-
cleosomal (Fig. 7A, lanes 2, 5, 8, 11, and 14) but that also
contained a small quantity of dinucleosomes.

We examined whether the histone octamers reconstituted

with the wild type, the Sin mutant R116-H, or the H3 double
mutant R116,T118-A had similar positioning and mobility on
the 424-bp DNA fragment. Histone octamers alone can adopt
a number of translational positions along a DNA sequence
spaced by helical turns of DNA (i.e., 10- to 11-bp intervals) (23,
57). Bradbury and colleagues have determined, using two-
dimensional nucleoprotein electrophoresis, that this spacing is
also indicative of mobile nucleosomes (58). To assess nucleo-
some positioning and mobility, we made use of the differential
resolution of nucleoprotein complexes on nondenaturing poly-
acrylamide gels dependent on the conformation of the histone-
DNA complex (58). A single histone octamer associated with a
424-bp DNA fragment can be resolved into multiple complexes
on a single dimension of electrophoresis dependent on the
translational position of the histone octamer along the DNA
fragment. These different translational positions were compa-
rable for all three types of mononucleosomes containing either
the wild type, Sin mutant R116-H, or the H3 double mutant
R116,T118-A (data not shown). If the octamer changes posi-
tion during a 1-h incubation at 4 or 37°C prior to a second
dimension of electrophoresis, then this will be detected by the
appearance of a nucleoprotein complex that migrates at a
position away from a simple diagonal. If no mobility occurs,
everything will remain on the diagonal between the common
point of origin of electrophoresis for both first and second
dimensions and naked DNA. Nucleosome mobility is temper-
ature dependent; more nucleoprotein complexes migrate off
the diagonal at 37°C than at 4°C. In fact, under the conditions
used in our experiment, practically all of the complexes mi-
grate off the diagonal. Both the Sin mutant R116-H and the H3
double mutant assemble mononucleosomes which are similar
in positioning and mobility to wild-type nucleosomes on the 5S
DNA fragment (data not shown).

Finally, we used these nucleosome preparations to examine
the efficiency with which 5S rRNA gene transcription was re-
pressed. The assembly of the 424-bp DNA fragment into a
mononucleosome by using wild-type histones will repress tran-
scription relative to naked DNA by approximately 50% (Fig.
7C; references 87 and 89). We find that the inclusion of the Sin
mutants or of the double mutant of H3 leads to a moderate
relief of transcriptional repression to 75% of full transcription
levels at best for the double mutant R116,T118-A (the histo-
gram shows 5S RNA levels relative to 5S DNA input). There-
fore, the Sin mutants do not in isolation completely relieve
core histone-mediated transcriptional repression of RNA poly-
merase III transcription.

Influence of Sin mutants on the access of TBP/TFIIA to the
TATA box within a positioned nucleosome. In earlier work, we
(32) and others (43) have investigated the influence of nucleo-

nucleosomes containing the TATA box at the edge (273). Lane 1, MspI digest of pBR322 (M); lanes 2 and 3, naked DNA without and with TBP/TFIIA, respectively;
lanes 4 to 7 and 8 to 11, are wild-type (WT) nucleosomes and nucleosomes containing mutant histone H3 (R116-H), respectively. Concentrations of TBP/TFIIA are
0 nM (lanes 4 and 8), 100 nM (lanes 5 and 9), 200 nM (lanes 6 and 10), and 400 nM (lanes 7 and 11). Lanes 12 to 14, footprints of hydroxyl radical cleavage of the
nucleosomes used in this study. Arrows indicate the peaks of hydroxy radical cleavage, and the bold arrow indicates nucleosomal dyad. (B) Lanes 1 to 3 are as in panel
A; lanes 4 to 6 and 7 to 9 show footprinting of TBP/TFIIA bound to wild-type nucleosome and nucleosomes containing mutant histone H3 (R116-H). Concentrations
of TBP/TFIIA are 0 nM (lanes 4 and 7), 100 nM (lanes 5 and 8), and 200 nM (lanes 6 and 9). The concentration of DNase I is half of that used for panel A (i.e., 40
ng of DNase I for 2 min at 30°C). (C) DNase I footprinting of TBP/TFIIA interaction with nucleosomes containing Sin mutant histone H3 proteins. DNA fragments
were the same as panel A, and nucleosomes were reconstituted with mutant histone H3 proteins. Lane 1, MspI digest of pBR322; lanes 2 and 4, DNase I cleavage
patterns of naked DNA and wild-type nucleosomes, respectively; lanes 6, 8, 10, and 12, nucleosomes containing histone H3 mutants E105-K, R116-H, T118-I, and
R116,T118-A, respectively; lanes 3, 5, 7, 9, 11, and 13, DNase I cleavage patterns of naked DNA, wild-type nucleosomes, and E105-K, R116-H, T118-I, and
R116,T118-A nucleosomes in the presence of TBP (400 nM). (D) DNase I footprinting of TBP/TFIIA interaction with nucleosomes containing TATA box at the
nucleosomal dyad (113). Lane 1, MspI digest of pBR322; lanes 2 and 3, naked DNA without and with TBP/TFIIA, respectively; lanes 4 to 7 and 8 to 11, wild-type
nucleosomes and nucleosomes containing mutant histone H3 (R116-H), respectively. Concentrations of TBP/TFIIA are 0 nM (lanes 4 and 8), 100 nM (lanes 5 and 9),
200 nM (lanes 6 and 10), and 500 nM (lanes 7 and 11). Lanes 12 to 14, footprints of hydroxyl radical cleavage of the nucleosomes used in this study. Arrows indicate
the peaks of hydroxyl radical cleavage, and the bold arrow indicates nucleosomal dyad. (E) Locations of TATA baxes and sites for restriction endonucleases relative
to the 5S DNA. The ellipse indicates a position of the nucleosome, and the thick arrow indicates 5S DNA. (F) Densitometric scans of the indicated gel lanes from panel
D in the vicinity of the TATA box positioned at the nucleosomal dyad.
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some assembly and histone modification on the binding of
TBP/TFIIA to nucleosomal DNA. TBP/TFIIA would not bind
to nucleosomal DNA in a wide range of translational and
rotational settings of DNA relative to the histone octamer, if
the histones were unmodified and no other activities were
present. TBP/TFIIA could bind to the TATA box within a
nucleosome in the presence of the mammalian SWI/SNF com-
plex if the TATA box was present in one defined rotational and
translational position relative to the dyad axis of the nucleo-
some (43). This exact position was also reported to allow TBP/
TFIIA to bind if the core histones were hyperacetylated (43).
The requirement for precise rotational positioning is surprising
considering that SWI/SNF treatment causes a loss of rotational
positioning of DNA in the presence of DNase I (20, 43, 50).
However, as we have shown, DNase I cleavage does not nec-
essarily reveal rotationally positioned DNA, because it has the
capacity to potentially disrupt that organization (compare Fig.
4 and 6). Removal of the histone tails using trypsin did not
allow TBP/TFIIA association with the TATA box within a
nucleosome at any rotational or translational position (32).
Normally tryptic removal of the histone tails improves tran-
scription factor access to nucleosomal DNA in a very similar
way to histone hyperacetylation (55, 91, 92).

We assembled the TATA box into a positioned nucleosome
at two different translational positions at the very edge and at
the dyad axis (Fig. 8E). We have described the assays for
translational positioning of the histone octamer with respect to
DNA sequence in earlier work (32). Nucleosomes were assem-
bled by using either wild-type histones, the Sin mutants, or the
H3 double mutant. Hydroxyl radical cleavage was used to con-
firm nucleosome assembly (Fig. 8A, lanes 12 to 14; Fig. 8D,
lanes 12 to 14). We then made use of the DNase I footprinting
methodology and elevated TBP/TFIIA concentrations (43) to
assay the access of TBP/TFIIA to nucleosomal DNA (Fig. 8A
and B). Note that these conditions do not allow resolution of
nucleoprotein complexes by gel shift methodologies. These
high concentrations allow TBP/TFIIA to partially overcome
repressive influences of the core histone tails on binding to
nucleosomal DNA at the very edge of the nucleosome (refer-
ence 32; Fig. 8A and B). This could be due either to TBP
displacing histones from the octamer surface or to a change in
translational positioning of the histone octamer with respect to
DNA sequence. We do not distinguish between these two
possibilities here. We find that for the wild-type histone H3,
the Sin mutants of histone H3, and the H3 double mutant,
TBP/TFIIA can bind to nucleosomal DNA under these con-
ditions at the very edge of the nucleosome with comparable
efficiencies (Fig. 8A to C [different levels of DNase I digestion
were used]). The binding of TBP/TFIIA is also reduced to
comparable extents when the TATA box is close to the dyad
axis (Fig. 8D and E). Densitometric scanning of wild-type
nucleosomal DNA in the absence or presence of TBP/TFIIA
(Fig. 8D, lanes 4 and 7; Fig. 8F, two upper scans) suggests a low
level of occupancy (,30%); however, for nucleosomes con-
taining the Sin mutant R116-H, the binding of TBP/TFIIA
appears slightly improved (Fig. 8D, lanes 8 and 11; Fig. 8F, two
lower scans). Nevertheless, for nucleosomes containing either
wild-type or Sin mutant histone H3, the binding of TBP/TFIIA
at the dyad axis of the nucleosome remains much reduced
compared to naked DNA (Fig. 8D, lanes 2 and 3). Therefore,
we detect only minor differences in transcription factor acces-
sibility to DNA in nucleosomes containing the recombinant
wild type or Sin mutations in histone H3, using these purified
components in vitro.

DISCUSSION

The major conclusions from our work are that the Sin mu-
tants R116-H and T118-I assemble nucleosomes that have an
increased sensitivity to MNase (Fig. 3) and an altered sen-
sitivity to DNase I cleavage (Fig. 4). These observations are
consistent with the hypothesis that mutations in histone H3
leading to a Sin phenotype in yeast lead to nucleosome desta-
bilization (49, 70, 102). However, other Sin mutants (E106-K)
show little change in cleavage by DNase I and MNase follow-
ing assembly into nucleosome cores. Thus, additional molecu-
lar mechanisms aside from direct nucleosome destabilization
might contribute to SWI/SNF independence. Our results indi-
cate that although nucleosomal structures might assemble in
the presence of the Sin mutants of histone H3 (Fig. 2, 5, and 6),
the quality of histone-DNA interactions can be changed to a
variable extent, potentially over the entire nucleosome core.
These changes are insufficient in isolation to strongly facilitate
TBP/TFIIA binding to the TATA box at the dyad axis of a
positioned nucleosome (Fig. 8) or to completely alleviate the
transcriptional repression of nucleosomal templates (Fig. 7).
We suggest that other activities or events will be necessary to
further disrupt repressive histone-DNA interactions in order
for the SWI/SNF complex to facilitate recruitment of TBP/
TFIIA to the TATA box. These subsequent events might be
facilitated by certain of the Sin mutations such as E105-K to a
greater extent than others. The Sin mutations that create nu-
cleosomes with enhanced sensitivity to MNase and DNase I
(R116-H and T118-I) might labilize histone-DNA interactions
in a general manner in order to facilitate the activity of other
chromatin-disruptive agents, such as RNA polymerase II (29).
Alternative targeted histone acetylation might further facilitate
chromatin disruption by SWI/SNF (12). Future experiments
will explore this possibility.

Sin mutations of histone H3 and chromatin structure. The
Sin mutations of histone H3 cluster in the vicinity of one
b-bridge motif in the H3-H4 heterodimer (49). Due to the
juxtaposition of two H3-H4 heterodimers at the dyad axis of
the nucleosome (3, 4), the Sin mutations might be predicted to
disrupt histone-DNA interactions involving the central turn of
DNA at the dyad axis. However, whereas the assembly of
nucleosomes and the wrapping of DNA at the dyad axis of the
nucleosome are very similar in the presence or absence of the
Sin mutants of H3 (Fig. 5 and 6), in the presence of particular
Sin2 mutants, MNase readily digests DNA inside the nucleo-
some core (Fig. 3) and DNase I disrupts rotational positioning
of DNA over most of the nucleosome core (compare Fig. 4 and
6). Therefore, the observed transitions in nuclease sensitivity
can occur far from the dyad axis. How might this be accom-
plished?

The nucleosome core is held together by extensive protein-
protein and protein-DNA interactions; however, the integrity
of certain interactions is more important to the overall struc-
ture than the integrity of others. The nucleosome has a central
kernel of two H3-H4 heterodimers that form a stable tetramer
(16). These are the first histones to be sequestered onto DNA
during nucleosome assembly in vivo (106), and it is not until
120 bp of DNA is wrapped around the tetramer that two
(H2A-H2B) heterodimers can associate (37). The tetramer
recognizes intrinsic DNA structural features that direct nu-
cleosome positioning, and it makes contacts with DNA that are
remarkably resistant to physical perturbation (6, 22, 39). It is
also important to note that DNA at the very edge of the
nucleosome core might also be constrained by contacts with
the fourth N-terminal a-helix of histone H3 (71). Therefore,
the (H3-H4)2 tetramer might have the potential to associate
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with DNA at the entry and exit points of wrapping around the
histone octamer and directly influence the association of his-
tones H2A and H2B (74). Thus, the Sin mutations in histone
H3 might influence H2A-H2B sequestration, nucleosome po-
sitioning, and the stability with which the (H3-H4)2 tetramer
binds to DNA. Destabilization of histone H3-H4 interaction
with DNA at one point on the protein ramp on which DNA is
wound might have transmissible effects over the entire nucleo-
some core. Consistent with this proposal, the R116-H mutant
leads to the assembly of nucleosomes with minor changes in
DNA wrapping around the dyad axis, but with more significant
changes in the modulation of hydroxyl radical cleavage at the
periphery of the nucleosome, in the region known to be bound
by H2A and H2B (Fig. 6; reference 39).

Our results have interesting similarities to and differences
from an in vivo study by Wechser et al. (98) on the structural
consequences of Sin mutations of H4. These investigators
noted that the histone H4 mutants that give a Sin phenotype
cause an increase in the accessibility of chromatin to Dam
methyltransferase and MNase. Our results with MNase, indi-
cating increased access to nucleosomal DNA when the H3
mutants are assembled into nucleosomes in vitro are in agree-
ment with this conclusion (Fig. 3). Wechser et al. also con-
cluded that their H4 mutants were competent for nucleosome
assembly, but that the capacity of nucleosomes to constrain
supercoils in vivo was greatly reduced. We also observe nu-
cleosome assembly in assays using the H3 mutant in vitro (Fig.
6) and find that these nucleosomes constrain DNA comparably
to wild-type histones (Fig. 5B). The difference in topological
constraint of DNA within nucleosomes containing Sin mutant
core histones observed between our studies and those of
Wechser et al. might be due to the presence of additional
activities that can destabilize nucleosomes in the yeast nucleus,
or they might be due to additional sequence differences be-
tween yeast and metazoan core histones. An important point is
that there is substantial variation in the structural conse-
quences for nucleosomes in vitro of incorporating particular
mutants of H3 that generate a Sin phenotype. Thus, differences
between Sin mutant forms of H3 and H4 might be anticipated.

Sin mutations, SWI/SNF activity, and the transcription pro-
cess. The exact mechanisms by which the SWI/SNF complex
activates transcription remain unknown. The connection to
chromatin derives from the isolation of suppressors of muta-
tions of SWI/SNF components in yeast. These suppressors
include the gene SPT6 (62) mutations which are similar in
phenotype to mutations in H2A and H2B (19, 26), the gene
SIN1, which encodes a small hydrophilic HMG1 like protein
(48), and mutations in the genes for histones H3 and H4 (49).
Components of the SWI/SNF complex are important in direct-
ing alterations in chromatin structure around the upstream
activation sequence region and the TATA box of the SUC2
promoter that are independent of transcription itself (42). It
was further suggested that the SWI/SNF activators function by
removing or otherwise modifying nucleosomes to increase ac-
cessibility of the TATA box to TFIID. Consistent with this
hypothesis, nucleosomes assembled in vitro by using metazoan
histones can be disrupted by either the yeast SWI/SNF (20) or
related metazoan (43, 50) complexes. TBP/TFIIA can bind to
nucleosomal DNA at the dyad axis of the nucleosome core in
the presence of SWI/SNF (43). We find that the Sin mutations
of H3 assemble nucleosomes that wrap DNA at the dyad axis
like wild-type core histones; however, in certain mutants
(R116-H and T118-I), this constraint does not prevent DNase
I cutting nucleosomal DNA in a manner very similar to cleav-
age of naked DNA. Therefore, it is possible that DNase I can
displace DNA very easily from the dyad axis of certain nucleo-

somes containing Sin mutants of H3. However, we find only a
weak facilitation of TBP/TFIIA binding to DNA at the dyad
axis of the nucleosome following inclusion of Sin mutants of
H3 (Fig. 8D and F). We suggest that other activities, for ex-
ample, the RNA polymerase II holoenzyme or coactivator
complex (5, 12, 29), might be important in further facilitating
the association of the basal transcriptional machinery including
TBP with a nucleosomal template.

In humans, two proteins with homology to SWI/SNF com-
ponents are hbrm (or hSNF2a) and BRG1 (or hSNF2b); these
proteins possess amino-terminal proline- and glutamine-rich
regions which resemble transcriptional activation domains,
while the carboxyl-terminal regions contain a conserved bro-
modomain (47, 60, 61). The capacity of these proteins to in-
teract with other components of the transcriptional machinery
is shown by their capacity to activate transcription by transient
cotransfection assays that are largely independent of chroma-
tin-mediated effects (47, 61). The human BRG1 protein can
immunoprecipitate with antibodies against p300/CBP, and
p300/CBP can immunoprecipitate with TAFII250 (21). There-
fore, it is probable that histone acetyltransferases will also
contribute to chromatin disruption (12, 64, 108). Consistent
with this possibility, a distinct class of Sin mutations that exist
in yeast occur in Sin3p, a protein that has been suggested to
target the RPD3p histone deacetylase (83, 93, 94, 96, 97).
Histone acetylation might therefore provide a mechanism
complementary to the activity of the SWI/SNF complex in
directing chromatin disruption.
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