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ABSTRACT. The physical structure and the compact nature of the eukaryotic genome present a functional
barrier for any cellular process that requires access to the DNA. The linker histone H1 is intrinsically
involved in both the determination of and the stability of higher order chromatin structure. Because histone
H1 plays a pivotal role in the structure of chromatin, we investigated the effect of histone H1 on the
nucleosome remodeling activity of human SWI/SNF, an ATP-dependent chromatin remodeling complex.
The results from both DNase | digestion and restriction endonuclease accessibility assays indicate that
the presence of H1 partially inhibits the nucleosome remodeling activity of hSWI/SNF. Neither H1 bound
to the nucleosome nor free H1 affected the ATPase activity of hSWI/SNF, suggesting that the observed
inhibition of h\SWI/SNF nucleosome remodeling activity depends on the structure formed by the addition
of H1 to nucleosomes.

Eukaryotic DNA is structurally organized into chromatin. that alter the structure of chromatin. One class of these
The basic unit of chromatin is the nucleosome, which consists complexes uses the energy of ATP hydrolysis to alter
of DNA wrapped around an octamer of the core histone nucleosome structure (reviewed in r&snd12—16). The
proteins. Micrococcal nuclease digestion of histone H1 2 MDa yeast SWI/SNF complex is the prototype of the ATP-
depleted chromatin gives rise to the core particle, which is dependent chromatin remodeling complexes and is composed
defined as 146 base pairs (bp) of DNA wrapped 1.8 turns of 11 different polypeptide subunits; the ATPase activity is
around the octamer. The chromatosome contains, in additionconferred by the SWI2/SNF2 subunit?—20). The human
to the core histones, one molecule of histone H1 and an SWI/SNF (hSWI/SNF) complexes contain either the hBRM
additional 20 bp of DNAY). The packaging of cellular DNA  (hSNF2x) or the BRG1 (hSNF2) homologues of the yeast
into chromatin serves to compact the large genome into aSWI2/SNF2 ATPase subuni2{—23). Both in vitro and in
small volume; however, the tight packaging presents an vivo data suggest that SWI/SNF complexes affect transcrip-
obstacle to any cellular mechanism that requires access taional regulation by antagonizing chromatin-mediated repres-
the DNA. sion. In vitro, both the purified yeast and mammalian SWI/

Histone H1 plays a major role in the higher order structure SNF complexes use the energy of ATP hydrolysis to disrupt
of chromatin. It has been shown to be involved in chromatin nucleosome structure, facilitating the binding of transcription
compaction; however, the function of histone H1, even after factors or cleavage by restriction nucleases on both mono-
decades of research, is not completely understood (reviewechucleosomes1@, 24—26) and on nucleosome array27(
in refs 2—5). Generally, histone H1 has been viewed as a 28). Genetic studies in yeast have shown that ySWI/SNF is
protein that plays a repressive role in global transcription, required for the transcriptional induction of a subset of yeast
yet in some cases it also has been shown to selectively affecgenes and for the function of a variety of sequence-specific
transcription of specific genes (reviewed in réf and transcriptional activators in vivai2@—32). The hSWI/SNF
references cited therein). The exact position of H1 on the complex is likewise associated with gene activation in vivo.
nucleosome is controversial; it has been reported to occupyFor example, the hSWI/SNF complex is associated with the
different positions on different substrates (reviewed in refs hormone-bound glucocorticoid receptor (GR) and is required
4—7). Regardless of the exact location of H1 on the for GR-mediated gene activation and for GR-dependent
nucleosome, H1 has been shown to stabilize the nucleosome&hanges in chromatin structure in viv83j. Additionally,
by restricting the sliding of the DNA with respect to the core  hSWI/SNF proteins cooperate with CEB® induce specific
histones 8—11). myeloid gene expressior84) and facilitate the activation

Recently, there has been a considerable amount of effortof the hsp70 stress response geBs).(

to identify, purify, and characterize large protein complexes  one possible explanation for how cellular machinery gains

access to genomic DNA is for the nucleosomes to be
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the DNA (8—11), we investigated the effects that H1 has uL aliquot from the reaction and mixing it with 50L of

on hSWI/SNF nucleosome remodeling activity. All previous 1x TE containing 0.1ug/uL tRNA and 50uL of phenol/
studies investigating the remodeling of activity of SWI/SNF chloroform/isoamyl alcohol. Following extraction, the DNA
complexes have used substrates lacking histone H1. Wewas EtOH precipitated, dried, and then boiled iml5 of
hypothesized that the stabilizing effect of H1 might inhibit formamide before being electrophoresed on an 8% sequenc-
the chromatin remodeling activity of hSWI/SNF. To test this ing gel. The dried gel was exposed to a Molecular Dynamics
hypothesis, we assembled both nucleosomes and nucleophosphor screen. DNA size markers were created by digest-

somes with histone H1 (nucleosomeddl) using the same
DNA fragment and subjected them to hSWI/SNF-mediated
remodeling. Nucleosome remodeling activity was monitored

ing the end-labeled 216-dpcaR1/Ddd fragment of pXP10
with Hadll, EcaRV, andScd to produce bands of 22, 144,
110, and 153 bp.

using DNase | digestion and restriction enzyme accessibility DNase | Assay DNase | assays were performed as

assays. Our results demonstrate that nucleoseimds are
remodeled more slowly than nucleosomes lacking H1.

MATERIALS AND METHODS

Purification of Histone ProteinsChicken core particles
were prepared following a previously described procedure
(43). HeLa octamers and histone H1 were purified from

asynchronously growing HelLa cells as described previously

(44).

Purification of the hSWI/SNF ComplexSWI/SNF com-
plex A was purified from HeLa cells as previously described
(25, 45).

Nucleosome and NucleosomeH1 AssemblyPurified

previously described@) with minor alterations. The DNase
| reactions were incubated for 2 min with hSWI/SNF and
ATP and then for 3 min with DNase | at room temperature
before being stopped by addition of 80 of a mixture of
10 mM EDTA and 50 ng/L proteinase K (PNase K). The
stopped reactions were phenol/chloroform/isoamyl alcohol
extracted, EtOH precipitated, and dried, and the DNA pellet
was dissolved and boiled in4L of formamide containing
0.05% bromophenol blue dye. Samples were then loaded
onto an 8% sequencing gel and electrophoresed at 75 mA.
Antibody Inhibition The antibody inhibition reactions
followed previously described DNase | digestion assays (
The reaction components (buffer, salts, and hSWI/SNF) were
preincubated for 10 min with preimmune serumo@dRG1

DNA fragments were assembled into nucleosomes by saltpolyclonal antisera4g) prior to the addition of nucleosomes.

dilution after incubation with purified HeLa octamers or by

The reactions were then incubated for an additional 25 min,

exchange with purified chicken core particles as described gfter which time 0.2 unit of DNase | was added for 2 min.

previously @4, 46, 47). For Figure 3, theMlul—EcaRl
fragment of pTPGAL4HXh, a derivative of pTPT48) in
which theHindlll —Xhd fragment of pTPT was replaced by
an oligonucleotide containing a single GAL4 binding site,
was used. For all other experiments, a 2165gpRI—Ddd
fragment from pXP1049) was uniquely end labeled at the
EcadRl site using KlenowE. coli polymerase (NEB) and
[0-32P]dATP (NEN). Following removal of unincorporated
[0-32P]dATP via a Sephadex G-50 spin column, the DNA
was EtOH precipitated and dissolved in 4D of a 20 mM
Tris, pH 7.5/1 M NaCl mixture containing either 1@ of
chicken core particles or 82y of purified HeLa octamers

The reactions were stopped with EDTA and prepared for
electrophoresis as described above.

EcoRV Restriction Accessibility Assdwenty-one fem-
tomoles of nucleosomes was incubated in a;25total
volume containing 10 mM HEPES (pH 7.9), 3 mM Mg(Cl
2 mM CaC}, 15 mM KCI, 11 fmol of hSWI/SNF, and 20
units of EcoRV for 2 min prior to addition of 5uL of 20
mM ATP that started the remodeling reaction. Reactions
were timed and stopped at indicated time points by taking 4
uL of the reaction and mixing it with 50L of 10 mM EDTA
containing 0.Jug/uL tRNA. The samples were then extracted
with an equal volume of phenol/chloroform/isoamyl alcohol,

(quantified by Bradford assay using BSA as a standard) plusethanol precipitated, dried, dissolved inB of formamide

5 ug of Hadll-digested pUC19 DNA. Nucleosomes H1
were assembled in parallel with nucleosomes by adding
histone H1 during the dilution process when the NaCl

with dye, boiled for 5 min, and electrophoresed for 0.5 h at
150 V on 8 cmx 10 cm, denaturing 5% polyacrylamide gel
(29:1 bis 7 M urea). Band densities of no fewer than three

concentration of the reaction reached 0.6 M. The assembledseparate experiments were quantified using ImageQuant

nucleosomes and nucleosomes$il were purified from the
nonassembled material by sedimentation in a—3%%
glycerol gradient. Fractions of the glycerol gradient were
analyzed by electrophoresis on a 8.3BE/5% polyacryl-
amide gel (29:1 bis) for 30 min at 150 V. To demonstrate

software (Molecular Dynamics) and plotted using Excel
(Microsoft). Initial rates of the remodeling reactions were
determined by calculating the initial slope of a nonlinear
regression curve using the equatibr a(l — e fit to

the data withR? > 0.995 using SigmaPlot (SPSS Inc.) curve

that there was no proteolysis of any of the histone proteins fitting software.
during the assembly process, nucleosomes and nucleosomes ATPase AssayATPase assays were performed as de-

+ H1 were assembled, TCA precipitated, and electrophore-

sed on a 18% SDSpolyacrylamide gel at 35 mA for 1 h
(Figure 1B).

Micrococcal Nuclease DigestionMicrococcal nuclease
(MNase) digestions were performed by incubating 21 fmol
of nucleosomes or nucleosomes H1 in a 25uL total
volume of 10 mM Tris pH 7.5, 1 mM EDTA, 1.8% glycerol,
and 12ug/mL BSA with 2.5 or 5.0x 102 unit of MNase
(Worthington) for 1, 3, or 5 min. The reactions were started
by adding CaClto 5 mM and were stopped by taking a 4

scribed B0). The reactions were started by mixing kb

of 6.6 fmol of hSWI/SNF in 40 mM Tris, pH 8.0, 10 mM
MgCl,, 0.4 mM DTT, 0.2% Tween-20, 10% glycerol, 200
ug/mL BSA, 100uM ATP, and 10 nCijiL [y-3?P]ATP with
1.5uL of 96 nM cofactor and incubating at 3T for the
indicated amount of time. Cofactors were the 216=opRI1/

Ddéd fragment of pXP10 and nucleosomes and nucleosomes
+ H1 assembled with the same fragment. To achieve
concentrations of nucleosomes and nucleosoinétl that
were high enough to reach optimum levels of ATPase
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Ficure 1: (A) Diagram of theEcoRIl/Ddd fragment used to
assemble both nucleosomes (Nu) and nucleosearrtés (Nu+H1). .
The hashed box designates the location ofXleaopussS rDNA H :
coding sequence. (B) SB88% polyacrylamide gel of histones ié -
prior to assembly (Before) and following assembly and glycerol
gradient purification (After): H1 purified from asynchronously 27-|&
growing HelLa cells (lane 1), core histones from chicken erythrocyte

core particles (lane 2), assembled nucleosomes (Nu, lane 3), and ] ]
assembled nucleosomesH1 (Nu+H1, lane 4). (C) Native 5% FicurRe 2: MNase digestion of nucleosomes and nucleosotnes

polyacrylamide gel demonstrating that the assembled nucleosomedil. Nucleosomes (Nu) and nucleosomesH1 (NutH1) were
+ H1 have an Hl-dependent shift. digested with 0 (lanes 2 and 3), 251072 (lanes 4-9), or 5.0x

10738 (lanes 16-15) unit of MNase for 1, 3, or 5 min. Size markers
in bp (M) and nucleosome (Nu) and chromatosome (Ch) stops are

activity, both nucleosomes and nucleosomedl were not indicated.

gradignt purified prior to use in .this assay. Portions of the ¢omes will produce a DNA fragment of approximately 146
reactions were stopped by spotting @l8onto a TLC plate  p; and nucleosomes H1 will generate a DNA fragment
(PEI—ceI'Iquse F, EM Science). The TL'C plate was devel- ihatis approximately 20 bp longet, (51). Digestion of our
oped using 0.75 M KkPQ,, pH 3.5, liquid phase and  gqsembled nucleosomes with MNase produced products that
exposed to a phosphor screen for visualization and qua”t"migrate between the 144- and 153-bp markers while the
tation. products from the digestion of nucleosoméd1 were about
RESULTS 20 bp longer. These results are in complete agreement with
a previous report that used the same DNA substrate (
Nucleosomes were assembled on a 216-bp DNA fragmentWe note that the nucleosomes digested with MNase produce
containing axXenopus5S rDNA coding sequencesl) by a minor stop at a position that corresponds to the same
the salt dilution method (Figure 1A). NucleosomesH1 position as the “chromatosome stop®166 bp). By increas-
were assembled in parallel reactions by adding purified HeLaing the time of digestion this minor nucleosome stop
histone H1 during the assembly process (Figure 1B). To diminishes concomitantly with the appearance of the nu-
demonstrate that the relative histone concentrations of cleosome stop~146 bp). In contrast, digestion of nucleo-
assembled nucleosomes and nucleosomEd were correct  some + H1 samples over the same time frame yields
and that there was no proteolytic digestion of the histone predominately the chromatosome stop band~df66 bp.
proteins during the nucleosome assembly reaction, theTogether, the results from the MNase stop assay and mobility
purified histone proteins used in the assembly reaction asshift assay indicate that H1 is properly incorporated onto
well as equal amounts of nucleosomes and nucleosames the nucleosomes.
H1 after glycerol gradient purification were electrophoresed  The chromatin remodeling activity of SWI/SNF complexes
on an 18% SDS gel (Figure 1B). Both nucleosomes and is commonly demonstrated by a DNase | accessibility assay,
nucleosomest H1 were purified from the nonassembled in which rotationally phased nucleosomes are digested with
material on 5%-30% glycerol gradients. To demonstrate the DNase | in the presence or absence of SWI/SN§ @4,
formation of both nucleosomes and nucleosomds1, the 25). Naked DNA is cleaved by DNase | in more or less a
peak fractions of the glycerol gradient were electrophoresedrandom fashion; however, DNA that is bound to a surface,
on a 5% native polyacrylamide gel (Figure 1C). The such as the core histones of a nucleosome, is partially
nucleosomes- H1 migrated more slowly than the nucleo- protected from cleavage due to the exclusion of the DNase
somes in the gel, which is indicative of a histone H1-bound I. The 10-bp twist of DNA in the nucleosome produces a
nucleosomel). To further demonstrate that H1 was incor- structure where the DNA is protected from the DNase | every
porated into the nucleosomes, we performed miccrococal10 bp; therefore, DNase | will digest a population of
nuclease (MNase) stop assays (Figure 2). Nucleosomes andotationally phased nucleosomes to give a 10-bp periodic
nucleosomes- H1 were digested with MNase for increasing cleavage pattern. Any alterations to the position of the DNA
amounts of time. MNase readily digests DNA that is not relative to the core histones in a nucleosome will be visually
protected by the histone proteins; thus, the digested nucleo-detectable as an alteration in the 10-bp cleavage pattern; the
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«BRGl---- - + amounts of hSWI/SNF in the presence or absence of ATP
BRGI PI- - - - + - (Figure 4). In the absence of ATP or hSWI/SNF the patterns
hSWI!il}lrg- iy of DNase | digestion on nucleosomes and nucleosoines
bt H1 were identical, indicating that the addition of H1 to the
nucleosome did not alter the rotational phasing or the
translational position of the nucleosomal DNA (Figure 4,
compare lanes-14). This observation is in agreement with
those who have used théenopussS coding sequence to
position nucleosomes{, 52) and those who have used a
different DNA sequence5@, 54). The control lanes also
indicated that h\SWI/SNF, in the absence of ATP, was unable
to disrupt nucleosomes or nucleosomesdl (lanes 3 and
- 4). In the presence of ATP, hSWI/SNF was able to disrupt
”* both the nucleosomes and nucleosomebil although to
Ss © different degrees. The differences in remodeling appear as
more intense DNase | cleavage patterns in the nucleosome
lanes when compared to the nucleosomil lanes (Figure
4, compare nucleosome lanes®to the nucleosome H1
lanes 9-11). In the experiment shown in Figure 4, the
remodeling reactions were stopped after 3 min to capture
the most visible difference in remodeling between nucleo-
somes and nucleosomegsH1. Increasing the reaction time
N12345 allowed remodeling of nucleosomes and nucleosetrél
Ficure 3: hSWI/SNF remodeling activity is inhibited by prein- tc-) proceed to Completlon’ which made visualization of the
cubation withaBRG1 antisera. Rotationally phased nucleosomes dlffer(_ances more difficult (data _not shown). To demonstrate
were subjected to DNase | digestion. Rotationally phased nucleo- the differences between the digestion patterns for nucleo-
somes (lane 1) were mixed with ATP alone (lane 2) or with ATP  somes and nucleosomésH1 more clearly, lanes 8 and 11
and hSWI/SNF (lane 3). Reactions in lanes 4 and 5 were were scanned and the plots overlaid. It is apparent from the
preincubated with preimmune antisera (BRG1 P, lane 4BRG1 overlaid scans that the areas under the peaks produced from
antisera (lane 5). N is naked DNA. DNase | digestion of nucleosomes are greater than those from
DNase | digestion pattern changes to a more naked DNA- nucleosomet H1 (marked by arrows). Scans of lanes 6, 7,
like digestion pattern. 9, and 10 were also prepared, and the respective bands were
The hSWI/SNF complex was partially purified from HeLa overlaid and compared as described; the results were similar
cell extracts using published protocol®5). Whether the  except that the peak areas were smaller due to the diminished
nucleosome remodeling activity was due to a BRG1 or band density (data not shown).
hBRM based complex was not determined previougH; ( Qualitative changes in the remodeling activity of hSWI/
25, 45). We performed antibody inhibition reactions to SNF can be readily monitored by DNase | digestion assays;
demonstrate that the nucleosome remodeling activity presenthowever, quantitative differences in the remodeling activity
in hSWI/SNF fraction A contains BRG1 (Figure 3). DNase of hSWI/SNF are more difficult to demonstrate by the DNase
| reactions containing hSWI/SNF were preincubated for 10 | assay. To more rigorously determine the difference in the
min with either preimmune sera @BRGL1 antisera. The  ability of hSWI/SNF to remodel nucleosomes and nucleo-
results show a difference in the DNase | digestion pattern some+ H1, we used a restriction accessibility assay that
between naked DNA, nucleosomal DNA (lanel), and makes use of the uniquecoRV restriction site inside the
disrupted nucleosomes (lane 3). The 10-bp cleavage patterrb5S rDNA coding sequence of the template (Figure 1A). Our
of the rotationally phased nucleosomes essentially remainedinitial experiments demonstrated tHatoRV was occluded
unchanged when hSWI/SNF was preincubated wBRG1 from its restriction site but that the site became more
antisera (lane 5) but was disrupted when hSWI/SNF was accessible for cleavage with the addition of hSWI/SNF and
preincubated with preimmune sera (lane 4). These resultsATP to the reaction (data not shown and Figure 5B).
demonstrate that, even though the hSWI/SNF fraction is not Subsequently, nucleosomes and nucleoseméll were
homogeneous, the nucleosome disruption activity present inincubated withEcaRV and hSWI/SNF in the absence or
hSWI/SNF fraction A is predominantly the result of com- presence of ATP for increasing amounts of time (Figure 5).
plexes containing the BRG1 ATPase subunit. The full-length and digested DNA products were separated
Several different ATP-dependent chromatin remodeling on a 5% denaturing polyacrylamide gel (Figure 5A). The
complexes have been shown to promote nucleosome mobilityresults show that the 110-bp restriction product accumulates
on DNA (39—-42). In contrast, histone H1 has been shown faster in the gel where nucleosomes (middle gel) were
to stabilize the nucleosome structure by suppressing thedigested when compared to the gel where nucleostriid
translational sliding of nucleosomal DNA relative to the core were digested (bottom gel), indicating that tReoRV
histones 8—11). Thus it seems possible that histone H1 restriction site becomes available more rapidly on the
might stabilize the nucleosome and interfere with hSWI/SNF- nucleosome substrate than it does on the nucleosbridé
mediated chromatin remodeling. To test this hypothesis, substrate. This experiment demonstrates that the presence
nucleosomes and nucleosomeésH1 were subjected to  of histone H1 inhibits the rate at which hSWI/SNF can
DNase | digestion after being incubated with increasing remodel the nucleosomes to make HwRYV site accessible.
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Ficure 4: H1 partially inhibits hSWI/SNF-mediated nucleosome remodeling demonstrated by DNase | digestion of rotationally phased
nucleosomes and nucleosomedil. Nucleosomes (Nu) and nucleosome$il (Nu+H1) were digested with DNase | in the presence of
increasing concentrations of hSWI/SNF (lanesl@). The molar ratio of substrate to hSWI/SNF used was 4:1, 2:1, and 1:1 in lai&s 6

and 9-11, respectively. DNase | digestion patterns of rotationally phased nucleosomes exhibit a characteristic 10 bp repea#jlanes 1
when compared to digested naked DNA (N, lane 5). To quantify the differences in DNase | digestion between Nu-gidd $dans of

lanes 8 (dotted) and 11 (solid) were overlaid. For control experiments, both Nu ahHNwere digested with DNase | without ATP or
hSWI/SNF (lanes 4).
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Ficure 5: EcARV endonuclease accessibility assay demonstrates that chromatosomes are remodeled more slowly than are nucleosomes.
(A) Nucleosomes (Nu) and nucleosomesH1 (Nut+H1) were incubated witlEcaRV in the presence of a 2:1 molar ratio to hSWI/SNF

for the time indicated. The 110 bp cleaved product (P) was separated from the 216 bp substrate on a denaturing 6% polyacrylamide gel.
(B) The band intensities of the full-length DNA (FL) and the product (P) were quantified and plotted. Control experiments include the
digestion of naked DNA and reactions with no hSWI/SNF.
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To determine the difference in the remodeling rates, the bandratio of substrate to hSWI/SNF. Calculating the rates on a
densities of the full-length and digested products of no fewer mole basis, one hSWI/SNF complex can remodel one
than three separate experiments were quantified and plottechucleosome every 5.2 min or one nucleosomell every
(Figure 5B). The initial rates of the remodeling reactions 10.9 min. Control experiments demonstrated thatRV
were determined by fitting the data with a nonlinear digested naked DNA completely in less than 3 min, while
regression curve and calculating the initial slope of that curve. in the absence of hSWI/SNF or ATP the nucleosomes and
The initial slopes indicated that hSWI/SNF remodels 10% nucleosomet H1 were not digested to any great extent; the
of the nucleosomes in the reaction every minute. The EcoRV site on both substrates became accessible at a rate
nucleosomest H1 are remodeled more than 2-fold less of 0.3% of the substrate in the reaction per minute (Figure
efficiently, with only 4.8% of the nucleosomesH1 being 5B and data not shown). The difference in the remodeling
remodeled per minute. In our reactions there was a 2:1 molarrates between the nucleosomes and nucleosbit# implies
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A) activity of hSWI/SNF to the same degree as naked DNA.
Furthermore, H1 added exogenously to the nucleosome-
20% stimulated reaction had no effect (Figure 6B). In all of the
18% { | oo ey D experiments shown, we used reactions containing 48 nM
cofactor because this was the lowest concentration of cofactor
needed to maximally stimulate the ATPase activity of hSWI/
SNF. Lower concentrations of cofactors (from 24 to 1 nM)
gave comparable results, though the rates of ATP hydrolysis
were diminished (data not shown). These results indicate that
M H1 incorporated into a nucleosome or free in the reaction
6% 1 e did not inhibit the ability of hSWI/SNF to hydrolyze ATP.
4% 4 This strongly suggests that the inhibition of remodeling
monitored in the previous assays is due to the structure that
H1 confers to the nucleosome.

Minutes DISCUSSION

B) The structure of chromatin is a barrier for any cellular
process that requires access to genomic DNA. Large protein
complexes can use the energy of ATP hydrolysis to disrupt

1 o e chromatin structure3( 12, 13, 15, 16) and may function by

6% ] | loosening the historeDNA contacts. Loss of these contacts

14% 4 |-o-No swsr might then make the nucleosomes more mobdg—-42).

One antagonist to nucleosome mobility is the linker histone

H1 (8—11). We have demonstrated by both DNase | and

. restriction enzyme accessibility assays that the hSWI/SNF

— * chromatin remodeling activity is reduced on nucleosomes

6% 1 KX 5 - that contain H1. Because the presence of histone H1 is the

4% 4 only difference between the two substrates and because H1

29 does not inhibit the ATPase activity of hSWI/SNF, we

. ; . . . . postulate that addition of H1 to the nucleosome forms a

0 5 10 15 20 25 30 35 structure that is more resilient to the remodeling activity of

Minutes hSWI/SNF.

FIGURE 6. Histone H1 incorporated into a nucleosome or free in ~ The observation that hSWI/SNF hydrolyzes ATP at the

solution does not inhibit the ATPase activity of hSWI/SNF. (A) same rate in the presence of either nucleosomes or nucleo-

DNA alone (open triangle) stimulates ATP hydrolysis. Addition  ¢qmest H1 yet remodels nucleosomesH1 more slowly

of free H1 (filled triangle) to the reaction does not affect the rate. -
Neither H1 alone (open diamond) nor histone octamer3 ( than nucleosomes suggests that ATP hydrolysis may be

stimulate the rate of ATP hydrolysis above the basal lexalfor functionally uncoupled from the remodeling of chromatin
hSWI/SNF. (B) Nucleosomes (open triangle) stimulate ATP hy- structure. Thus the stimulation of ATPase activity is appar-
drolysis by hSWI/SNF; however, H1 added exogenously to the ently insensitive to the addition of H1 even though the
[ﬁgﬁg?er; (C‘;'(')"Zg sn%lt‘?;i)”;{ ?ﬁ:ig}g'i‘? X‘_}?Dn#;é?g;gﬁfﬂ (filled presence of H1 partially inhibits the consequence of the ATP
hydrolysis reaction. Observations uncoupling ATPase and
that histone H1 confers to the nucleosome some degree ofnucleosome remodeling activities have been made previously
stability against the remodeling activity of hSWI/SNF. for both yeast and human SWI/SNF complexes. Boyer et
It has been previously demonstrated that the remodelingal. found that the ATPase activity of yeast and human SWI/
activity of the hSWI/SNF complex relies on the hydrolysis SNF complexes, as well as of other classes of ATP-dependent
of ATP (25). It is plausible that the inhibition seen in the remodeling enzymes, could be stimulated by array templates
remodeling assays could be due to some interaction of H1assembled with H3H4 tetramers, yet these templates were
with the hSWI/SNF complex and have little to do with the inefficiently remodeled or not remodeled at ai6]. We
structure formed when H1 binds to a nucleosome. To assesgonclude that ATP hydrolysis by these enzymes, while
whether H1 alone can inhibit the activity of hSWI/SNF, we necessary for remodeling, is not necessarily sufficient to alter
analyzed the ATPase activity of the hSWI/SNF complex in all chromatin templates. The actual structure of the chromatin
the presence of different cofactors containing or lacking H1. template or the manner in which SWI/SNF binds to the
The ATPase activity of SWI/SNF family members from substrate appears to play a role as well.
different species can be stimulated with a variety of DNA  Our data indicate that hSWI/SNF remodels nucleosomes
cofactors 18, 25, 55). We determined that stimulation of + H1 at slightly less than half the rate that nucleosomes are
the ATPase activity of hSWI/SNF by linear DNA remained remodeled. Because histone H1 is a determinant of and
unaltered upon the addition of equal molar H1 (Figure 6A). promotes the formation of higher order chromatin structure
We also demonstrated that the ATPase activity of hSWI/ on nucleosomal arrayss{—59), the 2-fold inhibition of
SNF was not stimulated by core histones or histone H1 alone,hSWI/SNF activity observed on a mononucleosome template
since the rate of ATP hydrolysis in the presence of these might be additive or perhaps even further amplified on higher
proteins was identical to that of h\SWI/SNF alone. Addition order chromatin substrates. At present, we are unable to
of nucleosomes or nucleosomedHl stimulated the ATPase  analyze hSWI/SNF function on nucleosome arrays containing

—&—Linear DNA +H1
—+— Octamers
—=H1

14% 4 [<=No Cofactor
—O—No SWI/SNF

16% 9

12% 4
10% 4

8% 9

% ATP Hydrolyzed
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0%

% ATP Hydrolyzed
S
X
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linker histone due to the requirement of at least 2 mMPMg  containing chromatingg), perhaps suggesting that different
for hSWI/SNF activity (unpublished results) and the pro- classes of chromatin remodeling machines may require loss
pensity of nucleosomal arrays containing linker histone to or modification of linker histones in order to function.
oligomerize and condense in the presence ofM@&8). The alteration in chromatin structure observed in assays
Carruthers et al. reported that a 208-12 nucleosomal arraydeveloped to discern changes in chromatin structure due to
saturated with linker histone H5 sedimentec~d&7 S and ATP-dependent remodeling are all manifested as changes
condensed to a conformation-®80 nM in 0.65 mM MgCi. in the position of the DNA relative to the core histones. These
Bulk oligomerization of the template occurred at Mg  changes can be described as rotational or translational
concentrations beyond 0.65 mM8). Further advances in  changes of the DNA with respect to the core histones or a
techniques used to analyze hSWI/SNF function and/or change in the path as the DNA traverses the surface of the
assemble nucleosome arrays containing H1 in the presenceucleosome (reviewed in réP). As mentioned, H1 has been
of Mg?" will be necessary to test the effects of linker histone reported to inhibit the translational sliding of nucleosomal
on hSWI/SNF remodeling on multinucleosome templates. DNA on the histone core. Thus, this could be a possible

Our calculations indicate that each hSWI/SNF complex explanation for the inhibition of hSWI/SNF remodeling
can remodel a nucleosome every 5.2 min. This correlatesactivity that we have observed. It is also plausible that the
precisely with the previously reported rate of 4.5 min per mode of interaction between H1, the DNA, and the core
nucleosome that was determined for yeast SWI/SNF on anhistones prevents or inhibits the rotational changes in the
11-mer nucleosome array templa®¥) The striking similar- DNA with respect to the core histones or inhibits the DNA
ity in the nucleosome remodeling rate by yeast and humanfrom changing its path around the core. Regardless of the
SWI/SNF complexes suggests that these complexes act irmechanism used by hSWI/SNF to disrupt the nucleosome,
mechanistically similar ways. Previous data on both yeastwe have demonstrated that H1 inhibits the hSWI/SNF
and human SWI/SNF complexes have demonstrated qualitatemodeling activity. Further study to elucidate the function
tive similarities between the two in that both complexes can of H1 and its subtypes on mononucleosomes and higher order
alter the DNase | digestion pattern of rotationally phased chromatin substrates and how they function with respect to
mononucleosomes, stably maintain the altered pattern afterATP-dependent and independent chromatin remodeling
removal of ATP, alter the topology of chromatin assembled mechanisms will likely yield insight into how the cell
on closed circular DNA, and facilitate transcription factor controls and regulates the packaging of its genetic informa-
binding to nucleosomal DNA1Q, 24, 25, 42, 60). More tion.
recent studies comparing the activities of yeast and human
SWI/SNF on nucleosomal arrays directly demonstrate that ACKNOWLEDGMENT
ATPase and nucleosome remodeling rates of these complexes \ye thank K. Knight, C. Peterson, and members of the
are quantitatively similar, providing strong evidence that the peterson laboratory for discussion and comments.
mechanism by which ATP-dependent chromatin altering
disruption occurs is well conserve8§). REFERENCES
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