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ABSTRACT: The Mi-2 complex has been implicated in chromatin remodeling and transcriptional repression
associated with histone deacetylation. Here, we use a purified Mi-2 complex containing six components,
Mi-2, Mta 1-like, p66, RbAp48, RPD3, and MBD3, to investigate the capacity of this complex to destabilize
histone-DNA interactions and deacetylate core histones. The Mi-2 complex has ATPase activity that is
stimulated by nucleosomes but not by free histones or DNA. This nucleosomal ATPase is relatively
inefficient, yet is essential to facilitate both translational movement of histone octamers relative to DNA
and the efficient deacetylation of the core histones within a mononucleosome. Surprisingly, ATPase activity
had no effect on deacetylation of nucleosomal arrays.

Dynamic changes in chromatin structure are associatedment and disruption NRD/NURD complex that has been
with transcription, replication, recombination, and repair fractionated from mammalian cell2Z—24). The NRD/
(1—3). Two major classes of chromatin remodeling occur: NURD complex contains from 10 to 40 proteins in addition
those that are dependent on posttranslational modificationto Mi-2 (reviewed in ref25) including HDAC 1 and 2
of the histqneséo and those that are dependent on the activity andhomologues of RbAp48, Mta 1-like, and MBD&2¢-
of ATP-driven motors such as the DNA and RNA poly- 54y The NRD/NURD complex has been described as either
merases§, 6) and the SWI/SNF family of enzymeg, (8). requiring ATP hydrolysis for deacetylation of nucleosomal
The posttr:_;mslatlonal modifications 0fth¢_h|stones that OCCUr histones 22, 23) or not requiting ATP for chromatin
oo s s OESCEVIBIONZd) Thse dscrepancies may depend on

) bie, y heterogeneity of NRD/NURD preparations, on details of

with the assembly of nascent chromatin at the replication X ) :
fork (9, 10), histone acetyltransferase is a component of experimental protocols, or on the properties of the chromatin

elongating RNA polymerase ILQ), and histone deacetylase substrates themselves. We have investigated this issue using
is found associated with a member of the SWI/SNF family the purified Mi-2 complex and biochemically defined

of ATPases known as Mi-21Q). chromatin substrates.
The Mi-2 protein was initially characterized as an autoan-  To assay chromatin disruption, we made use of nucleo-
tigen in a human connective tissue disea%8, (L4). In some mobility assays26, 27). The ISWI nucleosomal

Xenopus lagis eggs the Mi-2 protein cofractionates with  ATPase will promote sliding of the histone octamer relative
five other protein componentdZ, 15). These include Mta o the DNA sequence either in isolation or as a component
1-like, a DNA binding protein 16) that is homologous to &  of the NURF or CHRAC complexe6, 27). This mobiliza-
tumor antigemmetastasisassociated protein 11, 18); p66, tion requires ATP hydrolysis presumably to direct the

gbs:rzlg- a\?vdD ng Ime-ncth prtot'elr;h OI_utnkno;Nn funﬁltlor;l; substantial destabilization of histonBNA contacts neces-
pao, a - repeat protein that nteracts speciiicaily sary to move the histone octamer relative to the double helix

with the histone-fold domain of H41@, 20); RPDS, the (28). To determine histone deacetylase activity, we have
Xenopusomologue of the histone deacetylases HDAC1 and . y Y,

2 (21): and MBD3, amethyl CpG binding domain protein made use of core histones that were specifically acetylated
(12, 15, 16). Since the initial characterization of the Mi-2 " the amino- (N-) terminal tails of histone H3 and/or H4,
complex (L2), numerous investigators have described the €ither as free histones or when incorporated into chromatin.
nucleosomal ATPase that uses the energy of ATP hydrolysis
h to mobilize histon mers relativ DNA an
* Corresponding author. Phone (301) 402-2722. Fax (301) 402-1323. bOt.. to mobilize histo .e octamers relat e.to . and to.
E-mail awime@helix.nih.gov. facilitate the deacetylation of nucleosomal histones in certain
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EXPERIMENTAL PROCEDURES acetylates lysine 14 of H3(), and recombinant p30@()

that predominantly acetylates lysines 14 and 18 of H3 and

. lysines 5 and 8 of H430). Reactions proceeded for 30 min

preparec! fronXenopugg extract as descr!belﬂ 15.16). at 30°C, were terminated by acid addition (hydrochloric plus

Recombinant ISWI was purified as describ@d)( acetic acid), extracted with ethyl acetate, and counted in a
Chromatin and Nucleosome Preparatidturified chicken jiquid scintillation counter. Released acetate is indicated in

erythrocyte histones were acetylated in vitro with various e figures. As indicated, acetylated recombinant histones

histone acetyltransferases as descrit®a] 80). Chromatin  \yere reconstituted into nucleosome cores and nucleosomal
and histone octamers were isolated from chicken nuclei aSarrays.

previously described3(, 32). Core particles were assembled
using the salt dialysis metho®3, 34). Reconstitutes were  RESULTS

digested with micrococcal nuclease, and core particles were 1, \i-2 Complex Is an Inefficient Nucleosomal ATPase
isolated via a sucrose gradieBb). These core particles were We purified the Mi-2 complex fromXenopuseggs as '
used for 'nucleosomal ATPase assays and for h|§t0ne reviously described (Experimental Procedures). The peak
deacetylation assays. Nuclesome arrays for these experimentss clepsomal ATPase and histone deacetylase activity
were assembled onto reiterated repeats ofLyiechinus ., rregponded to fraction 5 on a sucrose gradient (Figure
variegatusss rRNA gene (20&12) as previously _descnb_ed 1A,B). The Mi-2 complex in fraction 5 contained six
(36—38). Trypsinized chromatin was prepared by incubating . sentides, including two splice variants of MBD3 (Figure
trypsin beads (Sigma) W'th chlcker! chromatin fragments at 1B). We examined the ATPase activity of the Mi-2 complex
aratio of 10 mg of trypsin/1 mg of oligonucleosomes atroom g ound that it was stimulated by nucleosomes but not by
temperature. Aliquots were takgn at imes ranging from 10 ee pNA or by free histones (Figure 1C). To gain additional
to 120 min and checked on 18% SBBAGE. Preparative  jnqjgnt into the features of chromatin substrates that con-
reactions followed the trypsinization trials described above; tribute to stimulation of the ATPase activity of the Mi-2
reactions were stopped by the removal of beads by centrifu-njex e examined ATPase activity in the presence of
gation and addition of soybean trypsin inhibitor (Sigma) 10 5nonucleosomes and nucleosomal arrays with or without

a final concentration of 5ag/mL. removal of the histone amino termini by trypsin. We
For nucleosome mobility assays, a 250 bp fragment from ypserved that nucleosomal arrays2000 bp), like mono-
the Xenopusthyroid hormone receptgfA gene 89 was  pycleosomes, stimulated the ATPase activity of the Mi-2
reconstituted with histone octamers by salt dialysis as complex (Figure 1D). Further, this stimulation was insensi-
described §3, 34). Nucleosomes at distinct positions on the tjye to the presence of the core histone amino termini. Thus,
DNA fragment were then resolved by nondenaturing gel core histone tails do not play a significant role in stimulating
electrophoresis. Individual populations of positioned nucleo- ihe nucleosomal ATPase activity of the Mi-2 complex. The
somes were then eluted by the “crush and soak” methodologyp-termini of the core histones have been found to be
(26). necessary for the ATPase activity of NURF, a nucleosomal
Nucleosome Mobility and Positioning Assajsdividual  ATPase 42), but not for the ATPase activities of the yeast

populations of positioned nucleosomes were resolved usingSwI/SNF and RSC complexed3). As the SWI/SNF and
nondenaturing polyacrylamide gel electrophoresis. Nucleo- RSC complexes exhibit stimulation of ATPase activity by
some mobilization was performed at 3 for 40 minin  free DNA, the Mi-2 complex thus constitutes a third class
nucleosome mobilization buffer containing 10 mM HEPES, of chromatin ATPaseone stimulated by nucleosomes but
pH 7.5, 0.2 mM EDTA, 5% glycerol, and 2 mM Mg&l  not free DNA, which does not require histone tails. Con-
with 1 mM ATP or AMP-PNP added as indicated. Reactions sjderable evidence exists for the rearrangement of histone
were initiated by addition of 0:51 uL of the Mi-2 complex ~ DNA contacts upon the assembly of nucleosomal arrays
(100 ngkL) or recombinant ISWI (100 ngL). Following (44—49). In particular, the positions of the core histone
a 40 min incubation at 37C, remodeled nucleosomes were  amino- (N-) and carboxyl- (C-) termini rearrange during the
resolved on polyacrylamide gels. Individual octamer posi- folding of nucleosomal arrays into higher order structures
tions were mapped using micrococcal nuclease as previously(47, 50, 51). We observed a roughly 2-fold difference in
described §5). ATPase activity of the Mi-2 complex in the presence of
ATPase Assaydhe Mi-2 complex or recombinant ISWI  nucleosomal arrays as compared to mononucleosomes (Fig-
was incubated with[-*2P]JATP and purified chicken eryth-  ure 1D). This difference likely reflects a preference of the
rocyte mononucleosomes, salmon sperm DNA, or purified Mi-2 complex to associate with higher order chromatin
chicken erythrocyte core histones for 30 min at room structures. A comparable preference of the yeast histone

Mi-2 Complex Purification The Mi-2 complex was

temperature. Reactions were spotted on-Rigllulose thin- acetyltransferase GCN5 for nucleosomal arrays relative to
layer chromatography plates and developed. iM formic mononucleosomes has been demonstraiay (

acid and 0.5 M LiCl. ATP hydrolysis was quantitated using  We next undertook a kinetic analysis of ATPase activity

a phosphorimager with Image Quant Software. in the presence of nucleosomal arrays (Figure 1E). We

Histone Deacetylase Assaydistone deacetylase activity —observed a linear increase in ATP hydrolysis over the time
was measured by incubating the indicated amounts of thecourse of this experiment (30 min). The enzyme was
Mi-2 complex with core histones acetylated in vitro with saturated with respect to chromatin at approximately 12 ng
tritiated acetyl-coenzyme A and the recombinant acetyltrans- (DNA) per reactior-an approximate nucleosome concentra-
ferases indicated as described9)( We made use of tion of 10 nM. The slopes of the individual curves indicated
recombinant yeast Hatlp that acetylates lysines 5 and 12 ofincreasing reaction velocity with increasing chromatin con-
histone H4 40), recombinant PCAFQ) that predominantly  centration. We determined the apparent maximal velocity
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Ficure 1: The Mi-2 complex is a nucleosome-stimulated ATPase. (A) Cosedimentation of the ATPase and deacetylase activities of the
Mi-2 complex across a sucrose gradient. Aliquots of each fraction were assayed for ATPase and HDAC activity as described in Experimental
Procedures. (B) Polypeptide composition of ¥enopudVii-2 complex. The Coomassie-stained gel depicts the components of the purified
XenopusdMii-2 complex. Subunit identification by chemical and immunologic means has been described elsé& ke (C) The ATPase

activity of sucrose gradient fraction 5 was determined in the presence of nucleosomes (100 ng of DNA), free DNA (100 ng), or purified
core histones (100 ng). (D) Substrate specificity of Mi-2 ATPase. Equivalent masses of mononucleosomes, long chicken chromatin (depleted
of linker histones), and trypsinized long chromatin were titrated against a constant amount of the Mi-2 complex (100 ng). (E) Kinetic
analysis of Mi-2 ATPase activity. Long chicken chromatin (linker histone depleted) was used to stimulate ATPase activity of the Mi-2
complex (100 ng) in the amounts indicated in the graph. Reactions were stopped at the indicated points by spotting@liule&sd

plates.

(Vmaxy and Michaelis constantKg) using the double- The Mi-2 Complex Directs ATP-Dependent Translational
reciprocal plot method (not shown). Under our experimental Movement of Histone Octamershe requirement for ATP
conditions, these values indicated a fairly slow reaction rate to facilitate chromatin remodeling by the mammalian chro-
(Vmax = 8.5 fmol of ATP hydrolyzed per minute) but quite  matin remodeling complexes NRD and NURD is contro-
high-affinity interaction between the enzyme and chromatin versial 2—24). Since the Mi-2 complex is a nucleosomal
substrate Ky = 7 nM nucleosome). Further, calculation of ATPase, we wished to explore the functional consequence
the enzymatic turnover numbeKg: = 0.1 per minute) of this albeit inefficient ATP hydrolysis. An attractive assay
confirmed that even under optimal conditions the rate of ATP for the transient disruption of the histonBNA interaction
hydrolysis is less than one molecule per Mi-2 complex per is to monitor changes in histone octamer position or mobility
minute. This is less than one-tenth of the value obtained for on a defined DNA fragment36, 54, 55). The mobility of
the yeast ISWI complexe$38) and more than 100-fold less  histone octamers occurs spontaneously at@but can be
than the values obtained with yeast SWI/SNF or RSC facilitated by the action of an RNA polymerasB6] or
complexes 43). through the activity of the ISWI nucleosomal ATPagé,(

We concluded that theXenopusMi-2 complex is a 27). We examined whether the Mi-2 complex would direct
relatively inefficient ATPase under these reaction conditions. ATP-dependent repositioning of histone octamers.
This is consistent with the excess of Mi-2 complex over  We reconstituted a single histone octamer onto a 250 bp
nucleosomes required for optimal ATPase activation (Figure DNA fragment encoding the'BTR of the Xenopughyroid
1E). Earlier chromatin remodeling experiments using the hormone receptor TBA gene 89). We used nondenaturing
SWI/SNF and RSC complexes have demonstrated thegel electrophoresis to resolve mononucleosomes with the
requirement for equimolar amounts of complex to nucleo- histone octamer in four major translational positions (Figure
somes for optimal remodeling (43). 2A). Micrococcal nuclease was used to map the translational
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Ficure 2: Mapping of histone octamer positions on thefPRfragment. (A) Isolation of major mononucleosome species. Three uniquely
positioned mononucleosomes were purified by preparative gel electrophoresis and reanalyzed on an analytical gel (as in Figure 1A). (B)
Micrococcal nuclease mapping of histone octamer positions on reconstituted mononucleosome complexes. Nucleosome core particles for
each species were isolated by nondenaturing gel electrophoresis. DNA was recovered and digested with restrictioAethznymhéalll

to determine the positions of the octamer boundaries. DNA fragments generated by the restriction enzymes were analyzed on a sequencing
gel (6% polyacrylamide7 M urea, X TBE). A 32P-labeledMsp digest of pBR322 was used as size markers. (C) Restriction maps of
histone octamer positions on the FR fragment. Predominant octamer positions are indicated by solid ovals. (D) Map of relative sizes (in
nucleotides) of restriction fragments of the AR5'UTR.

positions of the histone octamer relative to the DNA sequencefourth uniquely positioned nucleosome is unstable during the
for three of the distinct nucleosome positions as follo88).( micrococcal mapping protocol, and we have thus far been
First, native polyacrylamide gel electrophoresis was used tounable to map its position by this technique.

resolve the positional isomers (see, for example, Figure 2A). To test the spontaneous mobility of the histone octamer
Each unique nucleosome was then elut) &nd subjected  relative to the DNA sequence in these nucleoprotein com-
to digestion with micrococcal nuclease. Following digestion, plexes, we first resolved the conformational isoforms on a
DNA was deproteinized and resolved on polyacrylamide gels native gel (Figure 3A). The gel lane was excised and
(35). The 147 bp product from each parent nucleosome wasincubated at 37C for 1 h before resolution in a second
then eluted and digested with the restriction endonucleasesdimension (Figure 3B). The movement of a significant
Acd and Nlalll, and the resulting fragments were resolved fraction of the sample away from the diagonal indicates that
on a sequencing gel (see Figure 2B). The lengths of thesea substantial equilibrium exists between different translational
restriction fragments allow deduction of the limits of positions of the histone octamer on this DNA sequence.
micrococcal digestion, and thus the translational boundariesImportantly, the accumulation of nucleoprotein complexes
of the histone octamer, relative to the DNA sequence. Thesein equivalent amounts above and below the diagonal indicates
deduced positions are represented diagrammatically in Figurethat octamer mobility is random.

2C. The position labeled as N2 is a mixture of two unique  We next asked whether the Mi-2 complex would influence
positions (termed N2 and NZymmetrically located relative  this equilibrium. We reconstituted nucleosome cores and
to the center of the fragment. As expected, nucleosomesestablished that they would stimulate the ATPase activity
positioned near the edge of the DNA fragment (i.e., N1) of the Mi-2 complex (Figure 4A). Recombinant ISWI was
migrate faster in the native polyacrylamide gel than those used as control for this assag®7j. We excised the nucleo-
positioned near the middle of the fragment (i.e., N3). The some complex labeled as “N2” that reflects the histone
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Ficure 3: Temperature-dependent octamer mobilizationXemopusTRSA 5'UTR. (A) Native polyacrylamide gel electrophoresis (5%
acrylamide, 0.5 TBE) of mononucleosomes reconstituted on the 250 bgA'Ragment. Major mononucleosome species are indicated.
(B) Redistribution of histone octamers on th&JBR of the TRSA gene is induced by elevated temperature. Mononucleosomes were
resolved on a nondenaturing 5% polyacrylamide gel before excision of the gel and incubation atAdioB7 h asindicated, followed

by electrophoresis in a second dimension.

octamer at an intermediary position between the “N1” and fold excess promoted more efficient nucleosome movement
“N3” conformations (Figures 2 and 3). As expected, the (data not shown). At a 10-fold excess of Mi-2 complex over
process of dilution, electroelution, and addition of the Mi-2 nucleosomes, mobilization occurred progressively over a 20
reaction buffer leads to some dissociation of the histone min period at 37°C (Figure 4D), consistent with the
octamer from DNA §7). However, the octamer position continual hydrolysis of ATP previously observed (Figure 1E).
remains substantially unchanged, indicating that nucleosomeNote that in the absence of the Mi-2 complex no detectable
mobility does not provide a major contribution to this mobilization of the histone octamer over this time period
dissociation (Figure 4B). In the absence of ATP, the Mi-2 occurred (Figure 4C, lane 1).

complex does not change the position of the histone octamer The Mi-2 Complex Directs the Efficient Deacetylation of
(Figure 4B, lane 1). In the presence of ATP, however, the Acetylated H3 and Acetylated H4 in Nucleosom#ége
octamer was displaced toward the center of the DNA wished to determine whether the ATP-dependent destabiliza-
fragment, leading to a more substantial retardation relative tion of histone-DNA contacts observed with the Mi-2

to naked DNA in the nondenaturing gel (Figure 4B, lane 2). complex might impact on the efficiency of deacetylation of
Note in particular that histone octamers including those nucleosomal histones. Histone deacetylase complexes will
wrapped at positions N3 and N4 accumulate. This nucleo- deacetylate free histones in the absence of AA8%9) but
some mobilization does not result in dissociation of the generally have their activity constrained on nucleosomal
histone-DNA complex, because the amount of free DNA substrates22, 23, 60). The human NURD/NRD complex

in the sample remains constant. has been reported to deacetylate histones incorporated into
In earlier work it has been shown that recombinant ISWI oligonucleosomes2@—24). However, the effect of ATP
protein will also promote nucleosome mobili®g, 27). We hydrolysis on HDAC activity has been controversial, with

compared the nucleosome mobilization activity of rISWI to some reporting a modest stimulatio2( 23) and others
that of the Mi-2 complex in our assay system (Figure 4C). reporting no effect Z4). In addition, Zhang et al.2d)
We find that r-ISWI will induce nucleosome mobility, but reported a requirement for noncatalytic ratios of NURD to
in the opposite direction to that of the Mi-2 complex. As nucleosomes and stipulated that the NURD complex requires
previously reported for nucleosomes assembled on thetargeting for efficient deacetylation of chromatin substrates.
Drosophilahsp 70 promoter26) and theDrosophila hsp All of these groups made use of oligonucleosomes isolated
26 promoter 27), nucleosome mobilization by r-ISWI on  from cultured cells Z2—24), and two utilized enzyme
the TRBA DNA fragment moves the histone octamer to the preparations immobilized on bead22( 23).
end of the fragment (Figure 4C, lane 3). In contrast, We wished to explore the ATP requirements for deacetyl-
nucleosome mobilization by Mi-2 moves the octamer to the ation of chromatin templates in a biochemically defined
center of the fragment (Figure 4D, lanes 6 and 7). This result system. Thus, we prepared purified histones which are
is similar to that reported for the chromatin remodeling expected to be acetylated at lysines 5 and 12 of histone H4
complex CHRAC using thBrosophilahsp 26 promoterZ?) (using recombinant yeast HAT1 (Figure 5A, lane 1)), at
but distinct from that observed with NURF using the hsp 70 lysine 14 of H3 [using recombinant PCAF (Figure 5A, lane
promoter £6). ATP hydrolysis is necessary for mobilization 2)], and at lysines 14 and 18 of H3 and lysines 5 and 8 of
since the nonhydrolyzable ATP analogue AMP-PNP (Figure histone H4 [with recombinant p300 (Figure 5A, lane 3)] as
4D, lanes 4 and 8) did not promote mobility (data not shown). chemically verified by others3(Q, 40). We found that the
We next examined whether the efficiency of chromatin Mi-2 complex efficiently deacetylated free histones inde-
remodeling could be influenced by increasing the concentra- pendent of the site of modification (Figure 5B and data not
tion of Mi-2. An increase in the relative concentration of shown). ATP hydrolysis had no effect on deacetylation of
the Mi-2 complex to nucleosomes from equimolar to a 10- the free histone substrates (Figure 5B and data not shown).
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FiGure 4: The Mi-2 complex is an ATP-dependent nucleosome remodeling enzyme. (A) Nucleosome-inducible ATPase activity of
recombinant ISWI and the Mi-2 complex. ATPase assays were performed as in Figure 1E. (B) The Mi-2 complex induces redistribution
of histone octamers from the edges of the DNA fragment (N2) to the center (N3). The mobilization assays were performed as described in
Experimental Procedures. (C) Histone octamer mobilization by the Mi-2 complex requires ATP hydrolysis. The uniquely positioned N2
nucleosome (lane 1) was incubated in the presence of recombinant ISWI or the Mi-2 complex and nucleotides as shown in the figure.
Mobilization assays were performed as described in Experimental Procedures. (D) Time course of octamer mobilization by the Mi-2 complex.
N2-positioned nucleosomes (lane 1) were incubated with 80 ng of the Mi-2 complex for the indicated times-fldhas Aescribed in
Experimental Procedures.

For mononucleosome substrates, the efficiency of deacetyl-We made use of the ability of the. variegatus5S rRNA

ation was significantly reduced in the absence of ATP (Figure gene to position hucleosomes to assemble a spaced nucleo-
5B); this result is partially consistent with previous reports somal array using the salt dialysis meth@6+38). This

(22, 23), although these authors used oligonucleosomal method has the virtue of using purified core histones and
substrates. The presence of ATP stimulated deacetylationpurified unique sequence DNAresulting in a biochemically
severalfold (Figure 5B) as observed by others on oligonu- defined chromatin substrate with histones acetylated at
cleosomes 42, 23). We extended these observations by defined positions. We observed that the Mi-2 complex was
examining the ability of the Mi-2 complex to deacetylate able to efficiently catalyze the deacetylation reaction on these
oligonucleosomal substrates acetylated at unique positionssubstrates, releasing in excess of 90% of the input counts
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DISCUSSION

Hat1
PCAF
p300

A

We establish that the Mi-2 complex is an inefficient
nucleosomal ATPase that favors interaction with oligonu-
cleosome templates. Its ATPase activity is clearly stimulated

—w < H3 by chromatin but not significantly by free DNA. The large
- e < H4 class of chromatin remodeling complexes contains examples
of two different types of ATPase subunit. The yeast SWI/
3000 SNF and RSC complexes represent the first etdlsese
whose activity is stimulated by either free or nucleosomal
DNA. The ISWI-containing complexes represent a second
class—those which are stimulated preferentially by nucleo-
somes and require intact histone N-termini. The Mi-2
W minus ATP complex represents a third novel class of these enzymes
plus ATP one whose activity is preferentially stimulated by nucleoso-
mal substrates independent of histone N-termini.

The Mi-2 complex actively destabilizes the interaction of
the histone octamer with DNA, causing the octamer to move
toward the center of a DNA fragment. This destabilization
of histone-DNA interactions facilitates histone deacetylation
in certain contexts. Interestingly, we observe stimulation of

0- deacetylation by ATP hydrolysis only on mononucleosomes,
free histones nucleosomes not on nucleosomal arrays. This is consistent with a model
_ whereby the Mi-2 complex perturbs canonical mononucleo-
C 500 — some structure to allow access of the RbAp48 component
o M2 to the histone-fold _do_main of H41_9, 20), which normally
400 lies sequestered inside the coils of nucleosomal DNA.
_ ] RbAp48 interacts with histone deacetylase directl, 69)
300 and can enhance the efficiency of histone modification by
| tethering the enzyme next to the lysines being modif8). (
200 As predicted by Stillman and colleagueX)), this nucleo-
some remodeling could also facilitate histone deacetylation
at low nucleosome density, a situation which occurs in vivo
immediately following DNA replication. In a fully as-
sembled, mature chromatin fiber, the histone N-termini
rearrange 47, 50, 51), rendering them more accessible to
the deacetylase. We propose that the coupling of a nucleo-
N somal ATPase to a histone deacetylase may serve different
* & (s . . . .
E F § purposes at different times in the cell cycle. During S phase,
ATPase activity likely facilitates the deacetylation of newly

FiIGURE 5. Deacetylase activity of the Mi-2 complex on chromatin -~ deposited histones by the Mi-2 complex during the process
substrates. (A) Characterization of histone acetylation by recom- of chromatin maturationa process known to be time
binant HATs. The fluorogram depicts incorporation of tritiated . .
acetyl groups into core histones by the indicated recombinant dePendent@l). At other times in the cell cycle, ATPase
histone acetyltransferases. Equivalent quantities of histones weredctivity may contribute to the appropriate assembly and/or
loaded in each lane. (B) ATP stimulates the HDAC activity of the maintenance of specialized, repressive chromatin structures
Mi-2 complex on mononucleosomal substrates. Nucleosome coregs suggested for Mi-2 iBrosophila(62) or perform other,

particles (1ug) prepared with histones acetylated by HAT1 as . . :
described in Experimental Procedures were used as substrates foft> yet unknown, roles in regulation of chromatin structure

HDAC assays in the presence or absence of ATP (1 mM). The bar @nd function.

graph depicts the mean of five duplicate reactions; the error bars

reflect standard deviations. (C) The Mi-2 complex exhibits broad REFERENCES
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