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Chromatin-modifying and -remodeling complexes 
Roger D Kornberg and Yahli Larch 

Nucleosomes have long been known to inhibit DNA 

transactions on chromosomes and a remarkable abundance of 

multiprotein complexes that either enhance or relieve this 

inhibition have been described. Most is known about chromatin- 

remodeling complexes that perturb nucleosome structure. 
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Abbreviations 
CHD chromodomain-helicase-DNA-binding domain 
HAT histone acetyltransferase 
HDAC histone deacetylase 

Introduction 
Chromatin-modifying and -remodeling complexes have 
attracted much recent attention [l-8]. For the most part - 
as biochemical assays, genetic analyses, homology searches, 

and other approaches continually bring new complexes to 
light-the focus has been on discovery. Identification of 
subunits has served to classify the complexes in a few broad 
families and to indicate relationships between them. 
Information remains scant, however, regarding the biologi- 
cal roles of the complexes, the consequences of their actions 
for the structure of chromatin, and the biochemical mecha- 
nisms involved. Here, we provide a brief description of new 
complexes, identified since the reviews cited above were 
written and discuss in detail the mechanism by which one 
major family perturbs the structure of chromatin. 

All known chromatin-modifying and -remodeling complex- 
es target the nucleosome, either through the acetylation or 
deacctylation of histone ‘tails’, or by perturbation of his- 
tom-DNA interactions. Modifying complexes contain one 
or more histone acetyltransferase (HAT) or histone deacety- 
last (HDAC) subunit. Remodeling complexes contain a 
DNA-dependent A’l’l’ase subunit, tither a SwiZ/SnfZ 
homolog, the more distantly related ISWI protein, or the 
recently described CHD (Chromodomain-helicase-DNA- 
binding domain) proteins [9]. Modifying and remodeling 
complexes are presumed to be involved in gene regulation 
and the initiation of transcription, amongst other processes, 
although strong evidence has been obtained in only two 
cases. The first concerns the chromatin-remodeling com- 
plex, SWI/SNF, which was identified by genetic analysis in 
yeast, supported by subsequent biochemical studies. 
Although the requirement for SWI/SNF in vZvo is limited to 
a small number of genes [ 101, the isolation of suppressors of 
swi/snf mutants in histone genes, as well as effects of swi/snf 
mutations on chromatin structure, leave littlc doubt of its 

role in chromatin remodeling in viva [ 111. The second case 
concerns the acetyltransferase Gcn5, which was similarly 
identified by genetic and biochemical studies in yeast. 
Recent studies have documented the role of Gcn5 in his- 
tone acetylation during transcriptional activation in viva [ 121. 

The requirement for nucleosome disruption for gene acti- 
vation and the involvement of histone acetylation bear out 
notions concerning the inhibition of transcription by his- 
tones and its reversal by histonc modification that were put 
forward long ago. Recent studies, however, have revealed 
greater subtlety than earlier imagined. For example, the 
deacetylase complex NRD (also known as NLJRD) 
involved in transcriptional repression includes a homolog 
of the SwiZ/SnfZ protein instrumental in activation (see 
below); and acetylation of certain histone tail residues is 
important for repression as well as for activation [ 11. 

Newly identified complexes 
NRD, the most recent addition to the family of chromatin- 
modifying complexes, was isolated from human cells and 
contains six previously identified polypeptides [13-161. 
The SwiZ/SnfZ-related ATPase component, CHD4, 
includes two chromodomain and two PHD (plant home- 
odomain) zinc finger motifs. Chromodomains are found in 
a variety of proteins, including the Dro.so;nhih heterochro- 
mat&associated proteins HP1 and Polycomb. PHD zinc 
fingers are evidently involved in CHD4-HDACl interac- 
tion. The chromatin-remodeling activity of NRD 
stimulates the deacetylation activity, suggesting that 
nucleosome disruption facilitates access of HDAC to the 
histone tails. The interdependence is not mutual, as an 
HDAC inhibitor has no effect on chromatin-remodeling, 
indicating that the acetylation state of the histone tails has 
little impact on nuclcosome stability. 

NRD differs from SAP, a complex that contains many of the 
same subunits, but which further includes mSin3 and which 
lacks CHD4 or any other ATPase subunit. SAP may be 
recruited to promoters and repress transcription by a network 
of interactions, for example non-liganded retinoic acid recep- 
tor interacting with a corepressor which in turn interacts with 
mSin3 [1,17,18]. The basis for recruitment of NRD and its 
role in transcriptional repression have yet to be elucidated. 

RSE a newly identified member of the family of chro- 
matin-remodeling complexes, possesses remodeling and 
nucleosome-spacing activities [19]. Nucleosome spacing 
refers to an improvement in clarity of a ladder of bands in 
a gel following micrococcal nuclease digestion of chro- 
matin, presumably a result of near periodic distribution of 
nucleosomcs along the chromatin filament. RSF exhibits 
the simplest subunit composition of the chromatin-remod- 
cling complexes described to date: a 135 kDa polypeptidc 
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with 75% identity to Dmso~Mz IS\&‘1 and a 32.5 kDa 
polypeptide of unknown identity or significance. 

Activity of such a minimal complex in chromatin-remodel- 
ing can be understood in terms of the sufficiency of ISWI 
and of the SwiZ/SnfZ ATPase component of human 
SWI/SNF complex, hBrg, for the remodeling process 
[20’,21’]. It was found that recombinant ISWI alone would 
support A’I’P-dependent remodeling and also ATP-depen- 
dent nucleosome spacing. Moreover, ATPase activity of the 
recombinant protein, like that of the larger remodeling com- 
plexes, was stimulated by nucleosomes but not by DNA or 
histoncs alone. Recombinant h&g was similarly shown to 
support chromatin-remodeling and to mimic the behavior of 
intact hSWI/WNF complex in assays available Zn -vitro. 

Mechanism of remodeling: reaction 
intermediates 
Progress has been made in defining the reaction pathway 
of chromatin remodeling by SWI/SNF and its close rela- 
tive RX, and in characterizing the intermediates 
involved. Complexes of the remodeling proteins with 
nucleosomes and naked DNA were resolved in minimally 
cross-linked polyacrylamide gels [22’-24’1. ‘I’he complex- 
cs were shown to form with similar dissociation constants 
(-10 nhl). Addition of A’I’P increased the affinity for nucle- 
osomes but not for naked DNA. A’1’1’ also shifted the 
mobility of a portion of IIS(:-nuclcosoine complexes, 
apparently as a result of conformational changes in the 
nucleosomc, RX:, or both. The shifted complexes were 
sensitive to digestion by all nuclcases tested, whereas the 
unshifted complexes were resistant. Both the mobility 
shift and nucleasc sensitivity persisted following the 
removal of A’I’I? ‘l’hese observations identify an ‘activated’ 
complex, in which the nucleosome is markedly perturbed, 
with :I much-diminished histone-DNA interaction. 

Perturbation of nucleosomc structure also persisted follow- 
ing the removal of S\VI/SNI; or KSC from activated 
complexes. ‘I’he resultant ‘altered’ nucleosome could bc 
isolated by gel filtration or gradient centrifugation and 
characterized in more detail. Studies with yeast Snil/SNF, 
human SWI/SNt< and RX: showed somewhat different 
patterns of DNase I sensitivity of the altered nuclcosomc 
but lvcrc othcrmise consistent with one another. Finally, it 
\vas sl~ow~~ that treatment of the altered nucleosome with 
human SWI/SNF or RX: and ATP restored the original 
state of the nucleosome. 

‘I’hrcc states of the nucleosome are thus defined: activat- 
ed, altered, and original. ‘I’wo possibilities have been 
considered for the relationship bctn-een these states. On 
the one hand, it has been suggested that chromatin-remod- 
cling complexes catalyze a rapid equilibrium between 
altered and original states. Implicit in this proposal is the 
idea that the altered and activated states ue the same. On 
the other hand, the three states have been suggested to 
form a cycle, with a progression catalyzed by chromatin- 

remodeling complexes from original to activated to altered 
and back to the original state again. Further work is need- 
ed to distinguish between these possibilities. 

l’he precise nature of the perturbation of nucleosome struc- 
ture in activated and altered states is also an important object 
of ongoing studies. The first evidence of such perturbation 
came from DNase I digestion of nucleosomes in defined 
locations on DNA. The digestion pattern was transformed by 
remodeling complexes from cleavage with a lo-base pair 
periodicity, characteristic of DNA bound on a surf&c, to the 
near uniform cutting pattern of free DNA. ‘This change 
could be cxplaincd by randomization of the locations of 
nucleosomes rather than disruption of their structure. The 
subsequent demonstration of exposure of restriction enzyme 
cleavage sites, however, requires a structural change of the 
nucleosomc. ‘I’he situation is paradoxical: DNA is exposed 
along its entire length and yet remains associated with his- 
tones in the activatcd/altercd nucleosome. 

Mechanism of remodeling: unraveling from 
the ends 
The tight binding of DNA in the nucleosomc, wrapped near- 
ly twice around the historic octamcr, poses a problem for 
remodeling. It would seem unlikely that the DNA-historic 
interaction could be perturbed by snack on the central 
100 base pairs or so of the nucleosome; any central segment 
of DNA is constrained by the tight binding of the L1NA seg- 
ments flanking it on both sides. Attack might occur, however, 
at the ends of L1NA on the nucleosome, which are con- 
strained by binding of a flanking segment on only one side. 
‘I’here is an ample precedent for a such a mechanism of 
nucleosome disruption: endonuclease 111 and RNA poly- 
merases have been shown to invade a nucleosome from the 
ends [2.5,26]. These reactions might proceed b?; transient dis- 
sociation of the I)NA-histone complex from the ends, a few 
base pairs at a time, followed by inward translocation of the 
cnzymcs along the nucleosomal DNA. It was suggested that 
such a mechanism of unraveling from the ends would be 
applicable to any enzyme acting processively on 1)X,4 [Zcl]. 

Support for I>NA-historic complex unraveling from the 
ends has come from two types of cxperimcnt. Analysis of 
the kinetics of restriction enzyme digestion of nuclcosomal 
DNA provided evidence of an association-dissociation 
reaction of the ends, with the frequency of dissociation 
diminishing towards the center of the nucleosome [27,2X]. 
Analysis of bactcriophagc RNA polymerase transcription 
through a nucleosome indicated the release of a DNA end 
and its rebinding at a different location on the histone 
octamer isolated from human cells [ZY]. ‘Iianscription was 
thus thought to create a loop of I>NA displaced from the 
octamer surface. ‘lianslocation of the loop with the tran- 
scribing polymcmse cvould transfer the octamer to an 
adjacent site on the DN.4. 

In the cast of a remodeling complex, the unraveling of 
nuclcosomal L>NA would bc driven by translocation of the 
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A’l’Pase/helicase subunit of the complex [30,31]. Several 
observations are consistent with remodeling in this way. 
First, in the absence of A’I’I: RX: interferes with restriction 
enzyme digestion of nucleosomal DNA near the ends, sug- 
gcsting that it binds the ends [24’]. Second, the SwiZ/SnfZ 
and IS\\‘1 ATPase/helicascs are alone sufficient, in the 
absence of any other subunit of the remodeling complexes, 
for chromatin-remodeling [20’,21’]. Third, RSC catalyzes 
the transfer of a histone octamer from a nucleosomc to 
naked DNA [X?‘]. ‘l-his octamer transfer might occur by 
means of a duplex displacement loop in a manner analo- 
gous to that described for bacteriophage RNA polymerase 
transcription of nucleosomal DNA (pictured in [31]). 

lIespite the appeal of the unraveling mechanism, two obser- 
vations are not immediately compatible: an activated 
RSGnucleosome complex remains sensitive to nuclease 
digestion following the removal of A’l’l’, and altered nucleo- 
somcs resulting from yeast SWI/SNl; or human SWI/SNF 
action remain nuclease-sensitive following the removal of 
the remodeling complex. Either a duplex-displacement loop, 
once formed, can persist in the absence of remodeling com- 
plex, or an altogether different mechanism may be entailed. 

Consequence of remodeling: octamer transfer 
in cis? 
The rcccnt demonstration of histone octamer transfer from 
a nucleosome to naked DNA by RS(: raises the possibility 
of octamer transfer in C/S, resulting in the translocation of a 
nucleosomc on I>NA. Although this possibility remains 

untested expcrimcntally, it has the appeal of accounting 
for diverse activities of remodeling complexes. Catalysis of 
nucleosome spacing and of restriction site accessibility in 
nucleosome arrays - activities first found for the 
Dr-o.ropM~ ISL\:l remodeling complexes ACF and 
CHRAC, respectively - could be explained by octamer 
transfer in CZS. The question of how chromatin-remodeling 
complexes, shown to bind nucleosomes but not disrupt 
them entirely, might nonetheless expose a regulatory 
sequence or promoter DNA could also be answered by 
octamer transfer to adjacent DNA. One finding inconsis- 
tent with these ideas has come from the use of 
chromatin-remodeling complexes in chromatin-transcrip- 
tion assays. NIJRF and RSF have both been shown to 
potentiate transcription of nucleosomal templates [ 19,331, 
whereas other ISWI complexes and SWI/SNF were unable 
to do so [33]. 

Conclusions 
‘I-he unifying hypothesis of nucleosomal DNA unraveled 
by ATP-driven translocases, leading to histone octamer 
transfer in ris, is tenable but far from established. 
Important contradictions must be reconciled or alternative 
hypotheses developed. Beyond these mechanistic issues 
lie such important unanswered questions as what directs 
remodeling complexes to promoters in chromatin, what 
controls their range of action, and what underlies their 
astonishing diversity. 
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