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Diverse Regulation of SNF2h Chromatin Remodeling by Noncatalytic Subunits
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ABSTRACT: SNF2h-based ATP-dependent chromatin remodeling complexes diverge in composition, nuclear
localization, and biological function. Such differences have led to the hypothesis that SNF2h complexes
differ mechanistically. One proposal is that the complexes have different functional interactions with the
naked DNA adjacent to the nucleosome. We have used a series of templates with defined nucleosomal
position and differing amounts and placement of adjacent DNA to compare the relative activities of SNF2h
and SNF2h complexes. The complexes hACF, CHRAC, WICH, and RSF all displayed differences in
functional interactions with these templates, which we attribute to the differences in the noncatalytic
subunit. We suggest that the ability to sense adjacent DNA is a general property of the binding partners
of SNF2h and that each partner provides distinct regulation that contributes to distinct cellular function.

Modulation of chromatin structure is a key regulatory
mechanism for many cellular processes. Chromatin can be
modified via covalent (e.g., histone methylation, acetylation,
etc.) or noncovalent pathways. One prevalent noncovalent
modification uses the energy of ATP hydrolysis to alter
nucleosome position and/or structure. ATP-dependent chro-
matin remodeling complexes are subdivided into several
subfamilies based upon the identity of their ATPase subunit.
The largest of these is the ISWI (imitation switch) subfamily,
components of which are conserved from yeast to humans (/, 2).

The human ISWI isoforms are called SNF2h (sucrose
nonfermenting 2 homologue) and SNF2L (sucrose nonfer-
menting 2-like), both of which are normally found in small
protein complexes with auxiliary factors. The SNF2h-based
complexes examined in this study are hACF (human ATP-
utilizing chromatin assembly and remodeling factor, consist-
ing of hACF1, short for ATP-utilizing chromatin assembly
and remodeling factor 1, and SNF2h, short for sucrose
nonfermenting 2 homologue) (3), RSF (remodeling and
spacing factor, consisting of Rsf1l, short for remodeling and
spacing factor 1, and SNF2h) (4, 5), CHRAC (chromatin
accessibility complex, consisting of hACF1, SNF2h, pl5,
and pl7) (3, 6), WICH (Williams syndrome transcription
factor-imitation switch, consisting of WSTF, short for
Williams syndrome transcription factor, and SNF2h) (7).
Other SNF2h complexes include NoRC [nucleolar remodel-
ing complex, consisting of human TIPS (transcription ter-
mination factor 1 interacting protein 5) and SNF2h] (8) and
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WCRF [Williams syndrome transcription factor-related
chromatin remodeling factor, consisting of WCRF180 (Wil-
liams syndrome transcription factor-related chromatin re-
modeling factor 180) and SNF2h] (9). The only characterized
SNF2L-based complex is NURF [nucleosome remodeling
factor, consisting of BPTF (bromodomain PHD finger
transcription factor), RbAP46/48 (retinoblastoma-associated
protein 48 and 46), and SNF2L] (/0). Several noncatalytic
binding partners of SNF2h, including hACF1, WSTF, TIPS,
and WCRF180, belong to the BAZ (bromodomain adjacent
zinc finger) family (71, 12) (summarized in Table 1).

SNF2h has been shown to be essential for mouse develop-
ment, as well as for individual cell survival (/3). Further-
more, each of the different SNF2h complexes appears to have
distinct biological functions (summarized in Table 2). The
human ACF (hACF) complex has been shown to be involved
in the replication of heterochromatin (/4). This function may
arise from the ability of hACF (as well as CHRAC and
WICH complexes) to generate regularly spaced nucleosomal
arrays in vitro (4, 6, 7, 15—19). While the WICH complex is
involved in activating rDNA transcription (20, 217), the NoRC
complex was shown to have a negative effect on the same
process (22, 23). The RSF complex was shown to be
amplified in gene copy as well as increased in transcription
level in breast cancer cells (24, 25). The in vivo functions
of CHRAC and WCREF remain less clearly defined; however,
studies of the homologous complexes in Drosophila indicate
that each human complex might also have specialized
functions. For instance, the Drosophila NURF complex was
shown to be able to activate transcription (26), while the
dACF complex was shown to have a role in the global ability
to space chromatin (27, 28). In addition, human RSF has
been found to activate transcription in vitro (5).
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Table 1: Human ISWI-Based Complexes

complex subunit(s)

hACF (ATP-utilizing chromatin ~ SNF2h (sucrose nonfermenting 2
assembly and remodeling homologue)
factor) (2) hACF1 (ATP-utilizing chromatin
assembly and remodeling factor
1), belongs to the BAZ
(bromodomain adjacent zinc
finger) family (11, 12)
CHRAC (chromatin accessibility SNF2h, hACF1, pl5, p17
complex) (3, 6)

WICH (WSTF-imitation switch) SNF2h
7) WSTF (Williams syndrome
transcription factor), belongs to
the BAZ family (/1, 12)
RSF (remodeling and spacing SNF2h
factor) (4, 5) Rsfl (remodeling and spacing factor
D
NoRC (nucleolar remodeling SNF2h
complex) (8) TIPS (transcription termination
factor 1 interacting protein 5),
belongs to the BAZ
family (11, 12)
WCRF (Williams syndrome SNF2h
transcription factor-related WCRF180 (Williams syndrome
chromatin remodeling factor) transcription factor-related
) chromatin remodeling factor 180),
belongs to the BAZ
family (11, 12)
NURF (nucleosome remodeling ~ SNF2L (sucrose nonfermenting
factor) (10) 2-like)
BPTF (bromodomain PHD finger
transcription factor)
RbAP46/48
(retinoblastoma-associated protein
48 and 46)

Table 2: Human ISWI-Based Complexes and Their Functions

complex in vivo function in vitro activity

hACF heterochromatin replication (/4)  spacing, transcription
repression (6)
spacing (6)
spacing, transcription
activation (7, 20, 21)
RSF amplified gene copy and elevated spacing (4), transcription
transcription correlates with activation (5)
breast cancer (24, 25)
NoRC  rDNA repression (8, 23, 24) chromatin remodeling (8)
WCRF «a a
NURF  transcription activation (/0) chromatin remodeling (/0)

“ Undefined.

CHRAC a
WICH  rDNA transcription (7, 21)

We hypothesize that the functional differences between
human SNF2h complexes may be caused, at least in part,
by differential remodeling effects imparted by their non-
catalytic subunits. Recent studies by us and others have
shown that addition of the hACFI1 subunit can alter the
intrinsic remodeling activity of the SNF2h ATPase (/8, 19).
Specifically, hACF1 was shown to alter the length of flanking
DNA (not associated with the histone octamer) required for
productive remodeling (18, 19, 29, 30). These studies have
led to proposals that hACF1 could play a mechanistic role
in the nucleosome spacing effects of the hACF complex.

In this paper, we address the larger question of whether
the different noncatalytic subunits of human SNF2h com-
plexes cause distinct remodeling effects that might underlie
the divergent functions of these complexes. Our results show
characteristic differences in the ability of different SNF2h
complexes to interact with and remodel nucleosomes con-
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taining varying amounts of flanking DNA. These results
suggest that different subunits may alter SNF2h complex
functions by regulating how each complex responds to
flanking DNA.

EXPERIMENTAL PROCEDURES

Construction of DNA Templates. A Pstl site was engi-
neered into different positions of the 601 template using the
Stratagene QuikChange kit (/8).

Protein Purification. The remodelers were expressed in
Sf9 cells using pFASTBAC and purified by M2 affinity
chromatography (30, 31): SNF2h (by expressing C-terminally
FLAG-tagged SNF2h), hACF (by co-expressing C-terminal
Flag-hACF1 and untagged SNF2h), CHRAC (C-terminal
Flag-hACF1, untagged pl5 and pl7, and SNF2h), WICH
(C-terminal Flag-WSTF and untagged SNF2h), and RSF (C-
terminal Flag-Rsfl and untagged SNF2h). The original
hACF1 and WSTF cDNA clones were provided by P. Varga-
Weisz. Clones of p15 and p17 were obtained from Invitrogen.
The original Rsfl cDNA clone was provided by D. Reinberg.

Mononucleosome Assembly and Purification. DNA tem-
plates were generated by PCR from the 601 sequence and
body-labeled with [a-3?P]dATP. The nomenclatures of the
nucleosomes are described in Figures 2A, 3A, and 4. The
primers for the nucleosome that has no DNA overhang (C)
are 5-CCTGG AGAAT CCCGG TGCCG-3’ (forward) and
5’-CACAG GATGT ATATA TCTGA CACGT GCC-3’
(reverse). The primers for C20 (nucleosomes that have a 20
bp overhang) are 5’-CCTGG AGAAT CCCGG TGCCG-3’
(forward) and 5-AAG GTC GCT GTT CAA TAC ATG C-3’
(reverse). The primers for C25 (nucleosomes with a 25 bp
overhang and so on) are 5-CCTGG AGAAT CCCGG
TGCCG-3’ (forward) and 5'-CGGCA AGGTC GCTGT TC-
3’ (reverse). The primers for C30 are 5'-CCTGG AGAAT
CCCGG TGCCG-3’ (forward) and 5-GGCAC CGGCA
AGGTC GC-3’ (reverse). The primers for C35 are 5'-
CCTGG AGAAT CCCGG TGCCG-3" (forward) and 5'-
CGACT GGCAC CGGCA AG-3’ (reverse). The primers for
C40 are 5’-CCTGG AGAAT CCCGG TGCCG-3’ (forward)
and 5-TATCC GACTG GCACC GGC-3’ (reverse). The
primers for C45 are 5'-CCTGG AGAAT CCCGG TGCCG-
3’ (forward) and 5-TCGGA ACACT ATCCG ACTGG
CAC-3’ (reverse). The primers for C91 are 5-CCTGG
AGAAT CCCGG TGCCG-3’ (forward) and 5-GGGCG
AATTC GAGCT CGGTA CC-3’ (reverse). The primers for
C120 are 5'-CCTGG AGAAT CCCGG TGCCG-3’ (forward)
and 5-CCAGT GAATT GTAAT ACGAC TCACT ATAG-
3’ (reverse). The primers for 25C25 (nucleosomes that have
25 bp overhangs on both ends of the nucleosomal DNA)
are 5-TGTGA TGGAC CCTA TACGC G-3’ (forward) and
5’-CGGCA AGGTC GCTGT TC-3’ (reverse). The primers
for 30C30 (nucleosomes that have 30 bp overhangs on both
ends of the nucleosomal DNA and so forth) are 5-CCCTT
ATGTG ATGGA CCCTA TACGC-3’ (forward) and 5'-
CTGGC ACCGG CAAGG TCGC-3’ (reverse). The primers
for 45C45 are 5'-CACAC CGAGT TCATC CCTTA TGTGA-
3’ (forward) and 5-TCGGA ACACT ATCCG ACTGG
CAC-3’ (reverse). The primers for 50C50 are 5-TTCTT
CACAC CGAGT TCATC CCTTA TGTG-3’ (forward) and
5’-GAGCT CGGAA CACTA TCCGA CTG-3’ (reverse).
The primers for 55C55 are 5-GGCAT GATTC TTCAC
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FIGURE 1: SNF2h and SNF2h-based complexes differ in their remodeling behaviors. (A) Coomassie stain of purified SNF2h, hACF, RSF,
WICH, and CHRAC. (B) Measurement of the specific activity of SNF2h and SNF2h-based complexes. In the restriction enzyme accessibility
assay, unlabeled C91 mononucleosomes were mixed with radiolabeled C91-18 (which had 91 bp of nucleosomal overhang from one end
of the nucleosomal DNA and a unique Pstl site that was located 18 bp from the other end) to achieve the final concentration of 500 nM.
Varying amounts of SNF2h (O), hACF (H), CHRAC (@), WICH (®), and RSF (A) were used in each reaction. (C) SNF2h and complexes
generate different distributions of products on longer templates. In the nucleosome mobility shift assay, remodelers were used in excess (50
nM SNF2h, 15 nM hACF, 15 nM RSF, 15 nM WICH, and 7.5 nM CHRAC) over <1 nM labeled substrates with an overhang of 45 (C45),

91 (C91), or 120 bp (C120).

ACCGA GTTCATC-3’ (forward) and 5’-AGTGG GAGCT
CGGAA CACTA TCC-3’ (reverse). The primers for 60C60
are 5'-GGAAA GCATG ATTCT TCACA CCGAG TTC-3’
(forward) and 5-GCAGG TCGGG AGCTC GGAAC AC-
3’ (reverse). The primers for 75C75 are 5'-GATCC TAATG
ACCAA GGAAA GCATG ATTC-3’ (forward) and 5'-
CAAGC TTGCA TGCCT GCAGG TC-3" (reverse). The
primers for 90C90 are 5-GATCC TCTAG AGTCC GGGAT
CC-3’ (forward) and 5-GGGCG AATTC GAGCT CGGTA
CC-3’ (reverse). The primers for 110C110 are 5-TAGAA
TACTC AAGCT TGCAT GCC-3’ (forward) and 5-GTAAT
ACGAC TCACT ATAGG GCGAA TTC-3’ (reverse). The
primers for 30C90 are 5’-CCCTT ATGTG ATGGA CCCTA
TACGC-3’ (forward) and 5-GGGCG AATTC GAGCT
CGGTA CC-3’ (reverse). The primers for 90C30 are 5'-
GATCC TCTAG AGTCC GGGAT CC-3’ (forward) and 5’-
CTGGC ACCGG CAAGG TCGC-3’ (reverse). The tem-

plates were assembled into mononucleosomes with HeLa
core histones by step gradient salt dialysis, followed by
purification on a 10 to 30% glycerol gradient (I8, 29-31).

Nucleosome Mobility Assay. All reactions were performed
as previously described (29); 50 nM SNF2h, 15 nM hACF,
15 nM CHRAC, 30 nM WICH, 50 nM RSF, and <1 nM
labeled substrates were used in the reactions.

Restriction Enzyme Accessibility Assays (ATP-Dependent
Remodeling Assay). All reaction mixtures contained remod-
elers in excess of nucleosomal substrates (<1 nM) to drive
reactions to completion (except for specific activity deter-
minations); 50 nM SNF2h, 15 nM hACF, 15 nM CHRAC,
30 nM WICH, 50 nM RSF, and <1 nM labeled substrates
were used in the reactions. Other conditions were as pre-
viously described (37). The concentration of restriction
enzyme Pstl used was determined to be non-rate-limiting
(31). For the remodelers’ specific activity determinations,
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FIGURE 2: SNF2h complexes exhibit different remodeling profiles on end-positioned nucleosomes. (A) The end-positioned nucleosomes
used here all have a unique PsI site that is 18 bp from the end of the nucleosomal DNA. N denotes the overhang length (0, 20, 25, 30, 35,
40, 45, and 91 bp), CN the nucleosome, and 18 the position of the Pstl site (such as C-18, C20-18, C25-18, C30-18, C35-18, C40-18,
C45-18, and C91-18). (B) SNF2h and complexes require different lengths of the nucleosomal DNA overhang. The restriction enzyme
accessibility assay was used. Displayed here are the remodeling of C20-18 and C91-18 by SNF2h and complexes; 50 nM SNF2h, 15 nM
hACF, 15 nM RSF, 15 nM WICH, and 7.5 nM CHRAC were used in excess of <1 nM nucleosomes in all reactions. (C) Different remodeling
profiles of SNF2h and complexes. Remodelers (50 nM SNF2h, 15 nM hACF, 15 nM RSF, and 7.5 nM CHRAC) were used in excess over
<1 nM substrates in the restriction enzyme accessibility assay. Asterisks mark the positions with no observed ATP-dependent increase in
the remodeling rate constant. (D) Comparison of SNF2h-based remodeling on end-positioned nucleosomes. Ratios between the remodeling
rate of SNF2h and a complex for each nucleosomal substrate were taken (complex/SNF2h). Log values were calculated for each ratio and
then plotted against the length of the nucleosome DNA overhangs.

500 nM nucleosomes and varying amounts of remodelers productive remodeling event. The rate of remodeling can be
were used in each reaction. determined by measuring the rate of restriction enzyme cleav-

Electrophoretic Mobility Shift Assay. Reaction mixtures age under conditions of restriction enzyme excess (31, 33, 34).
(10 uL) containing 10 fmol of radiolabeled nucleosomes Here we used a mononucleosome with a 91 bp overhang at
(2.5 nM) were incubated with various amounts of remod- one end of the nucleosomal DNA and a Pstl site that was

eler in 80 mM KClI, 480 uM EDTA (pH 8.0), 20 mM 18 bp from the other end. Each of the remodeling complexes
Tris (pH 7.5), 14% glycerol, 4 mM MgCl,, 0.4 ug/uL and SNF2h were able to create access to the Pstl site in an
BSA, and 8 mM HEPES (pH 8.0). The reaction mixtures ATP-dependent manner. The nucleosomal template was

were incubated at 25 °C for 30 min before they were generated from the “601” nucleosome positioning sequence
electrophoresed at 100 V for 3 h through 1.4% agarose (see the next paragraph for details). Activity increased with
gels in 0.4x TBE at room temperature. Gels were then an increasing concentration of remodeling complex (Figure
dried and exposed to film (32). 1B). CHRAC, hACF, and WICH exhibited higher levels of

activity than SNF2h, demonstrating the activity of the added
RESULTS subunit. RSF and SNF2h exhibited similar levels of activity

The SNF2h protein and the remodeling complexes hACF, in this protocol (Figure 1B).

CHRAC, WICH, and RSF were expressed using baculovi- To further characterize the basic activity of these distinct
ruses and purified to homogeneity (Figure 1A). The activity complexes, we next used native gel electrophoresis to
of each complex was measured using a restriction enzyme measure changes in the positioning of the remodeled nu-
accessibility assay. Previously occluded restriction enzyme cleosome. Because a key aspect of this study involves

sites in nucleosomal DNA are made accessible during a different effects of overhanging DNA length on remodel-
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FIGURE 3: SNF2h complexes exhibit different remodeling patterns on symmetric nucleosomes. (A) Symmetric nucleosomes that were used
in the profiling. Each template had a unique PszI site at position 25 or 123 (25 or 123 bp, respectively, from the end of the nucleosomal
DNA). N denotes the length of the DNA overhang (25, 30, 45, 50, 55, 60, 75, 90, and 110 bp); NCN denotes the templates (such as 25C25),
and the number after the hyphen denotes the PstI position (such as 25C25-25, 25C25-123, 30C30-25, 30C30-123, 45C45-25, 45C45-123,
50C50-25, 50C50-123, 55C55-25, 55C55-123, 60C60-25, 60C60-123, 75C75-25, 75C75-123, 90C90-25, 90C90-123, 110C110-25, and
110C110-123). (B) SNF2h and SNF2h complexes exhibit different remodeling profiles on 25C25-25 and 110C110-25 nucleosomes. The
restriction enzyme accessibility assay was used; 50 nM SNF2h, 15 nM hACF, 15 nM RSF, 15 nM WICH, and 7.5 nM CHRAC were used
in excess of <1 nM nucleosomes in all reactions. (C) SNF2h and SNF2h complexes have different profiles. Therefore, 50 nM SNF2h, 15
nM hACF, 15 nM RSF, 15 nM WICH, and 7.5 nM CHRAC were used in excess of <1 nM nucleosomes in all reactions. Asterisks mark
the positions with no observed ATP-dependent increase in the remodeling rate constant. Remodeling rate constants at Pstl at position 25
are shown with white bars and those for Pssl at position 123 with black. (D) Comparison of remodeling on symmetric nucleosomes by
SNF2h complexes. Ratios between the remodeling rate of SNF2h and a complex for each substrate were taken (complex/SNF2h). Log
values were calculated for each ratio (PstI at position 25, white; PstI at position 123, black) and plotted against the length of the nucleosomal

DNA overhangs.

ing (see below), we used the 601 nucleosome positioning
sequence to generate templates (/8, 35) that had a 45, 91,
or 120 bp overhang at one end of the nucleosome (C45, C91,
or C120, respectively) (Figure 1C). These templates were
confirmed to contain uniformly positioned nucleosomes (/8).

Each of the remodelers caused an ATP-dependent shift in
mobility of each of the nucleosomes. Most of the SNF2h
remodeled C45 nucleosome had a mobility that was consis-
tent with a centrally localized nucleosome. On C91 and
C120, SNF2h generated a greater diversity of products. In
contrast, CHRAC and hACF remodeling generated mainly
centrally localized nucleosomes on C45 and C91, but to a
lesser extent on C120. WICH reactions exhibited a greater
distribution of products than CHRAC and hACF. Interest-
ingly, the RSF complex generated the most defined popula-
tion of centrally localized nucleosomes on all templates
(Figure 1C), which contrasts with its low specific activity
as measured by the restriction enzyme accessibility assay
(Figure 1B). These latter results also imply that the added

subunit in the RSF complex is functioning to change the
activity of SNF2h.

Differential Effects of Overhang DNA on Remodeling. It
has been demonstrated that overhang DNA is essential
for SNF2h-based remodeling (I8, 19, 29, 30). SNF2h and
hACF differ in the amount of DNA overhang that is
optimal for their respective remodeling. This difference
has been proposed to play a mechanistic role in nucleo-
some spacing. To assess the generality of this hypothesis,
we determined the impact of overhang length on the rate
of remodeling of the different SNF2h complexes. We used
a series of defined substrates to measure their remodeling
rates by using the restriction enzyme accessibility
assay (31, 33, 34) (Figure 2A).

We constructed nucleosomal substrates that had an identi-
cal Pstl site that was 18 bp from the short end (the end
without the DNA overhang) of the nucleosomal DNA (-18).
The respective lengths of the DNA overhang were 0 (the
overhang length was N; the substrate was C-18), 20 (C20-
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18), 25 (C25-18), 30 (C30-18), 35 (C35-18), 40 (C40-18),
45 (C45-18), and 91 bp (CI1-18) (Figure 2A). We obtained
remodeling rates for SNF2h and the complexes with each
of the substrates by measuring the rate of creation of
restriction enzyme access to each template under conditions
of enzyme excess over substrate to drive each reaction to
completion (Figure 2B). We and others have previously
shown that these reaction conditions provide a reliable rate
measurement for remodeling by this class of remodeling
complexes (29). None of the remodelers could create access
to the Psf site in C-18 (Figure 2C and data not shown).
This was consistent with the hypothesis that SNF2h-based
remodeling requires the DNA overhang (18, 30). As observed
previously, SNF2h could create access to the Pstl site on
templates C20-18 and templates with overhangs longer than
20 (Figure 2B,C). The RSF and WICH complexes displayed
behavior similar to that of SNF2h (Figure 2C). While hACF
could create access on C30-18 and longer overhangs, the
highly related CHRAC was active on C20-18 (Figure 2C).
On C91-18, hACF and CHRAC had significantly greater

rates than SNF2h, WICH, and RSF (Figure 2C).
To directly compare SNF2h remodeling to those of the

complexes, a ratio was taken between the rate of each com-
plex and SNF2h on each template (complex/SNF2h). This
ratio was plotted against the length of the DNA overhang
(N) (Figure 2D). hACF/SNF2h ratios started at C30-18, and
CHRAC/SNF2h ratios started at C20-18. On shorter tem-
plates, SNF2h remodeling was significantly faster than that
of hACF and CHRAC. Their remodeling rates became
comparable on C40-18. On C91-18, hACF and CHRAC
remodeling was significantly faster than that on SNF2h
(Figure 2D). RSF remodeling differed from that of hACF
and CHRAC, in that RSF/SNF2h ratios remained relatively
constant (Figure 2D). Interestingly, on shorter templates,
WICH/SNF2h ratios were similar to hACF/SNF2h and
CHRAC/SNF2h ratios (Figure 2D). On C91-18, however,
WICH/SNF2h and RSF/SNF2h ratios were similar (Figure
2D). We conclude that SNF2h and the SNF2h complexes
varied in their requirement for nucleosomal overhang and
that they exhibited diverse remodeling behaviors on templates
of different lengths.

Remodeling on Templates with Symmetric DNA Over-
hangs. It has been proposed that the sensitivity of the SNF2h

complex to nucleosomal overhang length is related to its
ability to space nucleosomes (/8, 19). To further compare
the impact of overhang length on remodeling by each of the
complexes, we constructed centrally positioned nucleosomes
that contained different flanking overhangs [the overhang
length was N; e.g., 25C25 (Figure 3A)]. In this manner, we
were able to compare the impact of the total length of the
overhang to the overhang position on SNF2h-based remodeling.

On each template, a unique PstI site was engineered on
the nucleosomal DNA at a position that was 25 or 123 bp
from the end (e.g., 25C25-25 or 25C25-123, respectively)
so that the Pstl sites were symmetrically positioned. We
anticipated that the remodelers would create access to the
25 and 123 sites of the same template at comparable rates
(19), and this prediction was confirmed (Figure 3C).

SNF2h and the complexes display similar remodeling
patterns on the symmetric substrates as the end-positioned
nucleosomes (Figures 2C and 3C). We verified that SNF2h
remodeling did not display a dramatic change as nucleosomal
overhang length changed (Figure 3C). Although hACF could
not create access to Pstl site C25, it could open Pst sites
on 25C25 (Figure 3C). The total amount of DNA overhang,
instead of the overhang length on one side, might be critical
in affecting hACF remodeling (see Discussion). As in their
profile with the end-positioned nucleosomes, hACF and
CHRAC could remodel the 110C110 templates much faster
than on shorter templates (Figure 3C).

The results were compared by plotting the log value of
complex/SNF2h ratios against DNA overhang lengths (Figure
3D). Consistent with their ratio profiles on the end-positioned
nucleosomes, both hACF and CHRAC remodeled shorter
symmetric nucleosomes more slowly than SNF2h and faster
than SNF2h on longer templates (Figure 3D). In addition,
CHRAC remodeling demonstrated a more gradual increase
in remodeling rates than hACF.

Interestingly, the remodeling rates of RSF did not appear
to be affected by the DNA overhang lengths (Figure 3C), as
the RSF/SNF2h ratios remained relatively constant (Figure
3D). On the other hand, WICH remodeling was similar to
hACF and CHRAC remodeling on shorter templates but
became more like RSF remodeling on longer templates
(Figure 3D).
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Remodeling on Templates with Asymmetric DNA Over-
hangs. A preference for remodeling on longer templates may
correlate with chromatin spacing if the increase in the rate
of remodeling causes the nucleosome to move preferentially
onto the longer DNA overhang. To address this issue, we
designed two templates: one with a 30 bp overhang on one
side of the nucleosome and 90 bp on the other side (30C90)
and the other with the positions of the overhangs reversed
(90C30). Within each set of templates, there was a unique
Pstl site at either position 25 or 123 in the nucleosomal DNA
[e.g., 30C90-25 or 30C90-123, respectively (Figure 4)]. There
was no significant difference between the rates of remodeling
by SNF2h of these PstI sites (Figure 4), which is consistent
with the lack of impact of overhang length on SNF2h
function. As observed previously, hACF had a dramatic
preference for remodeling sites distal to the long overhang
(Figure 4). CHRAC showed behavior similar to that of
hACF. WICH also preferentially created access to sites distal
to the long end, but to a lesser degree than hACF and
CHRAC. hACF, CHRAC, and WICH appeared to prefer-
entially move the nucleosome onto the longer DNA overhang
and away from the shorter DNA overhang. Remodeling by
RSF did not display such a preference (Figure 4). We
conclude that the level of preference of these complexes to
remodel sites distal to the long overhang correlates with the
extent to which their activity is influenced by the length of
the DNA overhang.

Different Interactions between SNF2h Complexes and
Nucleosomes. From the results given above, we see that the
SNF2h complexes differ in their requirement of an extra-
nucleosomal DNA overhang for successful remodeling. In
addition, we have previously demonstrated that the presence
of hACF1 alters the interaction between SNF2h and nucleo-
somes by increasing the apparent affinity (/8). To determine
whether the other subunits examined here also increased the
affinity for nucleosomal substrates, we used an electro-
phoretic mobility shift assay. We compared binding of the
remodeling complexes to a nucleosome with no overhang
(C) to one with a 120 bp overhang (C120). In the absence
of a DNA overhang, SNF2h had weak interaction with the
core nucleosome (Figure 5A), which remained weak (but
perhaps slightly enhanced) in the presence of the 120 bp
overhang [Figure 5B; the band(s) of nucleosome that has
been shifted by its interaction with SNF2h is marked with
an asterisk]. These interactions were significantly strength-
ened in the presence of a noncatalytic subunit. Each of the
SNF2h-based complexes had stronger interactions with both
the core and C120 nucleosomes [Figure 5A,B; the band(s)
of nucleosome that has been shifted by its interaction with
SNF2h complexes is marked with an asterisk]. The addition
of an overhang did not increase the apparent affinity of
binding of the complexes, indicating that the interaction of
the complexes with the core nucleosome predominates under
these conditions. These findings are consistent with the
previous observation that the noncatalytic subunit enhanced
the interaction between SNF2h and the nucleosomal sub-
strate. While the presence of either a DNA overhang or a
noncatalytic subunit has previously been shown to enhance
the interaction between the ISWI ATPase and the nucleo-
some, it is possible that the noncatalytic subunit plays a
predominant role (6, 17, 18, 36). As seen before, this
increased affinity alone does not fully explain the impact
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FIGURE 5: SNF2h complexes display different binding affinities for
nucleosomes. Core nucleosomes (C) were assembled on radiola-
beled 601 templates that consist of 149 bp, while C120 nucleosomes
were assembled on radiolabeled 601 templates that consist of 269
bp. Nucleosomes (2.5 nM, 10 fmol per reaction) were incubated
with increasing amounts of remodelers in the absence of ATP.
Nucleosomes and nucleosome—remodeler complexes were sepa-
rated by native agarose gel electrophoresis and visualized by
autoradiography. Positions of the unbound nucleosomes are denoted
with diagrams of C and C120, while nucleosome—remodeler
complexes are denoted with asterisks.

of the overhang on remodeling, as it is seen even with
nucleosomes that have no overhang and hence cannot be
remodeled.

DISCUSSION

It has been shown that the noncatalytic subunit of the
hACF complex alters the functional requirement for adjacent
naked DNA. Here we show that this observation extends to
subunits in the CHRAC and WICH complexes, although
there are characteristic differences among hACF, CHRAC,
and WICH. In contrast, the RSF complex does not prefer-
entially remodel templates with longer DNA overhangs.
These data support the hypothesis that additional subunits
alter the physical interaction between SNF2h and the DNA
adjacent to the nucleosome. We propose that these charac-
teristics are related to the ability to space nucleosomes in
natural chromatin, where linker DNA is expected to play a
mechanistic role similar to that of the nucleosomal overhang.

hACF exhibited very low remodeling activity on 25C25
through 45C45 templates, moderate activity on 50C50
through 90C90 templates, and ~3-fold enhanced activity on
the 110C110 template (Figure 5). This is consistent with the
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following model (a variant of one proposed in ref /9). hACF
has three classes of remodeling activities, depending on the
length of flanking DNA. (1) With flanking DNA of <45 bp,
low hACF remodeling activity prevents nucleosomes from
being spaced too close to each other. (2) With flanking
sequences between ~50 and ~90 bp, hACF remodels at a
faster rate to achieve nucleosome spacing. (3) With even
longer flanking DNA, hACF has a further increased rate of
remodeling to allow for rapid nucleosome spacing. These
observations could result from the hACF1 subunit interacting
with SNF2h to alter its ability to remodel, from the hACF1
subunit interacting with the template to alter the efficiency
with which nucleosomes can be moved along the template,
or from a combination of both mechanisms. We favor the
latter possibility, although the available data do not discrimi-
nate between these models. Similar arguments can be made
concerning the role of the non-SNF2h subunits in the other
complexes tested here.

In contrast to hACF, CHRAC appears to work in a more
graded fashion, with activity gradually increasing up to the
90C90 template. In addition, CHRAC also appears to reach
maximal activity earlier (at 90C90 instead of 110C110 for
hACEF). The difference in hACF and CHRAC remodeling can
be attributed to the p15—p17 dimer, which is known to enhance
the interaction between hACF and the nucleosome (6). The
yeast homologues of p15 and p17, Dpb4 and DIs1, respectively,
tether the Isw2 complex to extranucleosomal DNA, suggesting
that these types of interactions also occur in yeast (36). The
p15—p17 dimer might interact with the nucleosomal DNA to
reduce the requirement for CHRAC remodeling by 10 bp. hACF
and CHRAC remodeling might thereby generate different
lengths of internucleosomal DNA in vivo.

WICH and RSF both exhibit very different flanking DNA
effects when compared to those of hACF and CHRAC. This
is true despite the fact that the major noncatalytic subunits
of these complexes, WSTF, hACF1, and Rsfl, are homo-
logues with similar domain structures [members of the BAZ
family (/1, 12)]. Our results indicate that, irrespective of
these similarities, each of these subunits can confer distinct
template preferences for remodeling. Thus, the regulatory
relationships between SNF2h and its binding partners are
too complex to be simply explained by distinct domains. This
is consistent with observations that the regulation of Droso-
phila ISWI could not be fully explained by distinct domains
in dAcfl (17, 37). It is possible that the slight differences in
the motifs, such as in the bromodomains and PHD domains
in BAZ proteins, might contribute to their differential
regulation of SNF2h (38—41).

The role of the nucleosomal DNA overhang in facilitating
ISWI-based remodeling appears to be a shared characteristic
in yeast, Drosophila, and humans (/8, 42, 43). Furthermore,
the alteration of the interaction between SNF2h and nucleo-
somes by noncatalytic subunits has been observed in different
species (17, 18, 36). Finally, the role of the histone tail in
SNF2h-based remodeling distinguishes the subfamily of
SNF2h complexes from other subfamilies (34, 44—47). The
general role for the DNA overhang in remodeling and the
observation reported here that this effect changes with
different complexes highlight the importance of the flanking
DNA for the function of the ISWI family. While the
experiments conducted here were purposefully done with
artificial sequences (35), it is intriguing that biologically
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important sequences can also impact remodeling and even
direct the nucleosome to a specific location following
remodeling (48, 49). It will be interesting to determine
whether different complexes also exhibit different sequence
preferences in addition to the different length preferences
that are reported here.

The findings reported here support the hypothesis that the
different noncatalytic subunits regulate SNF2h activity
differently, therefore generating different remodeling out-
comes appropriate for the diverse in vivo roles of the SNF2h
complexes. Transcriptionally active chromatin has been
observed to have shorter internucleosomal DNA than re-
pressed regions (50-52). Thus, the greater length required
for hACF stimulation might contribute to a specialized
function in providing the long repeat length of heterochro-
matin. Furthermore, WICH remodeling might generate
chromatin with shorter spacer DNA, consistent with its role
in transcriptional activation of the rDNA loci. Lastly, RSF
might be more involved in transcriptional initiation events
than the general spacing activity, accounting for the lack of
preference for additional DNA. Taken together, these studies
indicate that the noncatalytic subunits of hACF, CHRAC,
WICH, and RSF alter the remodeling activity of SNF2h to
generate different remodeling outcomes which are likely to
be relevant to the divergent in vivo functions of these
complexes.
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