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ABSTRACT ATP-dependent nucleosome remodeling complexes are crucial for relieving nucleosome repression during
transcription, DNA replication, recombination, and repair. Remodeling complexes can carry out a variety of reactions on
chromatin substrates but precisely how they do so remains a topic of active inquiry. Here, a novel recognition atomic force
microscopy (AFM) approach is used to characterize human Swi-Snf (hSwi-Snf) nucleosome remodeling complexes in solution.
This information is then used to locate hSwi-Snf complexes bound to mouse mammary tumor virus promoter nucleosomal
arrays, a natural target of hSwi-Snf action, in solution topographic AFM images of surface-tethered arrays. By comparing the
same individual chromatin arrays before and after hSwi-Snf activation, remodeling events on these arrays can be monitored in
relation to the complexes bound to them. Remodeling is observed to be: inherently heterogeneous; nonprocessive; able to
occur near and far from bound complexes; often associated with nucleosome height decreases. These height decreases
frequently occur near sites of DNA release from chromatin. hSwi-Snf is usually incorporated into nucleosomal arrays, with multiple
DNA strands entering into it from various directions, 1 or � ATP; these DNA paths can change after hSwi-Snf activation. hSwi-
Snf appears to interact with naked mouse mammary tumor virus DNA somewhat differently than with chromatin and ATP acti-
vation of surface-bound DNA/hSwi-Snf produces no changes detectable by AFM.

INTRODUCTION

ATP-dependent nucleosome remodeling complexes relieve

the inherently repressive effects of nucleosome structure

(1–9), thus enabling processes like transcription, replication,

repair, and recombination throughout the genome (10–15).

Many such complexes have been identified. They can carry

out a variety of ‘‘remodeling’’ reactions: nucleosome slid-

ing; trans octamer transfer; nucleosome dimer formation;

and DNA dissociation from the nucleosome. Despite inten-

sive study, uncertainties remain concerning precise mecha-

nisms and, in some cases, the molecular nature of the changes

being monitored.

In vitro studies of these complexes have typically relied on

ensemble-average approaches that monitor changes in DNA

accessibility (to nucleases or transcription factors) or changes

in DNA supercoiling to follow remodeling activity. In the

first single-molecule studies, using electron microscopy (EM)

(16) or atomic force microscopy (AFM) (17) approaches,

remodeling was assessed by comparing images of chromatin

samples deposited before versus after the activation of re-

modeling by ATP addition; this involved comparing two

distinct populations of molecules. Recently, we described an

AFM approach that can image, in solution, the same indi-

vidual molecules before and after ATP addition (hSwi-Snf

activation). This approach provides direct information on the

changes carried out by remodeling complexes on single

molecules (18). Those studies used the human Swi-Snf

(hSwi-Snf) remodeling complex and nucleosomal arrays

reconstituted on a physiologically relevant DNA template,

the mouse mammary tumor virus-long terminal repeat

(MMTV-LTR) promoter, a natural in vivo target of hSwi-

Snf during MMTV gene activation (19–21).

To be able to compare the same individual molecules be-

fore and after ATP addition, MMTV nucleosomal arrays are

preincubated with hSwi-Snf, deposited on a glutaraldehyde-

aminopropyltriethoxysilane (GD-APTES) derivatized mica

surface, which chemically tethers the arrays (via the histones),

and imaged in a flow cell attached to the AFM (18). Significant

changes are observed in 5–10% of the individual chromatin

molecules after ATP addition; various controls demonstrated

that these changes reflect remodeling activity. The changes

vary both in nature and extent and often take place on mol-

ecules in close spatial proximity on the surface. That remod-

eling complexes can carry out a variety of alterations on a single

chromatin substrate indicates that single molecule approaches

will ultimately be needed to understand the actions of these

important complexes. Most of the events observed involve

changes in DNA path, either local or long range, within the

arrays. The two most common changes, DNA release from

nucleosomes and rewiring (significantly altering) of the DNA

topology, were never observed in controls and thus are clearly

hSwi-Snf (not technique) induced changes (18). In the pre-

vious work, we did not address the important questions of

where the hSwi-Snf molecules were located in relation to the

remodeling events and what specific chromatin alterations were

involved in individual remodeling events.

In this work, we describe solution topographic and recog-

nition AFM imaging studies of the hSwi-Snf complex itself.
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This information is then used to identify hSwi-Snf com-

plexes in topographic images of chromatin plus hSwi-Snf.

This permits the analysis of hSwi-Snf interactions with chro-

matin and quantitative studies of specific remodeling events

occurring on chromatin molecules containing the complex.

The interactions of hSwi-Snf with naked MMTV DNA (no

nucleosomes) and the effects of ATP activation on surface-

bound DNA/hSwi-Snf were also analyzed for comparison to

the chromatin results. All imaging was done in solution.

EXPERIMENTAL PROCEDURES

Chromatin/hSwiSnf

MMTV arrays were reconstituted to subsaturating levels (with HeLa

histones, a generous gift of Dr. Jaya Yodh) and remodeling reactions using

hSwi-Snf (a generous gift from Gordon Hager) were carried out as described

previously (18,22). hSwi-Snf was purified by standard procedures, as

described (18). Use of subsaturated arrays is required for AFM studies on

this template, for several reasons (22). For the hSwi-Snf 1 MMTV DNA

studies, molar ratios of 1:1, 1:2, 1:3, and 1:6 hSwi-Snf/DNA were analyzed.

The DNA is an ;1.9 kb NcoI-SphI fragment that contains the MMTV

promoter region (23), which has been used before for AFM studies of

chromatin (18,22). For the hSwi-Snf 1 chromatin analyses, molar ratios of

1:6 hSwi-Snf/nucleosomal array (1 hSwi-Snf per 20–40 individual nucle-

osomes), 1:4.5 or 1:3 were used. The lower (1:6) ratio actually gave the

clearest results in general and changes were as robust as when higher

concentrations of hSwi-Snf were used. Thus, this molar ratio was used for

most of the studies described here. The higher concentrations of hSwi-Snf

also tend to increase the extent of aggregation of molecules into dense clumps

in the chromatin1hSwi-Snf samples. The hSwi-Snf preparation contains

bovine serum albumin (BSA) at a 4:1 molar ratio to hSwi-Snf. The BSA is

necessary to maintain remodeling activity (18).

AFM imaging

The remodeling protocol has previously been described in detail (18).

Briefly, samples (hSwi-Snf plus DNA or hSwi-Snf plus chromatin) were

diluted and incubated in deposition buffer (10 mM NaCl/5 mM NaH2PO4,

pH ¼ 7.5) for 25 min, then deposited and imaged in the same buffer, before

then after flowing 1 mM ATP (plus 1 mM Mg21) into the sample. The

surface, GD-APTES, tethers nucleosomes (via the histones) but leaves the

nucleosomal DNA as well as some histones relatively free to move (24).

Imaging is done in solution in a flow cell linked to the AFM, as described

(18). This arrangement allows ATP to be added, to activate hSwi-Snf, while

still being able to scan the same individual molecules within the AFM

image. The time between addition of ATP (after the completion of the first

scan (�ATP)) and the start of the second scan (1ATP) was 30 min. Images

were acquired in a scan time of 5 min per image. For imaging of hSwi-Snf

alone, samples were either treated as described above or incubated with 1

mM ATP (plus 1 mM Mg21) then deposited.

For the analysis of chromatin remodeling occurring near hSwi-Snf com-

plexes, 94 small areas showing significant chromatin changes (� versus 1

ATP) were selected from low-resolution images. Forty of these original 94 areas

contained a hSwi-Snf (by the criteria used; see text) and a total of 64 com-

plexes or ;1.5 per area. Eighteen of these were selected for detailed analysis,

based on the clarity of the images, ability to follow the chromatin changes, etc.

Data analysis

Contour lengths and particle heights were measured using FemtoScan

(Advanced Technologies Center, Moscow, Russia). Heights were taken as

the peak heights relative to the local background. In all DNA distance mea-

surements that involved nucleosomes, distances were measured from nucleo-

some centers and corrected for the extra 11 nm of histone core width when

the path spans a nucleosome (5.5 nm when the nucleosome is at the end

of the path).

AFM recognition imaging

E-type cantilever tips (Park Scientific, Santa Barbara, CA) for recognition

imaging of hSwi-Snf samples were modified as described (25). Antibodies

to hSwi-Snf (Upstate Scientific Biotechnology, Lake Placid, NY) were

reacted with N-succinimidyl 3-(acetylthio)propionate (SATP, Sigma, St.

Louis, MO) and purified on a PD-10 column (Amersham Pharmacia

Biotech, Piscataway, NJ). The cantilevers were cleaned in an ultraviolet

cleaner, vapor treated with APTES (24), and reacted with poly(ethylene

glycol) (PEG) cross-linker (26) using triethylamine and CHCl3. The SATP-

labeled antibodies were then bound to the PEG cross-linkers with NH2OH

(Sigma) in buffer A (100 mM NaCl/ 50 mM NaH2PO4/1 mM EDTA, pH

7.5). The tips were then rinsed in PBS buffer and stored at 4�C until use.

Imaging was done on a PicoPlus AFM with a Picotrec recognition imaging

attachment (Molecular Imaging, Phoenix, AZ) with 6–8 nm amplitude

oscillation at 9 kHz, imaging at 70% set point and scanning at 1 Hz.

The hSwi-Snf preparation used here contained BSA (necessary for

remodeling activity (18)), in a molar ratio of 4:1 BSA/hSwi-Snf. No rec-

ognition is observed in samples of BSA at the concentrations present in

hSwi-Snf and hSwi-Snf1chromatin samples when scanned with a BRG1

antibody-tethered tip. Therefore the BRG1 antibody does not recognize

BSA. The recognition reaction of BRG1 antibody-tethered tips with hSwi-

Snf is blocked when the BRG1 peptide used to generate the antibody is

flowed into the cell, an important control demonstrating that the antibody

recognition reaction of hSwi-Snf is specific (25). Unfortunately, the BRG1

antibodies (several from different sources were tried) were found to rec-

ognize nucleosomes very efficiently (.80%), a cross-reaction confirmed by

standard ELISA assays (data not shown). Thus, BRG1 could not be used to

identify hSwi-Snf in images containing chromatin.

RESULTS

Imaging the hSwi-Snf complex in solution

Samples of human Swi-Snf (hSwi-Snf) were deposited and

imaged on GD-APTES mica, as in our previous chromatin

studies (18,22). Particles of varying sizes are found in these

images (Fig. 1 A); their heights were measured to charac-

terize them. Height measurements are free of the ‘‘ tip-

broadening’’ artifacts that impact AFM width measurements

but can be affected by imaging conditions. Those conditions

were kept as constant as possible throughout these studies.

The heights of some representative complexes in Fig. 1 A
are given in the figure legend and the distribution of heights

obtained from analyses of a number of images like Fig. 1 A
are shown in Fig. 2 A (open bars). Values range from ;7.5

to,1.5 nm, with two main classes, averaging;3 and;4.5 nm

in height. hSwi-Snf incubated with ATP before deposition

shows a similar distribution of particle heights (data not

shown).

The hSwi-Snf sample contains BSA, which is required to

maintain remodeling activity (18), and it is possible that the

smaller particles could be BSA or BSA aggregates. To iden-

tify authentic hSwi-Snf complexes, we applied a recently
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