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The Chromatin remodeller ACF acts as a dimer and exploints the  
 

histone H4 tail and flanking DNA substrate cues to move 
nucleosomes. 

 
by Lisa R. Racki 

 
ABSTRACT 
 
 

 A fundamental mode of gene regulation in eukaryotes is to alter access of 

the nuclear machinery to DNA through packaging into chromatin.  Human ACF, a 

member of the ISWI-family of chromatin remodeling enzymes, is an ideal model 

system to study the basic mechanism of moving nucleosomes because it is a 

small complex and makes one class of products, evenly spaced nucleosomes, 

thought to be important for heterochromatin formation. ACF kinetically 

distinguishes between different flanking DNA lengths on either side of a 

nucleosome, moving the nucleosome toward the longer flanking DNA faster than 

toward the shorter DNA.  

 

Using electron microscopy and enzymatic assays, we observe that ACF 

can bind and function as a cooperative homodimer to move nucleosomes.  The 

dimeric partners bind the nucleosome near the N-terminal tails of H4 and face in 

opposing directions. This unusual architecture raises new questions about how 

the protomers collaborate rather than compete in a tug of war.  We observe 

nucleotide-dependent changes in contacts of the enzyme with the two H4 tails.  

In the presence of ADP, the enzyme complex contacts one H4 tail, whereas with 

a nucleotide analogue thought to mimic an activated ATP state, both H4 tails are 



 xi 

immobilized. These conformational states support a model for allosteric 

communication between the dimeric partners.   

 

We next focused on how the enzyme interprets and integrates two critical 

components of the nucleosome that we term ‘substrate cues:’ the H4 tail and 

flanking DNA.  We find that the H4 tail and flanking DNA stimulate remodeling 

activity non-additively, suggesting that the two cues may either function in two 

different rate limiting steps, or that the two cues function in a coupled manner in 

one rate limiting step.  Using spin-labeled ATP, we observe that the H4 tail but 

not flanking DNA is important for formation of a restricted conformation of the 

nucleotide-binding pocket.  The H4 tail and flanking DNA both have larger effects 

on nucleosome remodeling than on ATP hydrolysis.  The H4 tails and flanking 

DNAs play synergistic roles on remodeling and may be important for coupling 

ATP hydrolysis to nucleosome remodeling. 
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CHAPTER 1 

Introduction 
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A. Chromatin structure is dynamic 

 

DNA packaging into chromatin regulates all the manipulations of eukaryotic 

DNA: replication, segregation, transcription, recombination, and repair.  The 

nucleosome itself, which is the fundamental unit of packaging of chromatin, 

greatly decreases the accessibility of the DNA to transcription factors and can 

have large effects on gene expression1,2.  By the 1920’s, different categories of 

‘euchromatin’ and ‘heterochromatin’ were described based on structural and 

functional properties of Drosophila polytene chromosomes3.  As gross 

descriptors, Euchromatin is more decondensed and transcriptionally active, 

whereas heterochromatin is more compact and transcriptionally silent.  At a more 

detailed level, nucleosomes in heterochromatin are more regularly spaced on 

DNA and interact with one another to form higher order structures, first the 30nm 

fiber and then higher order levels of compaction.  More recently, different 

functional types of heterochromatin have been described, based on functional 

properties and the types of non-histone proteins that drive higher order 

compaction4.  Moreover, temporally distinct forms of heterochromatin have been 

described.  Most generally, constitutive heterochromatin, such as that found at 

telomeric regions and the centromere are silent, whereas facultative chromatin is 

temporally regulated by environmental, cell cycle and/or developmental cues5.  In 

metazoans, the formation of heterochromatin, sequestering regions of DNA not 

needed for particular cell types, is impotant for cellular differentiation.  The 
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nucleosome crystal structure was determined in 1984 at 7Å resolution, providing 

the first detailed physical picture of the basic unit of chromatin packaging6.  

Before the structure of the nucleosome was solved at even this low resolution, 

however, electron micrographs of chromatin had been observed with the classic 

‘beads on a string’ conformation and fractionation, sedimation, and crosslinking 

studies provided evidence for the composition and stoichiometry of the basic unit 

of chromatin, the nucleosome7-9.  Moreover, it was observed that both active and 

repressed regions of chromatin contained histones, but that there were 

organizational differences, most notably DNAase I hypersensitive sites were 

present in active chromatin, suggesting that the histone proteins were in altered 

conformations10.  Chromatin remodeling enzymes were discovered to be the 

major players in driving these structural transitions. The genes encoding several 

chromatin remodeling enzymes were first discovered in genetic screens for 

regulators of gene expression.  Yeast SWI2/SNF2 was discovered in a genetic 

screen for mutants unable to grow anaerobically on sucrose11,12.  By homology, 

these proteins were discovered to be ATPases, but how they exerted their effects 

on gene expression was not understood until later genetic and biochemical 

studies13-15. 

 

B. ATP-dependent Remodeling Enzymes drive different types of 

structural transitions in chromatin in vivo and in vitro 
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i.  Discovery of the activating chromatin remodeling enzyme family 

SWI2/SNF2 

 

Activating Chromatin remodeling complexes of the SWI2/SNF2 family 

were first functionally identified, purified and characterized from yeast and human 

(HeLa cells) through in vitro assays with nuclear extracts for  factors promoting 

the ability to enhance Gal4 binding to chromatin template in vitro (SWI/SNF), and 

the ability to disrupt nucleosome structure (hSWI/SNF)16,17.  SWI/SNF complexes 

can introduce changes in superhelicity in closed circular nucleosomal arrays; 

SWI/SNF complexes can generate nucleosomes containing stable loops of DNA, 

and dinucleosome- like species; SWI/SNF complexes can also transfer the 

histone octamer to acceptor DNA and exchange H2A/H2B dimers between 

nucleosomes17-23.  In contrast, the ATP-dependent chromatin assembly factor 

(ACF), a member of the ISWI-family of chromatin remodeling complexes 

complexes can regularly space multiple nucleosomes, while SWI/SNF complexes 

cannot19. The ability of SWI/SNF complexes to generate diverse products is 

consistent with their biological role of locally disrupting histone–DNA interactions 

at promoters24. Generating stable DNA loops within a nucleosome would allow 

SWI/SNF complexes to expose nucleosomal DNA in crowded chromatin 

environments where there is insufficient room to slide the nucleosomes. 

Removing dimers or octamers could be coupled with the action of a histone 

chaperone to generate nucleosome-free regions or regions that can exchange 

regular dimers with variant dimers at promoters25 (Text from this section adapted 
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from Racki, L. R. & Narlikar, G. J. ATP-dependent chromatin remodeling 

enzymes: two heads are not better, just different. Curr Opin Genet Dev 18, 137-

144) 

 

ii. Repressive chromatin remodeling enzyme family ISWI 

 

Another class of remodeling enzymes, the ISWI family can promote 

dramatically different in vivo outcomes, promoting ATP-dependent assembly of 

regularly spaced chromatin arrays.   The complexes ATP-dependent chromatin 

assembly factor (ACF) and chromatin accessibility complex (CHRAC) were 

purified from Drosophila nuclear extracts as factors that could promote assembly 

of periodically spaced nucleosomes in vitro (Ito, Kadonaga 1997, Varga-

Weiz,Becker 1997).  Repressive ISWI-containing complexes were found in yeast 

and human, but interestingly the yeast homologue of ISWI also participates in 

transcriptional activation also part of the NURF complex and was identified in a 

screen for  factors promoting the formation of DNAase hypersensitivity sites at 

promoters26-28.   ISWI is essential in metazoans but not yeast, and plays an 

important role in X-inactivation in Drosophila 29. While the different classes of 

remodelers can generate different types of products, they share the ability to 

move nucleosomes from one location on DNA to another.  
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C. Structural features of chromatin remodeling enzymes and homology 

to helicases 

 

The enzymatic activity of each complex resides within a catalytic ATPase 

subunit, which can remodel nucleosomes in the absence of the remaining 

subunits 19,24,30. These ATPase subunits are part of the SF2 superfamily of 

helicases31,32.  They all contain two RecA-like domains or lobes: 1A, which 

contains the Walker A or p-loop motif and the Walker B or DExx motif, and 2A. 

ATP binds in the cleft formed by these two domains. Changes in the ATP state 

during the ATPase cycle are thought to drive movement of 1A relative to 2A33.  

Analogous to SF1 and SF2 helicases, these small movements are thought to be 

amplified by accessory domains that extend out from 1A and 2A. These 

accessory domains often differ structurally between different classes of 

helicases, and are generically termed 1B and 2B31,32.  Analogous to helicases, 

the ATPase activity of remodeling complexes is stimulated upon binding 

substrate, namely nucleosomes or free DNA19.  The ISWI ATPases have a long 

alpha helical c-terminal accessory domain consisting of three subdomains, 

HAND, SANT, and SLIDE, respectively, which are thought to bind flanking DNA, 

based on crosslinking experiments 34,35. 

 

 

Although neither the SWI/SNF nor the ISWI family of remodeling enzyme has 

detectable DNA helicase activity, both classes do display another hallmark of 
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helicases, the ability to translocate on DNA.  Early studies using a triplex 

displacement technique had suggested that the ATPase subunits of RSC and 

ACF complexes can translocate on DNA 36,37.  Recent elegant studies using 

single-molecule approaches now directly demonstrate processive movement of 

yeast SWI/SNF and yeast RSC along DNA38,39.  Both classes of complexes thus 

share fundamental mechano-chemical properties. However, they appear to use 

the energy of ATP hydrolysis to achieve very different outcomes25(Text of this 

section adapted from Racki, L. R. & Narlikar, G. J. ATP-dependent chromatin 

remodeling enzymes: two heads are not better, just different. Curr Opin Genet 

Dev 18, 137-144). 

 

 

D. ACF as a model system for studying the task of moving 

nucleosomes 

 

This fundamental task of moving the histone octamer on DNA is still not well 

understood.  Little is known about what transient changes in nucleosome 

structure occur during movement, and how the enzyme uses ATP to catalyze 

these changes.  While the motor protein has high homology to well characterized 

helicases, a detailed description of the mechanism of action of these enzymes 

has been hindered by a number of hurdles:  First, the complexity and size of the 

nucleosome substrate.  For the nucleosome to move even the smallest 

imaginable stepsize of one base pair, many contacts between the histone 
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octamer and 147bp of DNA would have to be broken and reformed, presumably 

in an ordered manner.  Unlike motor proteins such as kinesin which traverse a 

polymeric track carrying cargo, the cargo for remodeling enzymes, the histone 

octamer, is physically wrapped by the polymeric track.   Additional hurdles that 

hinder a detailed description of nucleosome remodeling mechanisms include a 

lack of structural data for the enzyme-bound nucleosome substrate, the large 

size of many of the multi-protein remodeling complexes, in which the ATPase 

subunit alone is often not well behaved.  Finally, the diversity of products these 

molecular motors produce, as described above for SWI/SNF complicates their 

study. 

 

Human ACF, a member of the ISWI family of chromatin remodeling enzymes, 

is an ideal model system to study the basic mechanism of moving nucleosomes.  

The complex is small, consisting of only two subunits, the catalytic ATPase 

SNF2h, and Acf1, and the catalytic subunit is active alone and recapitulates all of 

the major features of the complex.  Moreover, ACF creates only one class of 

products, translationally repositioned nucleosomes, rather than the many 

additional types of products produced by some other remodeling enzymes, 

making it more amenable to in vitro assays.    Further, the additional mechanistic 

feature of ACF, the ability to regularly spacing nucleosomes, is important to 

understand as it is thought to be critical for a significant biological outcome, the 

forming of heterochromatin.  And finally, the catalytic subunit SNF2h and its 

homologues in yeast and Drosophila can also form additional classes of 
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complexes with other subunits that have alternative in vitro outcomes and 

associated biological roles.  For example, CHRAC contains a topoismorease, 

and NURF does not regularly space nucleosomes but is important for 

transcriptional activation rather than silencing.  Understanding the basic 

mechanism of the catalytic subunit SNF2h will thus be important for 

understanding these additional, biologically significant functions at the 

biochemical level.     

 

 

E. Dynamic flanking DNA length sensing model for ACF  

 

To regularly spacing nucleosomes, ACF must be able to sense flanking DNA 

length on both sides of nucleosomes.  In addition to being able to space 

nucleosomes in the context of an array of nucleosomes, ACF can equalize the 

length of DNA on both sides of a mononucleosome on a short piece of DNA in 

vitro40,41.  This centering activity can be used as a proxy for studying spacing 

activity.  Previous work in the Narlikar lab has determined that SNF2h 

catalytically senses flanking DNA length up to 40 base pairs, and the whole ACF 

complex senses flanking DNA length up to 60 base pairs.  The Narlikar lab has 

previously developed an in vitro FRET remodeling assay, where a fluorescent 

donor dye is attached on the short end of the DNA of a mononucleosome, and an 

accepor fluorescent dye is attached to the histone octamer such that the 

construct starts at high FRET and loss of FRET as a function of time, ATP, and 
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enzyme concentrations can be measured to determine rate constates.  Using this 

assay, it was observed that the rate of movement of nucleosomes is proportional 

to flanking DNA length under saturating concentrations of enzyme, indicating that 

flanking DNA affects kcat for remodeling40.  Additional experiments showed that 

ACF continues to move nucleosomes back and forth, even once centering is 

achieved, in the presence of ATP.  These observations led to a model where the 

enzyme samples flanking  DNA length on either side of the nucleosome but 

moves the nucleosome towards the longer piece of DNA faster than the shorter 

piece of DNA, such that centered nucleosomes accumulate.  Such a model 

requires that ACF be able to sense flanking DNA length on both sides of the 

nucleosome, either by falling off one side and rebinding the other side, or being 

able to processively reverse directions while remaining bound. 

 

  

F. A role for the H4 tail in ACF mechanism 

 

i. H4 tail implicated in ISWI mechanism 

 

The N-terminal tail of histone H4, but not the other histone tails, plays an 

important role in the mechanism of ISWI family remodeling enzymes.  The 

histone H4 tail emerges from the nucleosome core particle at about 2 

superhelical turns of DNA from the nucleosome dyad or center point of the 

nucleosomal DNA sequence1.  This nucleosomal location, Superhelical Location 
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2, is abbreviated as “SHL(±2)” to indicate the two pseudosymmetric locations in 

the nucleosome at this distance from the Dyad.   Removing the first 19 amino 

acids of histone H4, or more specifically the basic patch (K16R17H18R19) of 

amino acids that constitute the critical eptiope important for ISWI motors, causes 

a dramatic effect on remodeling rates in vitro, but not on nucleosome binding42-44.  

Moreover, genetic studies in flies have demonstrated a genetic interaction with 

histone H4 acetylation at lysine 16 and ACF, and in vitro studies show that lysine 

16 acetlyation abrogates ISWI function29,44.  It is not known which step of the 

ATPase cycle the H4 tail participates in, or structurally what part of the enzyme 

interacts with it.  Previous studies have hypothesized that the basic patch 

interacts with an acidic patch on the helicase domain of ISWI35.  It is also 

possible that the c-terminal domain of ACF interacts with the H4 tail, as it 

contains a SANT domain which has been implicated in other systems with 

histone tail binding45,46.    

 

ii.  H4 tail implicated in heterochromatin formation 

 

Interestingly, the same basic patch residues important for ACF function are 

also thought to play a role in mediating nucleosome-nucleosome interactions in 

compacted chromatin.  Crosslinking and structural studies suggest that the H4 

tail basic patch interacts with an acidic patch on Histone H2A of another 

nucleosome47,48.   
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G. ACF Integrates Substrate Cues 

 

Two critical elements of the nucleosomal substrate, or substrate cues, are 

required for ACF to move nucleosomes:  flanking DNA and the histone H4 tail.  

However, it is not known when these cues are used during the ATP hydrolysis 

cycle of the enzyme, or physically how they are recognized.  Both cues are 

critical for ACF to act in a context appropriate manner on the substrate.  The 

same basic patch residues for ACF function play a structural role in mediating 

nucleosome-nucleosome interactions in folding of arrays of nucleosomes into 

higher order structures.  The basic patch interacts with an acidic patch of amino 

acids on the globular domain of H2A of a neighboring nucleosome during 

folding47,48.  Acetylation of lysine 16 in the basic patch is a post translational 

modification associated with transcriptional activation49,50.  Both of these physical 

changes in the H4 tail structure and accessibility signal biological contexts in 

which ACF is not needed.   Thus the H4 tail acts as a dynamic signal or cue 

which ACF must recognize.  Similarly, in the context of folded heterochromatin, 

flanking DNA is occluded in structural models of the 30nm fiber, the first level of 

folding of arrays of nucleosomes.  In order to act appropriately, ACF must 

interpret and integrate these two types of cues.  Thus understanding how ACF 

reads these cues is central to understanding the basic mechanism of moving 

nucleosomes. 
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H. Work presented here 

 

a. A Dimer Model for nucleosome spacing 

 

In Chapter Two, we describe a dimer model for nucleosome spacing by 

ACF.  We observe that ACF binds nucleosomes as a cooperative dimer, and that 

dimerization is important for remodeling activity.  We observe evidence for 

allostery between the dimeric partners in their interactions with the H4 tails of the 

nucleosome.  Our Negative stain EM structure indicates that the two protomers 

bind on opposite sides of the nucleosome and appear to face in opposite 

directions, which may be mechanistically important for sampling flanking DNA on 

both sides of the nucleosomes, but raises new questions about how the 

protomors collaborate rather than competing in a tug of war.   

  

b. Synergistic Integration of Substrate Cues on nucleosome 

remodeling 

 

In Chapter Three, we explore how ACF interprets and integrates two 

substrate cues, the H4 tail and flanking DNA. We observe that the two substrate 

cues act non-additively to promote both ATP hydrolysis and nucleosome 

remodeling.  We also find that the H4 tail but not the flanking DNA is required for 

a conformational change in the ATP binding pocket of the enzyme.  These 

observations lead to two classes of models to explain how the enzyme reads 
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these signals from the substrate:  One model where both cues act in a 

cooperative manner in the same rate limiting step to promote ATP hydrolysis, 

and a second model where there are two types of ATP hydrolysis, and flanking 

DNA participates in one ATP hydrolysis event while the H4 tail participates in the 

other ATP hydrolysis event.   

 

We also find that the H4 tail and flanking DNA both appear to play a role in 

coupling ATP hydrolysis to nucleosome remodeling.  The H4 tail and flanking 

DNA have smaller effects on ATP hydrolysis than on nucleosome remodeling.  

We observe that the H4 tail can rescue ATP hydrolysis when added in trans as a 

peptide, but does not rescue nucleosome remodeling.  Additionally, mutants 

extending the flexible linker length between the critical basic patch epitope of the 

H4 tail and the nucleosome core, demonstrate length-dependent defects on both 

ATP hydrolysis and proportional (uncoupled) defects on nucleosome 

repositioning. This data suggests that the H4 tail may play a role either in 

positioning the enzyme in a productive binding mode on the nucleosome, or 

possibly acting as a point of attachment the nucleosome may use to apply force 

to break histone-DNA contacts.  
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The chromatin remodeler ACF acts as a dimeric motor to space nucleosomes 
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Evenly spaced nucleosomes directly correlate with condensed 

chromatin and gene silencing. The ATP-dependent chromatin assembly 

factor (ACF) forms such structures  in vitro and is required for silencing 

in vivo. ACF generates and maintains nucleosome spacing by 

constantly moving a nucleosome towards the longer flanking DNA faster 

than the shorter flanking DNA. But how the enzyme rapidly moves back 

and forth between both sides of a nucleosome to accomplish 

bidirectional movement is unknown. We show that nucleosome 

movement depends cooperatively on two ACF molecules, suggesting 

that ACF functions as a dimer of ATPases. Further, the nucleotide state 

determines whether the dimer closely engages one vs. both sides of the 

nucleosome. Three-dimensional reconstruction by single particle 

electron microscopy of the ATPase-nucleosome complex in an activated 
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ATP state reveals a dimer architecture in which the two ATPases face 

each other. Our results suggest a model in which the two ATPases work 

in a coordinated manner, taking turns to engage either side of a 

nucleosome, thereby allowing processive bidirectional movement.  This 

novel dimeric motor mechanism differs from that of dimeric motors 

such as kinesin and dimeric helicases that processively translocate 

unidirectionally and reflects the unique challenges faced by motors that 

move nucleosomes. 

Chromatin-remodeling motors play essential roles in organizing the chromatin 

state for regulating eukaryotic genomes, yet how they carry out their myriad 

activities is poorly understood. Their substrate, the nucleosome, contains 147 

bp of DNA wrapped in ~1.5 turns around an octamer of histone proteins. Even 

the smallest movement of the histone octamer relative to the DNA presumably 

requires a coordinated process of breaking and reforming the many histone-

DNA contacts. The ACF chromatin-remodeling complex exemplifies the task, 

as it is able to move nucleosomes to create evenly spaced nucleosomal 

arrays that contain equal DNA on either side of each nucleosome1-10.  These 

evenly spaced arrays are important for packaging the underlying DNA into 

silent chromatin structures in vivo1-10.  

 

ACF is part of the ISWI family of remodeling complexes.  The ATPase 

subunits of ISWI complexes can move nucleosomes by themselves while the 

accessory subunits modulate this basic activity11-15.  The human ACF complex 

consists of one ATPase subunit, SNF2h and one accessory subunit, Acf16,7.  
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SNF2h is part of the SF2 family of DExx box proteins that includes helicases 

and nucleic acid translocases16.  The ATPase domain of SNF2h has two 

RecA-like domains, which are thought to form a cleft within which ATP binds. 

SNF2h also has an alpha-helical extension comprised of three additional 

domains, HAND, SANT and SLIDE which are thought to play a role in binding 

flanking DNA17,18. We showed previously that ACF generates a dynamic 

equilibrium in which nucleosomes with equal flanking DNA on either side 

accumulate8. Our data implied that ACF achieves the dynamic equilibrium by 

constantly sampling either side of the nucleosome. This sampling mechanism 

raised the question of how ACF efficiently switches back and forth between 

both sides of a nucleosome.  We hypothesized that understanding how the 

ATP state affects interactions of the enzyme with the nucleosome would 

provide insight into the sampling process. 

 

Previous work has shown that ISWI enzymes require a basic patch, 

K16R17H18R19, on N-terminal tail of histone H4 for maximal activity19-23. The 

role of the H4 tail is not known, but it has been hypothesized that an acidic 

patch on the ATPase domain of ISWI enzymes may interact with the basic 

patch on the H4 tail. These previous observations imply that the ATPase 

subunit contacts the H4 tail and that the contacts may change during the 

ATPase cycle. We therefore used changes in the mobility of the H4 tail as a 

handle to follow how changes in the nucleotide state alter interactions 

between SNF2h and the nucleosome.  We used electron paramagnetic 

resonance (EPR) spectroscopy for these studies26. We covalently attached a 
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maleimide spin label to a cysteine introduced in place of an alanine at position 

15 on the H4 tail (A15C-MSL, Supplementary Fig.1b), which is directly 

adjacent to the basic patch. Thermal fluctuations cause a spin label attached 

to a protein to undergo motion in a spatial region defined by the adjacent 

protein surface. The resulting EPR spectrum is a highly sensitive measure of 

the region accessible to the probe. Conformational changes can thus be 

detected via changes in probe mobility, and these are monitored as changes 

in the EPR spectrum.  EPR can also resolve and quantify multiple states and 

is particularly powerful in monitoring transitions between unstructured and 

structured regions of proteins. The A15C-MSL nucleosomes were assembled 

using an asymmetric DNA template comprising the 601 positioning sequence 

with 60 bp of flanking DNA on one side (0-601-60, Fig. 1a and Supplementary 

Fig. 1a)27. The presence of the probe did not alter the maximal rate of 

nucleosome remodeling by SNF2h (data not shown). 

 

In the absence of SNF2h, the EPR spectrum of the A15C-MSL probe 

indicated a highly mobile probe (Fig. 1a, top spectrum).  The high mobility of 

the probe in unbound nucleosomes suggested that the H4 N-terminal tails are 

largely unstructured.  Next, we determined how binding of SNF2h altered the 

mobility of the H4 tail. When the nucleosomes were saturated with SNF2h in 

the absence of nucleotide (apo state), the EPR spectrum shows two sets of 

spectral components as indicated by the arrows (Fig 1a, middle spectrum). 

The inner spectral components (blue arrows) are indicative of a highly mobile 

probe whereas the wider set of spectral components (highlighted by the red 
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dashed lines) and the broadening of the central peak are indicative of a 

second state with more restricted mobility. A given peak height in the left-most 

immobilized spectral component represents 4.1 times more spins than the 

same peak height for the mobile component.  Deconvolution of the spectra 

indicated that about half of the H4 tails were in each of the two states 

(56±5.4% in the immobilized state, see Supplementary Fig. 2 for fitting and 

quantification method)28. In the presence of ADP, the immobilized 

subpopulation also constituted half of the probes (spectra not shown). Our 

attempts to trap the SNF2h-nucleosome complex in the ATP state using ATP 

analogs were unsuccessful as these analogs either supported low levels of 

remodeling (AMP-PNP, ATPγS) or did not detectably inhibit remodeling (AMP-

PCP). We were however able to mimic an activated ATP state using the 

analog, ADP•BeFx. In contrast to the data in the apo state and with ADP, 

almost all of the probe on the H4 tail became immobilized in the presence of 

SNF2h and ADP•BeFx (91.5±2.6% of probe in the immobilized peak). This 

change is shown by the increase in spectral intensity of the immobilized 

component (left-most peak, Fig. 1a, bottom spectrum).  This dramatic 

increase in the amount of probes immobilized indicated that both H4 tails 

were bound by SNF2h in the presence of ADP•BeFx. Together, these data 

indicate that SNF2h induces nucleotide-dependent changes in the H4 tail 

conformation such that in the apo and ADP states, half the H4 tails are 

immobilized and in an activated ATP state mimicked by ADP•BeFx, all H4 tails 

are bound.   
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The EPR data raised two possibilities for how SNF2h binds the nucleosome in 

the apo and ADP states:  (a) SNF2h symmetrically binds both H4 tails and 

each H4 tail exists in a two-state equilibrium between mobile and immobile 

states (with an equilibrium constant of 1) or, (b) SNF2h asymmetrically binds 

only one of the two H4 tails.  For model (a), we expect immobilization to 

increase upon lowering temperature as the highly mobile state is entropically 

favored whereas the structured immobile state is enthalpically favored, as 

seen for docking of the kinesin neck linker29.   The fraction of H4 tails 

immobilized was unchanged, within error, from 23°C to 4°C (Fig. 1d, 54.6% 

immobilized at 4°C and 23°C).  A van’t Hoff plot of the equilibrium constant for 

H4 tail mobility as a function of temperature yields a ΔH of 0.76 kJ/mol, and 

ΔS of 4.4x10-3 kJ/mol-K (Supplementary Fig. 3), values that are substantially 

smaller than the favorable ΔH of 50 kJ/mol and unfavorable ΔS of 0.17 

kJ/mol-K for docking of the kinesin neck linker29. These data rule out model 

(a) and provide strong support for the asymmetric binding of model (b). To 

further test model (b) we used hydroxyl radical footprinting of the same 

nucleosome construct to follow changes in ACF contacts as a function of 

nucleotide state (Fig. 1c). In the apo state, ACF binding induces asymmetric 

protection of nucleosomal DNA: protection is observed in the SHL(-2) region, 

but not the SHL(+2) region, consistent with other ISWI complexes and with 

model (b)9,30. In contrast, in the ADP•BeFx state, ACF binding results in 

significant protection in both SHL(-2) and SHL(+2) regions, consistent with the 

EPR data.  
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The asymmetry with respect to H4 tail binding observed in the apo state could 

arise either (a) due to the presence of asymmetric flanking DNA or (b) due to 

structural constraints placed by the apo state. To distinguish between these 

possibilities we repeated the EPR experiment using nucleosomes with 60bp 

of flanking DNA on both sides (60-601-60 template). Apo-SNF2h still bound 

only one of the two H4 tails in the context of this symmetric nucleosome (Fig. 

1b).  These data strongly support a model in which apo-SNF2h can only bind 

one H4 tail at a time, and the availability of flanking DNA biases which side of 

the nucleosome the enzyme binds preferentially. Together the above data 

suggest that the enzyme switches between an asymmetric conformation 

where it interacts with one H4 tail at a time in the apo state and a more 

symmetric conformation where it binds both H4 tails in the ADP•BeFx state. 

 

The observation that SNF2h binds both H4 tails in the presence of ADP•BeFx 

suggests that either (a) one SNF2h molecule bridges both H4 tails or, (b) 

SNF2h binds as a dimer such that each ATPase contacts an H4 tail. To 

distinguish between these models we first investigated the oligomeric state of 

SNF2h alone .Using equilibrium analytical ultra-centrifugation we found that 

unbound SNF2h is a monomer (data not shown). Because several well-

studied dimeric helicases dimerize upon binding their DNA substrates, we 

next determined if SNF2h dimerizes on nucleosomes31. If dimerization of 

SNF2h is tightly coupled to nucleosome binding we expected to see 

cooperative SNF2h binding. We measured the binding to nucleosomes by 

taking advantage of our observation that the fluorescence of a Cy3 dye 

26



 

 

attached near the entry site of the DNA increases upon SNF2h binding (Fig. 

2a).  We find that in the apo state, SNF2h binds to the nucleosome 

cooperatively, consistent with previous observations of cooperative binding by 

the Drosophila ISWI protein32.  The Hill Coefficient of 1.8  suggests that at 

least two molecules of SNF2h bind in a manner such that binding of one 

molecule is strongly coupled to binding of the second (Fig. 2b).  The EPR data 

from Figure 1 and the Hill Coefficient of 1.8, together suggest that in the apo 

state, SNF2h binds as a dimer but only one of the two SNF2h molecules 

engages an H4 tail. 

 

To determine whether two SNF2h molecules were necessary to mediate 

maximal nucleosome remodeling, we measured the dependence of chromatin 

remodeling activity on SNF2h concentration using a FRET-based method 

(Fig. 2c).  The rate constant of remodeling also depends cooperatively on 

SNF2h concentration with a Hill Coefficient of 1.8 (Fig. 2d, left panel).  We 

next determined if the entire ACF complex also functions most effectively as a 

dimer. We analogously saw a cooperative dependence of the remodeling rate 

constant on ACF concentration with a Hill Coefficient of 1.9 (Fig. 2d, right 

panel). Together, these data strongly suggest that the predominant functional 

form of ACF is a dimer of ATPases.  

 

A hallmark of dimeric motors such as kinesin and the E. coli Rep helicase is 

that they cycle between states in which one motor subunit is engaged with the 

substrate and states in which both motor subunits are transiently engaged31.  
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By working in coordinated pairs, one motor subunit can serve as an anchor to 

the other moving motor to prevent dissociation from the substrate. The ATP 

state helps regulate the affinity of the motor for the substrate.  Our EPR 

results suggest that a SNF2h dimer analogously cycles between at least two 

states, one in which only one ATPase engages an H4 tail and another in 

which both ATPases engage the two H4 tails.  To determine if these different 

conformational states reflect states with different affinities, we measured the 

affinity of SNF2h for the nucleosome in different ATP states (Fig. 2e). In the 

presence of ADP, SNF2h bound cooperatively but with slightly weaker affinity 

than in the apo state. In both the apo and ADP states, the high cooperativity 

of binding indicates that binding of one SNF2h molecule by itself is very weak 

and requires the presence of another SNF2h molecule to increase its overall 

affinity. The cooperativity could arise either from direct SNF2h-SNF2h 

contacts or could be mediated through a conformational change in the 

nucleosome without direct SNF2h-SNF2h contacts. In the presence of 

ADP•BeFx, the K1/2 for SNF2h binding is ~3-fold lower than that in the apo 

state indicating a stronger binding affinity.  Further, SNF2h binding in the 

presence of ADP•BeFx is not cooperative (Hill Coefficient =1). These data 

suggest that in presence of ADP•BeFx the affinity of each SNF2h molecule is 

sufficiently high such that binding of one SNF2h molecule is no longer highly 

dependent on the presence of the other.  

Our finding that two ATPases are required for maximal nucleosome 

remodeling raises the question of how the nucleosome structure 

accommodates two SNF2h molecules. Other dimeric motors, such as kinesin 

and helicases, are oriented such that each ATPase subunit can take turns 
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translocating on the polymeric substrate in the same direction31.  We used 

negative stain electron microscopy to visualize the complex of SNF2h with 

nucleosomes in the presence of ADP•BeFx (Fig. 3 and Supplementary Fig. 4 

and Supplementary Methods). Nucleosomes with 60bp of flanking DNA (0-

601-60) were incubated with SNF2h concentrations comparable to the  K1/2 for 

nucleosomes in the presence of ADP•BeFx, adsorbed to a glow discharged 

carbon film, and negatively stained with uranyl formate. The specimen was 

imaged at tilt angles of 60° and 0° (Supplementary Fig. 5). A total of 10,059 

pairs of particles were interactively selected from 100 image pairs. 

Classification of particles from images of untilted specimen shows three 

distinct classes (Fig. 3a, b) that can be clearly recognized as a nucleosome by 

itself and a nucleosome with either one or two SNF2h molecules bound.  On 

average ~70% of the complexes contained two SNF2h molecules bound. The 

singly bound SNF2h molecules could reflect the use of non-saturating SNF2h, 

a technical necessity to prevent particle crowding on the grid.  In the 

complexes with two SNF2h molecules bound, the flanking DNA was not 

clearly visible in the two-dimensional (2D) class averages, possibly because 

the flanking DNA is flexible and gets averaged out.  An alternative possibility 

is that in most of the complexes, the flanking DNA is rearranged due to 

interaction with a domain of SNF2h. Consistent with this possibility we do not 

clearly observe the extended HAND-SANT-SLIDE domain that has been 

shown to interact with flanking DNA in the apo state17. We hypothesize that 

there may be a conformational rearrangement of the HAND-SANT-SLIDE 

domain in the presence of ADP•BeFx.  Further, no large region of direct 
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contact between the two SNF2h molecules is apparent, consistent with the 

Hill Coefficient of 1.0 in this state (Fig. 2e). 

 

In the 2D class averages, the region of each SNF2h monomer that interacts 

with the nucleosome appears to contain two globular lobes (Fig. 3a). These 

lobes may represent the two RecA-related ATP binding folds observed in SF2 

family motors33,34. The two lobes are also apparent in the 2D class averages 

of SNF2h alone (Fig. 3c and Supplementary Fig. 6). Three-dimensional (3D) 

reconstructions of the nucleosome with two (or one) SNF2h bound were 

calculated using the well-established random conical tilt approach to a 

resolution of ~ 27 Å without the explicit application of any two-fold symmetry 

(Fig. 3a and Supplementary Figs 5 and 7)35. The two SNF2h molecules face 

each other on the nucleosome, and seem to obey the 2-fold symmetry of the 

nucleosome with one putative ATPase domain at SHL(+2) and one at SHL(-2) 

(Fig. 3a, 2-fold or opposing symmetry most apparent in  the middle panel). 

Consistent with the EPR and footprinting data in Figure 1, each SNF2h 

monomer seems to directly contact one H4 N-terminal tail and the SHL(-

2)/(+2) regions in the ADP•BeFx  state. While the overall architecture appears 

almost symmetric, given the 27 Å resolution, any local structural asymmetries 

that may exist between the two SNF2h molecules cannot be resolved.  

 

The above architecture raises the question of how the dimeric partners 

cooperate rather than compete in a “tug of war.” Our findings suggest an 

“alternating action” model schematized in Figure 4. In this model, each 
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ATPase takes turns in engaging the flanking DNA on either side and the 

corresponding H4 tail at SHL(-2) or (+2)9,17. An ability of the two ATPases to 

take turns, as suggested by our observation that the apo state of the enzyme 

engages only one H4 tail at a time, would help avoid a “tug of war” situation. 

The ATPase that engages the longer DNA hydrolyzes ATP faster, as 

previously shown8,36. This ATPase becomes the leading ATPase and sets the 

direction of nucleosome movement by translocating on nucleosomal DNA37,38.  

The leading ATPase generates a DNA loop/wave that can propagate across 

the histone octamer as suggested previously39-41.  The second, subordinate 

ATPase could then further act as another anchor to stabilize the intermediate 

while the leading ATPase is translocating (Fig. 4, mimicked by ADP•BeFx).   

Interaction with the second H4 tail may help in the binding of the subordinate 

ATPase. In the simplest version of this model, the subordinate ATPase does 

not bind or hydrolyze ATP once the leading ATPase fires42. This division of 

labor between identical subunits is analogous to hexameric helicases where 

occupancy of one ATPase subunit regulates the affinity of an adjacent subunit 

for nucleotide43. Whether the communication between the two ATPases is 

direct or through the nucleosome remains an important future question.  A 

variation of this model in which the non-leading ATPase also hydrolyzes ATP 

is described in Supplementary Figure 8.  Successive rounds of sampling and 

translocation would then equalize the DNA on either side of a nucleosome. A 

dimer-based mechanism is also indicated by single-molecule data showing 

that dimeric ACF complexes can switch the direction of nucleosome 

translocation several times without dissociation (supporting manuscript by 

Blosser et al.). Our results help explain the significance of previous 
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observations that two Drosophila ACF molecules can bind in the context of 

DNA and provide a mechanistic explanation for the processive action of ISWI 

complexes3,44,45. 

 

We hypothesize that in contrast to kinesin and dimeric helicases, whose 

biological functions require unidirectional translocation along a largely uniform 

polymeric substrate, the biological functions of chromatin-remodeling 

enzymes like ACF place very different demands on motor architecture. The 

opposing architecture of the two motors in ACF may enable ACF to rapidly 

and processively change the direction of nucleosome movement in order to 

achieve a defined spacing. It will be interesting to investigate whether 

bidirectional movement via dimerization is a general feature of enzymes that 

space nucleosomes, and whether remodeling enzymes with other activities 

use different strategies.  
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Methods Summary 

EPR measurements were performed with an EMX EPR spectrometer from 

Bruker Instruments (Billerica, MA). First derivative, X-band spectra were 

recorded in a high-sensitivity microwave cavity using 50-s, 100-Gauss wide 

magnetic field sweeps.  EM samples were adsorbed to a glow-discharged 

copper grid coated with carbon film for 30 seconds followed by conventional 

negative stain with 0.75% uranyl formate.  Images were collected using a 

Tecnai T12 microscope (FEI company, Hillsboro, OR) and recorded at a 

magnification of 52,000X with an UltraScan 4096 x 4096 pixel CCD camera 

(Gatan Inc, USA). Full methods are described in Supplementary Methods. 

 

 

Supplementary Information accompanies the paper on 

www.nature.com/nature. 
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FIGURE LEGENDS 

Figure 1. ATP state regulates immobilization of the histone H4 tail and 

proximal interactions. (a) Left panels: EPR spectra of MSL labeled 0-601-60 

nucleosomes. Right panels: Schematic interpretation of EPR spectra, based 

on data from (a), (c), & (d). Binding of Apo SNF2h to the nucleosome 

decreases the mobility of half the H4 tails. SNF2h binding in the presence of 

ADP•BeFx decreases the mobility of both H4 tails. (b) EPR spectrum of Apo 

SNF2h bound to spin-labeled 60-601-60 nucleosomes reveals that only one of 

the two H4 tails is immobilized. (c) Hydroxyl radical foot-printing of ACF on 0-

601-60 nucleosomes. Top panel: schematic of mononucleosome structure 

with 12 bp of flanking DNA on one side, with dyad in green, histone H4 in 

blue, and the region surrounding SHL (-2) and (+2) in red.  Middle panel: 

Protection patterns for nucleosomes alone (black line, N) compared to 

nucleosomes bound by Apo-ACF (red line, N+ACF).  Bottom panel: 

nucleosomes alone (black line, N) compared to nucleosomes bound by ACF 

in the presence of ADP·BeFx (red line, N+ACF+ ADP·BeFx). Yellow bars 

highlight protection in the SHL (-2) and (+2) regions. (d) Temperature 

dependence of probe immobilization in the Apo SNF2h-nucleosome complex. 

Slope of the straight line = 2.1X10-4 ± 8X10-4 immobilized fraction/°C.  Error 

represents s.e.m. 

 

Figure 2.  SNF2h and ACF function as dimers of ATPases. (a) Schematic of 

nucleosome structure with dye attachment sites for (b) and (d).  The DNA is 

end-labeled with Cy3 (blue) on the shorter flanking DNA.  The octamer is 
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labeled with Cy5 at H2A-120C (yellow). (b) Cy3 fluorescence intensity of the 

construct shown in (a) as a function of SNF2h concentration, using 

nucleosomes with 78bp of flanking DNA on one side.  A representative 

replicate curve is shown.  Data are fit to the general equation for cooperative 

binding (see Methods).  Hill Coefficient (n) = 1.8 ±0.17; K1/2 = 353±30nM. (c) 

Schematic of FRET-based nucleosome remodeling assay.  Rate constant of 

remodeling is measured by following the decrease in FRET between Cy3 and 

Cy5 in the presence of ATP. (d) Left panel: Nucleosome remodeling rate 

constant as a function of SNF2h concentration for nucleosomes with 78bp of 

flanking DNA.  Right panel: Nucleosome remodeling rate constant as a 

function of ACF concentration for nucleosomes with 20 bp of flanking DNA. 

Hill Coefficient (n) = 1.8±0.1; K’1/2 = 281±32 nM for SNF2h and Hill Coefficient 

(n) = 1.9±.3; K’1/2 = 26±3 nM for ACF.  Each panel represents global fits to 

data obtained from three independent experiments.  (e) SNF2h binds as a 

cooperative dimer to the nucleosome in the absence of nucleotide (black 

circles), and in the presence of ADP (blue squares).  In the presence of 

ADP•BeFx, SNF2h binds non-cooperatively (red triangles). These binding 

measurements were carried out with nucleosomes containing 40bp of flanking 

DNA on one side and a Cy3 label on the short DNA end.  Binding of SNF2h to 

these nucleosomes is ~2-fold weaker relative to the nucleosomes used in 

(b)9,46.  A representative replicate curve with each nucleotide analogue is 

shown (left panel), and the average K1/2 and Hill Coefficient from three 

replicates is shown (table). Errors represent s.e.m. 
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Figure 3. Visualization of SNF2h bound to the nucleosome in the presence of 

ADP•BeFx using EM.  (a) three different views of the 3-D reconstruction of 

dimeric SNF2h bound to the nucleosome (left panels) and corresponding 

representative 2-D class averages (right panels). The crystal structure of the 

core mononucleosome was placed manually into the 3D reconstruction.  

Histone H4 is highlighted in red.  The isosurface of the 3-D reconstruction at 

high threshold is shown in blue, and low threshold in grey. (b) Left panel: 

representative 2-D class average of negative stain EM images of unbound 

nucleosomes.  Right panel:  representative 2-D class average of one SNF2h 

bound to a nucleosomes. Numbers used to calculate a particular class 

average shown in lower left corner in (a) and (b). (c) Representative 2-D class 

averages of SNF2h alone.   

 

Figure 4.  Simple model for how a dimeric ACF moves nucleosomes. H4 tail 

is in red and the two ATPases in ACF are shown in blue and purple. Only one 

subunit binds ATP at a time. In the ATP state, each ATPase subunit takes 

turns in binding the flanking DNA. The ATPase that binds the longer flanking 

DNA (purple) hydrolyzes ATP faster and starts translocating DNA across the 

nucleosome. During and post hydrolysis, the second ATPase (blue) also 

engages the nucleosome, preventing loss of the DNA loop-containing 

intermediate (mimicked by ADP•BeFx).In the ADP state, the non-translocating 

monomer disengages and the translocating monomer remains engaged with 

the nucleosome. ATP state may also regulate the extent of any direct contacts 
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between the two ATPase subunits and such contacts may be substantially 

fewer in the ADP-BeFx state than in other ATP states. 
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Supplementary Figure 5: Random conical tilt 3D reconstruction of SNF2h-
nucleosome complex.

Supplementary Figure 6: Images of negatively stained nucleosomes and SNF2h
alone.

Supplementary Figure 7: Monomeric SNF2h bound to the nucleosome in the
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SUPPLEMENTARY FIGURES

Supplementary Figure 1.  a.  Schematic of nucleosomal constructs.  The locations of

SHL(-2) and (+2) with reference to the linker DNA are shown.  b.  Maleimide spin

labelling of histone H4 tail of the nucleosome.  Left panel: nucleosome structure with

histone H4 in blue and the site of attachment of the spin label (MSL) in red (residue A15

of H4 is mutated to cysteine). Superhelical locations (SHL) –2, 0, and +2 (black arrows)

are defined relative to the flanking DNA on one side. Right panel: structure of MSL.

Supplementary Figure 2.  Deconvolution of spectra to determine the fraction of bound

spin probes.  The fraction of immobilized probe was calculated by deconvolution of

spectra into a mobile and immobilized component.  a.  Representative mobile (blue) and

immobilized (green) spectra were added so that the sum (red) best matched the sample

spectrum (black in part b.) by least squares minimization. The spectra of spin labeled

nucleosomes alone contained no evidence of the immobilized component and the average

of three such spectra was taken as 100% mobile compound.  The spectra from spin-

labeled nucleosomes with SNF2h and ADP•BeFx are primarily immobilized with a small

mobile component, approximately 90% and 10% respectively.  The representative

immobilized spectrum was derived by averaging 3 samples, followed by subtraction of

9.4% representative mobile spectrum to yield a pure immobilized spectrum. c. Residuals

(grey) from fitting in b.
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Supplementary Figure 3.  A van’t Hoff plot for A15C-MSL nucleosomes with 60 bp of

flanking DNA on one side (0-601-60) bound by SNF2h in the apo state.  Deconvolution

of spectra into mobile and immobile components as described in supplementary methods

was used to obtain values for the equilibrium constant for H4 tail mobility as a function

of temperature (4°C to 23°C):  K = [(immobile fraction)/(mobile fraction)]. These data

are displayed as a plot of -Rln(K) in kJ/(Kelvin-mol) vs. 1/T in Kelvin-1.  A fit to the

van’t Hoff equation gives a H of    0.76 + 2.3 kJ/mol, and S of 4.4x10-3 + 8.1x10-3

kJ/mol K. For comparison, the H and S values associated with the classic example of

the unstructured to structured transition of the kinesin neck-linker are respectively -50

kJ/mol and      -0.17 kJ/mol K, which are two orders of magnitude greater in absolute

value1
.

Supplementary Figure 4. SNF2h-nucleosome complex. (a) An image of negatively

stained SNF2h-nucleosome complex. Indicated by arrowhead in the raw image are three

types of particles: nucleosomes alone (1), nucleosomes with one SNF2h bound (2), and

two SNF2h bound (3).  Class averages calculated from images of untilted specimen. (b)

Nucleosome with monomeric SNF2h bound and (c) Nucleosome with dimeric SNF2h

bound. Only particles with SNF2h bound were selected for multiple rounds of multi-

reference alignment and classification.  Numbers in b and c indicate the total number of

particles in each class.
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Supplementary Figure 5. Random conical tilt 3D reconstruction of SNF2h-nucleosome

complex. (a) and (b): raw images of a typical tilt pair images. (c) Fourier Shell

Correlation (FSC) curve of 3D reconstructions calculated by standard random conical tilt

approach. FSC=0.5 criteria is used to estimate the resolution of the 3D reconstruction as

~27Å.

Supplementary Figure 6. Images of negatively stained nucleosomes and SNF2h alone.

(a) Negative stain electron microscopy images of nucleosomes with 60bp of flanking

DNA on one side alone.  2-D Class average shows two top views (insert).  (b) images of

SNF2h monomers alone; (c) 2-D Class averages show multiple views of SNF2h

monomers.  (d) 2-D Class average of SNF2h dimer bound to the nucleosome as a

reference for size.

Supplementary Figure 7.  Monomeric SNF2h bound to the nucleosome in the presence

of ADP•BeFx.  (a) Top view of 3-D reconstruction by random conical tilt of 1454 particle

pair images of monomeric SNF2h bound to the nucleosome with 60bp of flanking DNA

on one side, docked manually onto the core mononucleosome crystal structure.  Histone

H4 is highlighted in red.  Isosurface with higher threshold is in blue, and lower threshold

is in grey. (b) and (c) alternate views.  (d) 2-D class average of singly bound nucleosome.

(e) resolution of the 3-D reconstruction is estimated from FCS=0.5 as ~30 angstroms.
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Supplementary Figure 8. An alternative model for how the two ATPase molecules

cooperate to achieve nucleosome movement. In this model, different ATP hydrolysis

events occur in the two ATPase sites. The dimeric ATPase samples both sides of the

nucleosome such that at any point only one ATPase subunit engages one of the two

flanking DNAs. The ATPase that engages the longer flanking DNA (purple) more often

hydrolyzes ATP first and thereby determines the directionality of subsequent nucleosome

movement. This hydrolysis event loosens a small stretch of DNA from the histone

octamer making it available for translocation. The second ATPase (blue) then hydrolyses

ATP and translocates the DNA to generate a DNA loop. At this stage both the ATPase

subunits closely engage the nucleosome to prevent loss of the loop containing

intermediate. In this model, the two ATPase subunits cooperate through a division of

labor. One subunit hydrolyzes ATP to loosen DNA and the other hydrolyzes ATP during

translocation. The direction of nucleosome movement is switched when the division of

labor is switched based on which subunit engages the longer flanking DNA. Such

coordination is achieved by ATPase cycles that are offset. One way in which these cycles

can be offset is shown in the Figure. As shown, ADP•BeFx may mimic a state in which

one ATPase has ADP•Pi (blue) and the other (purple) has ADP.  Because ADP•BeFx is

formed by mixing ADP and BeFx, it is possible that one subunit is occupied by ADP and

the other is occupied by ADP•BeFx.
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Chapter 3 

Synergy Between Substrate Cues of ACF 
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1. Introduction 

 

ACF uses two key components of the substrate to move nucleosomes: 

Flanking DNA and the histone H4 tail.  Both substrate cues have been shown to 

promote ATP hydrolysis and remodeling by ACF1-6.  These epitopes thus play 

critical roles, though the physical and mechanistic basis for their interaction with 

the enzyme is not well understood.  The H4 tail and flanking DNA act as dynamic 

signals which the enzyme must recognize and integrate in order to act 

appropriately, thus we call them ‘substrate cues.’  Footprinting and crosslinking 

studies suggest that in the apo-state (no nucleotide), the ATPase domain of ACF 

interacts with the nucleosome at SHL(±2) on the nucleosomal DNA, where the 

flexible histone H4 tail emerges from the nucleosome core particle, and the 

SLIDE domain of ACF interacts with flanking DNA3,5,7. While these data provide 

basic information about which domains of ACF interact with the substrate cues, 

neither flanking DNA nor the H4 tail appear to exert their effects on ground state 

affinity of the enzyme for nucleosomes, as observed by several groups.  The H4 

tail has been shown not to have a large effect on the Km of the enzyme for 

nucleosomes, and while Km/Kd effects have been observed for flanking DNA 

length, the magnitude of these effects is smaller than their effects on kcat4,8,9.  

Thus both cues play a role in catalysis, and serve as useful handles to probe 

ACF mechanism and potentially identify intermediate steps in the reaction cycle 

of ACF.  This study is focused on elucidating how dimeric ACF interprets and 

integrates the H4 tail and flanking DNA cues.   
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2. The H4 tail and flanking DNA cues affect remodeling as probed by FRET 

 

 Both the H4 tail and flanking DNA have previously been shown to affect 

nucleosome remodeling rates of ACF, but it is not known how ACF integrates 

these two cues into its mechanochemical cycle.  Two broad classes of 

mechanistic models are possible:  ACF could use the two cues in separate rate-

limiting steps (Model 1), or ACF could use the two cues in the same rate limiting 

step (Models 2a and 2b) (Figure 1).  If ACF uses the two cues in the same rate-

limiting step, the two cues could function additively (Model 2a) or cooperatively 

(Model 2b).   Model 2a predicts that the effects of the two cues will be additive on 

activity, whereas Models 1 and 2b both predict that the effects of the cues on 

enzyme activity will be non-additive.   

 

To distinguish between these classes of models, we measured remodeling 

rates for ACF with nucleosome substrates containing neither, one, or both of the 

cues.  Nucleosomes lacking the H4 tails (termed gH4 for globular domain of 

histone H4, see Figure 2a), and containing 20 base pairs of flanking DNA on one 

side of the nucleosome (termed+20), move nucleosomes with a kmax of 

0.54±0.022 min-1 under single turnover (STO) conditions with saturating ATP and 

ACF.  In comparison, gH4 nucleosomes containing 80 base pairs of flanking 

DNA, which is longer than the maximal length sensing of ACF, move 
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nucleosomes 4.6-fold faster than the gH4+20 nucleosomes.    Similarly, 

nucleosomes with 20 base pairs of DNA but containing the wild type H4 tails 

move nucleosomes 3.7-fold faster than the gH4+20 nucleosomes.   However, 

wt+80 nucleosomes, which contain both 80 base pairs of flanking DNA and the 

H4 tail, move the nucleosomes 149-fold faster than gH4+20 nucleosomes.  Thus 

the cues function non-additively, but rather in a cooperative manner to promote 

nucleosome remodeling (See Table 1). 

 

This observation of the cooperative effects of the cues supports Models 1 

and 2b over Model 2a.  ACF functions as a dimer to move nucleosomes, 

however it is not known whether both protomers must hydrolyze ATP to get 

efficient nucleosome remodeling.   Single molecule experiments indicate that 

moving the nucleosome a single step requires at least two ATP-hydrolysis 

dependent steps, suggesting that more than one ATP may be hydrolyzed to 

move the nucleosome a single step10.  One possibility is that there are two types 

of ATP hydrolysis, corresponding to the two rate-limiting steps in Model 1.  

Alternatively, both ATP hydrolysis events use both cues, consistent with Model 

2b.  We therefore wanted to examine the effect of the H4 tail and flanking DNA 

on ATP hydrolysis. 

 

3. The H4 tail and flanking DNA cues both stimulate ATP hydrolysis in the 

context of the nucleosome. 
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 The H4 tail and flanking DNA have both previously been shown to affect 

ATP hydrolysis rates as well as nucleosome remodeling2,4,5,8,9,11.  We sought to 

determine the magnitude of these effects on ATP hydrolysis.   Neither the H4 tail 

nor the flanking DNA appeared to have significant effects on the Km of enzyme 

for ATP in the context of the nucleosome (Figure 2b, 3b and data not shown). To 

compare the effects of the H4 tail and flanking DNA cues on maximal ATP 

hydrolysis rates, we used slightly different nucleosome constructs: Nucleosomes 

lacking both flanking DNA and the H4 tail (termed gH4 core), lacking the H4 tail 

but containing 60bp of DNA flanking both sides of the nucleosome (termed gH4 

60-60), nucleosomes with the H4 tail but no flanking DNA (termed Wt core), and 

nucleosomes with both the H4 tail and 60bp of flanking DNA on both sides (Wt 

60-60) (Figure 3a). The rational for using core and 60-60 DNA constructs instead 

of the +20 and +80 constructs used in the FRET remodeling assay was to 

maximize the window of potential effects of the cues, because in general the 

cues have smaller effects on ATP hydrolysis than on remodeling.  SNF2h is 

stimulated by extranucleosomal or flanking DNA, and this stimulation is 

proportional to flanking DNA length 4.   Under STO nucleosome conditions, with 

saturating concentrations of ACF and multiple turnover (MTO), saturating 

concentrations of ATP, gH4 6060 nucleosomes stimulate ATP hydrolysis only 

1.2-fold more than gH4 core nucleosomes.   Wt core nucleosomes stimulate ATP 

hydrolysis 1.4-fold more than gH4 core nucleosomes.  However, wt 60-60 

nucleosomes stimulate ATP hydrolysis 5.5-fold more than gH4 core 

67



	
  

nucleosomes.   The effects of the H4 tail and flanking DNA on ATP hydrolysis 

thus appear to be non-additive (Table 1).  

 

The STO nucleosome conditions used in this experiment to match the 

conditions used in FRET remodeling assays pose a practical constraint:  The rate 

constants measured in this manner are very sensitive to error in the 

concentrations of the four types of nucleosome constructs.  To address this 

practical concern, we also measured ATPase rate constants under MTO, 

saturating nucleosome conditions to minimize any variabilty in measured rate 

constants due to subtle differences in concentrations of the four nucleosome 

constructs (Figure 3d). Interestingly, we also observe that the measured rate 

constants under MTO, saturating nucleosome and ATP concentrations are 

significantly larger than observed under the STO nucleosome conditions (188 

min-1 under MTO conditions for wt 60-60 nucleosomes instead of 9.2min-1 under 

STO conditions).  Nucleosomes lacking flanking DNA but containing the H4 tail 

(termed wt core) are stimulated 3.4-fold more than nucleosomes lacking both the 

H4 tail and flanking DNA (termed gH4 core, meaning globular H4) under 

saturating, MTO ATP and nucleosome concentrations (Figure 3a,b). 

Nucleosomes with 60 bp of DNA on both sides of the nucleosome (termed gH4 

60-60) are stimulated 2.1-fold more than nucleosomes without flanking DNA 

(termed gH4 core).   Nucleosomes with both flanking DNA and the H4 tail 

(termed wt 6060) are stimulated 40-fold more than gH4 core nucleosomes.  The 

effects of the H4 tail and flanking DNA on ATP hydrolysis are thus non-additive.  
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It is possible that there are two ATP hydrolysis events in nucleosome remodeling, 

and each cue plays a role in one of these events (Model 1), or that the two cues 

act in a coupled manner (Model 2).  

  

   

In an attempt to distinguish between these models, we looked at the effect 

of the cues on ATP hydrolysis under STO ATP conditions, but with MTO, 

saturating nucleosomes.  ATP binding to ACF is not cooperative (Figure 2d,3b).  

We reasoned that given that ATP binding is not cooperative in the enzyme dimer, 

under STO conditions we might be able to observe the first ATP hydrolysis event.  

If only one of the substrate cues, the flanking DNA or the H4 tail, affects ATP 

hydrolysis under STO ATP conditions, this may rule out that the cue act in the 

same step. We observe that both cues have effects under STO ATP conditions, 

but of smaller magnitude (on the order of 2-fold slower than with with Wt  60-60 

nucleosomes) than observed under MTO, saturating ATP conditions (Figure 3e).   

This observation is initially hard to reconcile with a two-step model, and is most 

easily explained by both steps acting in the same step.  However, additional 

experiments and thinking is needed to distinguish between these models.  

 

 

4. Physical Models for how H4 tail and Flanking DNA may promote ATP 

hydrolysis 

 

69



	
  

 While it is thought that the N-terminal ATPase domain of SNF2h interacts 

with the H4 tail and the c-terminal HAND/SANT/SLIDE alpha helical domain 

interacts with flanking DNA, how these interactions promote ATP hydrolysis is 

not known.  Moreover, the contacts between the enzyme dimer and the 

nucleosome likely change as a function of nucleotide state.  For example, in the 

apo and ADP states of the complex, only one H4 tail is bound by SNF2h, 

whereas in the presence of the nucleotide analogue ADP BeFx, both H4 tails are 

immobilized12.   

 

i. ATPase pocket closure 

 

In many SF1 and SF2 family helicases, binding of DNA or RNA promotes closure 

of the two RecA lobes of the ATPase domain onto ATP, thus promoting 

catalysis13,14.  The ATPase domain of chromatin remodeling enzyme consists of 

two RecA like lobes separated by a flexible linker, and ATP binds in a cleft 

between these lobes.  While the WalkerA and WalkerB catalytic motifs both are 

on the 1A RecA lobe, the arginine finger is often on lobe 1B, which is displaced 

from bound ATP.  Pocket closure thus drives the arginine finger into position to 

promote catalysis.  Interestingly, structural studies with the related remodeling 

enzyme Rad54 suggest that the two lobes can rotate 180° with respect to each 

other15-17.  One possible role for the substrate cues is that binding of one or both 

of them could help promote the closed conformation of the ATPase domain.   If 

the ATPase pocket is in a two state equilibrium between open and closed 
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conformations, it is possible that binding of the substrate cues could preferentially 

stabilize the closed conformation of the pocket.  For example, if one RecA lobe 

makes strong contacts with nucleosomal DNA, but the other RecA-lobe makes 

fewer contacts wit° the nucleosome core particle, but can bind the H4 tail, binding 

of the tail could stabilize the closed state (Figure 4a).  An acidic patch on the 

ATPase domain has been hypothesized to potentially interact with the basic 

patch of the H4 tail18. 

 

ii. Relief from autoinhibition 

 

 A variation of the pocket closure model comes from recent findings with 

another family of chromatin remodeling enzymes, Chd1, where the two RecA 

lobes of the enzyme are physically propped open by a third domain, and thus in 

an autoinhibited state where they cannot close onto ATP19.  The third 

autoinhibitory domain can bind to the histone H3 n-terminal tail, relieving 

inhibition.   It is possible that the short N-terminal domain of SNF2h before the 

ATPase domain binds the H4 tail, or that the C-terminal HAND/SANT/SLIDE 

domain of SNF2h which is thought to bind flanking DNA could also serve as an 

autoinhibitory domain in the absence of flanking DNA (Figure 4b). 

 

iii. The Arginine finger hypothesis 
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One potential role for the H4 tail could be to participate in catalysis by directly 

stabilizing the transition state during ATP hydrolysis.  One of the arginines of the 

H4 tail basic patch, K16R17H18R19 could act as an arginine finger, substituting 

for the enzyme’s endogenous arginine finger on RecA-like lobe 2A (Figure 4c). 

 

 

 

5. The H4 tail but not flanking DNA is required for a restricted conformation 

of the ATP binding pocket 

 

i. SNF2h binds to spin labeled nucleotide analogues  

 

In order to better understand how the H4 tail and flanking DNA cues affect 

the ATP binding pocket, we used a nucleotide analogue with a nixtroxide moiety 

to probe the active site20.  A spin labeled ATP analogue with the spin probe on 

the 2’3’ hydroxyls of ATP (2’3’SLATP) supports remodeling by SNF2h (Figures 

5a,b).  Moreover, 2’3’SLADP binds to SNF2h alone, with an affinity of 3.3uM 

(Figure 5c). Binding of SNF2h also induced a restricted conformation of the spin 

probe of 47.4G, corresponding to a cone angle of mobility for the probe of 

118.8°21.  The cone angle of mobility is defined by a region of space the probe 

can sample due to thermal motion.   This tumbling space is determined by the 

adjacent protein surface of the enzyme in the nucleotide binding pocket.  
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Beryllium fluoride is thought to mimic the gamma phosphate of ATP in an 

activated intermediate in ATP hydrolysis22.   

 

i. A new conformational state of the ATP binding pocket in the 

presence of nucleosomes 

 

In the presence of wild-type nucleosomes with 60 base pairs of flanking 

DNA (wt +60), SNF2h induces a restricted conformation of the 2’3’probe on ADP 

of 47.7G corresponding to 117.8°, as is observed with SNF2h alone (Figures 5, 

6a, black spectrum). In the presence of Beryllium Fluoride (BeFx) and wt+60 

nucleosomes, SNF2h induces a dramatic conformational change in the ATP-

binding pocket that further restricts the cone angle of mobility for 2’3’SLADP from 

117.8° to 68.8°*(62G*).  Note that these values have asterixes because the 

precise splitting could not be determined from this spectrum.  The equilibrium 

between the 48G and 62G conformations of 2’3’SLADP shows a temperature 

dependence.  With Wt 60-60 nucleosomes, we observe that the 62G restricted 

conformation is favored at higher temperature (30°C), but the 48G less restricted 

conformation is favored at lower temperature (2°C) indicating that this 

conformational restriction is entropically driven (Figure 7).  

 

ii. The H4 tail but not flanking DNA are required for the 

conformational restriction of the ATP binding pocket of SNF2h 
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In order to determine how the H4 tail and flanking DNA cues affect ATP 

hydrolysis, we examined the effects of the cues on the conformational state of 

the ATP binding pocket of SNF2h.   SNF2h in the presence of nucleosomes with 

flanking DNA but lacking the H4 tail (gH4+60) bound 2’3’ SLADP and induced a 

48.1G conformation corresponding to a cone angle of mobility of 116.4°(Figure 

6b).   In the presence of beryllium fluoride, however, the 62G conformation was 

not obtained.  These data indicate that the H4 promotes a more restricted 

conformation of the ATP binding pocket of SNF2h.     

 

 SNF2h with nucleosomes lacking flanking DNA but containing the H4 tail 

(wt core) bind 2’3’SLADP and can induce a 47.2G conformation of the nucleotide 

binding pocket corresponding to a 116.4° cone angle (Figure 6c).  However, 

flanking DNA appears to be dispensable for inducing the more restricted 

conformation of the nucleotide binding pocket (61.9G, or 68.8°).  This result 

indicates that the H4 tail but not flanking DNA plays a role in this conformational 

state of the enzyme.  This result supports a model in which the H4 tail and 

flanking DNA act in different steps during the mechanochemical cycle of dimeric 

enzyme (Model 1).  However, the 2’3’ spin probe is only sensitive to very local 

conformational changes, thus it is possible that flanking DNA may play an EPR-

invisible role on the conformation of the nucleotide pocket.  In this scenario, the 

flanking DNA and H4 tail cues could still act in a coupled fashion in the same 

step (Model 2b).   
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5. The H4 tail and flanking DNA play a role in coupling ATP hydrolysis to 

nucleosome remodeling. 

 

The flanking DNA and H4 tail cues have disproportionate effects on ATP 

hydrolysis and nucleosome remodeling rates, as measured by the FRET 

remodeling assay.   Removal of flanking DNA or the H4 tail causes a 3.9 and 4.9-

fold defect on ATP hydrolysis respectively, but causes an order of magnitude 

more deleterious effects on nucleosome remodeling rates under comparable 

conditions (40-fold for flanking DNA, and 33-fold for the H4 tail) (Table 1).   

These data suggest that the substrate cues may play a role not only in ATP 

hydrolysis, but also coupling ATP hydrolysis to nucleosome remodeling.   

 

The nucleosome remodeling rates obtained from bulk FRET experiments, 

however, reflect multiple translocation steps.  Thus it is possible that the 

substrate cues may have an uncoupled effect on measured remodeling rates 

because they act at each of several FRET-sensitive translocation steps.  The 

FRET dye pair we used reports on at least three nucleosome translocation steps, 

based on single molecule FRET experiments 10.  Gel upshift data, however, 

suggests that removal of the H4 tail has a comparable magnitude effect on the 

first translocation step visible by gel for ACF as we observe for the bulk FRET 

assay (Figure 11). Single molecule FRET experiments with a chase indicate that 

nucleosomes having moved the first 7bp step, collapse to the 10.5bp step size 
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observed by gel upshift.  10 This data is consistent with the H4 tail playing a role 

in coupling ATP hydrolysis to remodeling.  The parallel gel upshift experiment 

with shortened flanking DNA has not yet been performed and is technically 

challenging because it is difficult to resolve intermediate bands on a native gel 

with such short linker DNA.  The H4 tail cue thus seems to play two roles in 

nucleosome remodeling: a catalytic role in driving ATP hydrolysis, and a role in 

coupling ATP hydrolysis to remodeling. 

 

 

 

6. The H4 tail peptide can rescue ATP hydrolysis in trans, but not 

nucleosome remodeling. 

 

 We observe that the defect in ATP hydrolysis rates in nucleosomes 

lacking the H4 tail can be rescued by addition of exogenous peptide.  Addition of 

a peptide containing the sequence of the first 19 amino acids deleted in the 

globular H4 tail mutant (H4T peptide) rescues ATP hydrolysis (Figure 8a).  

However, exogenous H4T peptide inhibits ATP hydrolysis at higher 

concentrations (Figure 8b).  

 

 The H4 tail peptide also promotes ATP hydrolysis in the context of naked 

DNA.   However, the peptide alone cannot promote ATP hydrolysis11.  It is 

possible that the H4 tail forms a DNA-H4T epitope with local nucleosomal DNA at 
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SHL(±2), which the enzyme contacts.  It has been previously suggested that 

DNA-binding may drive a region of the H4 tail (residues 16-24) containing the 

basic patch (16-19) into an alpha-helical conformation23,24.  The potential DNA-

binding activity of the H4T peptide alone, however, raises the possibility that the 

rescue of ATP hydrolysis we observe with nucleosomes is due to enzyme 

binding to peptide that is in contact with flanking DNA.  To distinguish between 

these possibilities, we measured ATP hydrolysis rates as a function of H4T 

peptide concentration in the context of gH4 core nucleosomes, which lack 

flanking DNA.  We see partial rescue of ATP hydrolysis in this context (Figure 

8c).   It is still possible, however, that the H4T peptide binds to nucleosomal DNA 

at different locations from SHL(±2) and rescues ATP hydrolysis.  

 

In contrast to the observed rescue of ATP hydrolysis by exogenous H4T 

peptide, nucleosome remodeling is not rescued (Figure 9).  The correct 

attachment of the H4 tail thus appears to matter for nucleosome repositioning.  It 

is possible that the H4 tail serves as a signal to direct the ATPase domain of ACF 

to bind the nucleosome at SHL(±2) such that the enzyme can perform 

translocation in the correct orientation to get productive remodeling.  In this 

model, the lack of physical connection to the histone octamer prevents the 

exogenous peptide from orienting the enzyme correctly.  Alternatively, if the 

enzyme uses the H4 tail as a lever arm to exert force, the lack of physical 

connection to the histone octamer would also abrogate nucleosome remodeling.   
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7. Physical Models for how H4 tail and Flanking DNA may promote coupling 

of ATP hydrolysis to nucleosome remodeling. 

 

i. Decrease alternative binding modes 

 

Substrate cues could function to position the enzyme in a productive binding 

mode on the nucleosome.  The nucleosome as a substrate is larger than the 

enzyme protomers, and likely offers alternative binding surfaces for the enzyme 

where it cannot hydrolize ATP effectively.  The flanking DNA and H4 tail may 

function to position the enzyme in the productive binding mode.  One study 

suggests that removing either the H4 tail or flanking DNA decreases the footprint 

of the enzyme on nucleosomal DNA at SHL(±2), where it is thought to bind, 

without dramatically altering the affinity for the nucleosome1.  Moreover, the H4 

tail cannot rescue ATP hydrolysis or remodeling when grafted onto one of the 

other histone globular domains, suggesting that the H4 tail has a position-specific 

role at SHL(±2) of the nucleosome11,25.   

 

ii. Point of attachment for force application 

 

The H4 tail and flanking DNA could have a physical role as points of contact the 

enzyme may use to apply force to break histone-DNA contacts.  For example, 

one commonly cited model for nucleosome remodeling is the ‘loop propagation’ 

model, where the enzyme reels in a region of flanking DNA onto the surface of 
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the octamer, and propagates this loop or bulge of distorted DNA around the 

histone octamer surface26.  Thus the enzyme may apply force during ATP 

hydrolysis to flanking DNA to pull it inwards.  

  

 It is also thought that ISWI family enzymes translocate along nucleosomal 

DNA at SHL(±2).  Nicks and gaps on nucleosomal DNA at SHL(±2) have been 

shown to block nucleosome remodeling7,27.  These observations have been 

interpreted to suggest that ISWI remodeling enzymes are DNA translocases.  

The H4 tail, which is adjacent to SHL(±2) could serve as a point of attachment 

that the translocating enzyme protomer uses to orient and maintain its position at 

SHL(±2) as it moves along nucleosomal DNA and breaks histone-DNA contacts.   

 

 

8.  Extending the length of the H4 tail linker causes proportional defects on 

ATP hydrolysis and nucleosome remodeling rates. 

 

  To learn more about why the connection between the H4 tail and the 

histone octamer appears to matter for nucleosome remodeling, we made 

nucleosomes with histone H4 tail mutants where the distance between the 

globular domain and the basic patch has been increased by seven or 12 amino 

acids of either unstructured (Gly-Gly-Ser-Gly)n linkers or linkers designed to have 

the propensity to form alpha-helices Ala(Glu-Ala-Ala-Ala-Lys)nAla28.  We included 

the linkers with alpha-helical propensity because of previous observations and 
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speculation that amino acids 16-24 of the H4 tail may form an alpha helix upon 

interaction with local DNA rather than be unstructured as suggested by crystal 

structures generated under conditions of high divalent cation or spermine which 

could competatively shield these interactions23,24,29,30.  The formation of an alpha 

helix of amino acids 16-24 could result in an extension of a long alpha helix 

within the globular domain of H4 from residues 24-40 which is kinked at proline 

3231.  We hoped to potentially distinguish between the effects of linker extension 

and disruption of the putative alpha helix.  From this preliminary experiment, we 

observe that there is an apparent length-dependent defect in both ATP hydrolysis 

and remodeling for the ser-gly extension mutants. (Figures 10,11)  Moreover, 

these mutants have roughly proportional effects on both ATP hydrolysis and 

remodeling, rather than the uncoupling effect we observed for nucleosomes 

lacking the H4 tail completely.   The lack of uncoupling effects is consistent with 

both possible models for the role of the H4 tail in coupling ATP hydrolysis to 

nucleosome repositioning.  For the non-productive-binding model, the local 

concentration of the basic patch epitope is very high, and longer H4 tail linkers 

still bind to DNA at SHL(±2) with high efficiency and orient the enzyme 

appropriately.  For the force-bearing lever model, the linker lengths we chose 

may still be short enough to allow ACF to exert force on the nucleosome.   In the 

case of the putative alpha-helical linker mutants, both the seven and 12 amino 

acid extensions have intermediate defects on ATP hydrolysis and nucleosome 

remodeling, and an apparent lack of length dependence in this preliminary 

experiment, but the differences are small(Figure 10,11).   More experiments will 
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need to be done to determine what this difference in behavior of the flexible linker 

and the putative alpha helical linker means, but this result suggests that length 

and secondary structure of the H4 tail linker can alter the effects of the basic 

patch on ACF function in different ways. 

 

9. Conclusions and Speculations 

 

We observe synergy between the H4 tail and flanking DNA in promoting 

nucleosome remodeling.  The non-additive effects of the cues on both 

nucleosome remodeling and ATP hydrolysis raise two classes of models for how 

the enzyme integrates these two kinds of information:  In Model 1, each cue acts 

in a separate ATP hydrolysis event during nucleosome remodeling.  In Model 2, 

both cues act cooperatively in the same ATP hydrolysis event.  We observe that 

the H4 tail and flanking DNA are both required for ATP hydrolysis, but only the 

H4 tail and not the flanking DNA is required for a conformational change in the 

ATP binding pocket.  This observation is consistent with Model 1, where two ATP 

hydrolysis events of the enzyme complex are qualitatively different (Figure 12a). 

But it is also possible that the effects of flanking DNA on the ATP binding pocket 

are not detectable by the spin probe which senses local environmental changes 

near the 2’3’hydroxyls of ATP.   Our observation that under STO ATP conditions, 

both substrate cues matter, in conjunction with the observation that ATP binding 

is non-cooperative in the dimer, appear to be consistent with a model in which 

both cues act in the same ATP hydrolysis event (Model 2).  In such a model, the 
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interactions between each cue and the enzyme are coupled, either allosterically 

or via direct interaction with each other (Figure 12b).  More experiments will be 

needed to distinguish between these two classes of models.   

 

We also observe an apparent uncoupling of the effects of the cues on ATP 

hydrolysis and nucleosome remodeling.  Moreover, physical attachment of the 

H4 tail to the nucleosomes is dispensible for ATP hydrolysis, but vital for 

nucleosome remodeling.  H4 tail extension mutants cause proportional length-

dependent defects in both ATP hydrolysis and nucleosome remodeling.  Taken 

together, these observations suggest that the substrate cues may play a role 

either in correctly orienting the enzyme on the nucleosome and thus decrease 

non-productive binding modes, or that the cues are used as physical points of 

attachment to exert physical force on the nucleosome and break histone-DNA 

contacts.   The observations of non-additivity and uncoupling of the effects of the 

substrate cues must also be reconciled with the dimer hypothesis, where two 

protomers must communicate and integrate cue information on both sides of the 

nucleosome.   

 

The observation that the substrate cues of flanking DNA and the H4 tail 

cooperatively stimulate enzyme activity raise the question as to why this might be 

biologically advantageous.  Such coupled stimulation may help ensure high 

substrate specificity, and prevent ACF from acting on chromatin in the wrong 

context.  When only one of the cues is available, very little stimulation occurs.  So 
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for example in compacted chromatin, transient exposure of short stretches of 

flanking DNA or the H4 tail would not stimulate ACF.  Only when both cues are 

simultaneous available, does the enzyme act at maximal capacity.   
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Figure Legends 

 

Figure 1.  Mechanistic models for how ACF integrates substrate cues into 

its mechanochemical cycle.  a. Two step model (Model 1).  In this model, ACF 

could have two rate-limiting steps of similar magnitude.  Each cue acts to 

catalyze one of the two rate-limiting steps.  As it is drawn, the flanking DNA 

promotes k1 (blue), and the H4 tail promotes k2(red).   In this model, the defect 

of one cue in the double mutant is partially masked by the effect of the other cue.   

b.  Same step model (Model 2).  In this model, there is one rate-limiting step in 

the reaction cycle in which both cues can act, k2 (purple).  If the cues act in the 

same step, they could act additively, or cooperatively. 

 

Figure 2.  The H4 tail and flanking DNA cues affect nucleosome remodeling 

as probed by FRET.  a. Nucleosome constructs.  gH4+20 nucleosomes have 

20bp of DNA flanking the nucleosome on one side, and lack the H4 tail.  gH4+80 

nucleosomes have 80bp of DNA flanking the nucleosome on one side, and lack 

the H4 tail.  Wt+20 nucleosomes have 20bp of flanking DNA on one side, and 

wild-type histone tails.  Wt+80 nucleosomes have 80bp of flanking DNA on one 

side, and wild-type histone tails.  b.  Representative FRET traces of nucleosome 

remodeling rates with saturating [ACF], saturating [ATP] (2mM), and under 

single-turnover conditions for nucleosomes (5nM).  FRET reactions performed as 

described previously and in Methods1,2.  Rate constants: Wt+80 kobs = 11min-1 

with 25nM ACF; wt+20 kobs = 0.185min-1 with 25nM ACF; gH4+80 kobs = 
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0.289min-1 with 25nM ACF; gH4+20 kobs = 0.059 with 100nM ACF.  c. Average 

kmax values for nucleosome remodeling. Wt+80 8.03min-1 (The value is 

extrapolated from the Km curve for [ATP] in Figure 2d, as rate constants for this 

nucleosome construct are too fast to measure accurately with saturating ATP 

and ACF); wt+20 0.198±0.038 min-1; gH4+80 0.247±0.087min-1; gH4+20 

0.054±0.022min-1.  d. FRET remodeling as a function of [ATP].  With 25nM ACF, 

single-turnover Wt+80 nucleosomes, and varying [ATP], kmax = 8.03, Km (ATP) 

= 24.5uM, Hill Coefficient n = 0.854.  Errors represent s.d.m. 

 

Figure 3. The H4 tail and flanking DNA substrate cues affect ATP 

hydrolysis.  The experiments in this figure are preliminary and have been done 

once (n=1).  ATPases were performed as described previously and in the 

Methods section1.  a. Nucleosome constructs. gH4 core nucleosomes lack 

flaking DNA and the H4 tail.  gH4 60-60 nucleosomes have 60bp of DNA flanking 

both sides of the nucleosome core particle, but lack the H4 tail.  Wt core 

nucleosomes lack flanking DNA but have the H4 tail.  Wt 60-60 nucleosomes 

have 60bp of DNA flanking both sides of the nucleosome core particle, and 

contain the H4 tail. b. Under single turnover nucleosome conditions (250nM 

nucleosomes, 500nM SNF2h), fixing the Hill Coefficient in the fit to n=1, the Km 

of SNF2h for ATP with gH4 60-60 nucleosomes is 53uM, and with gH4 core 

nucleosomes it is 56uM.  c.  Effects of cues on ATP hydrolysis under single 

turnover nucleosome (5nM), multiple turnover saturating ATP (200uM), and 

saturating ACF conditions (25nM). For gH4 core nucleosomes kcat=1.68min-1; 
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for gH4 60-60 nucleosomes kcat=1.88min-1; for wt core nucleosomes kcat=2.39, 

for wt 60-60 nucleosomes kcat = 9.24.  d.  Effects of cues on ATP hydrolysis 

under multiple turnover saturating nucleosome (200nM) and ATP concentrations 

(200uM) with 25nM ACF.   For gH4 core nucleosomes kcat= 4.7min-1, for gH4 

60-60 nucleosomes kcat=9.73, for wt core nucleosomes kcat = 16min-1, for wt 

60-60 nucleosomes kcat = 188min-1.  e.  Effects of cues on ATP hydrolysis 

under single turnover subsaturating ATP concentrations (1nM) as a function of 

nucleosome concentration with 5nM ACF.  f. Time courses of single turnover 

ATPase assays from (e) at saturating [Nucleosomes].  For gH4 core 

nucleosomes at 75nM, kobs = 0.061min-1, for gH4 60-60 nucleosomes at 10nM, 

kobs=0.073min-1, for wt core nucleosomes at 50nM kobs= 0.053min-1, for wt 60-

60 nucleosomes at 25nM kobs = 0.13min-1. 

 

 

Figure 4. Physical Models for Effects of Cues on ATP active site. a.  ATPase 

pocket closure.  The substrate cues may promote closure of the two RecA-like 

lobes of the enzyme onto ATP.  b.  Relief from autoinhibition.  A variation of the 

pocket closure model in which an autoinhibitory domain (yellow) props open the 

two RecA-like lobes of the ATP binding pocket.  Binding of a substrate cue, the 

H4 tail in the illustrated example, releases this autoinhibitory domain, allowing for 

pocket closure.  c.  Arginine Finger hypothesis.  In this model, one of the 

arginines in the basic patch of the H4, Arginine 17 or 19, substitutes for the 

endogenous arginine finger, and directly coordinates ATP in the active site. 
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Figure 5. Electron Paramagnetic Spin Spectroscopy with 2’3’ Spin-labeled 

ATP.  a.  Structure of 2’3’SLATP.  The nitroxide moity is on the 2’3’ hydroxyls.  b.  

2’3’ SLATP and 2’ SLATP support nucleosome remodeling by SNF2h.  Endpoint 

gel upshift remodeling assay under single turnover nucleosome conditions with 

20nM Wt+60 nucleosomes and 120nM SNF2h.  67uM of ATP, 2’3’SLATP, or 

2’SLATP, 20 minute endpoint. c. 2’3’ SLADP binds SNF2h alone and induces a 

47.4G spitting, corresponding to a cone angle of mobility of 118.8°.  EPR 

spectrum of 10uM 2’3’SLADP alone (black) and 10uM 2’3’SLADP in the 

presence of 16uM SNF2h (pink).   

 

Figure 6. The H4 tail but not flanking DNA is required for SNF2h to induce a 

constrained conformation in the ATP binding pocket.  Note that values with 

an asterix indicate that the exact splitting could not be determined from the 

spectrum.  Also note that for the spectra in this figure, we used 2’3’SLATP, which 

is hydrolized rapidly (on the order of minutes) under these conditions and before 

the sample goes into the EPR machine.  a. In the presence of 12uM wt+60 

nucleosomes, 30uM SNF2h induces a 47.7G splitting for the probe on 

2’3’SLADP, corresponding to a cone angle of 117.8° (black spectrum).  Addition 

of 0.5mM Beryllium Fluoride induces a more restricted conformation of the 

nucleotide binding pocket of 62G, corresponding to a cone angle of mobility of 

68.8° (pink spectrum).  b.  In the presence of 11.2uM gH4+60 nucleosomes, 

30uM SNF2h induces the 48.1G splitting for the probe on 2’3’SLADP, but the 
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addition of beryllium fluoride does not result in the more restrictied conformation 

of the nucleotide binding pocket, indicating that the H4 tail promotes this 

conformation  c.  In the presence of wt core nucleosomes, SNF2h induces a 

47.2G splitting for the probe on 2’3’SLADP and the addition of beryllium fluoride 

induces the more restricted conformation of the nucleotide binding pocket 

(61.9G), indicating that flanking DNA is not required for this conformational 

change. 

 

Figure 7. Temperature dependence of the 62G conformation of the 

nucleotide binding pocket.  The experiments in this figure are preliminary and 

have been done once (n=1).  Also note that values with an asterix indicate that 

the exact splitting could not be determined from the spectrum.  Lowering the 

temperature from 30°C to 2°C shifts the equilibrium of 2’3’SLADP in the presence 

of beryllium fluoride from the 62G restricted conformation to the more open 48G 

conformation. At 2°C (blue spectrum), in the presence of 8uM Wt 60-60 

nucleosomes, 10uM 2’3’SLADP and 0.5mM BeFx, 16uM SNF2h induces both a 

50.7G splitting (107.8° cone angle) and the 62G* (68.4°* cone angle).  At 

30°C(red spectrum), the fraction of spins in the 48G* conformation decreases, 

while the more restricted 62.3G population increases (67.2° cone angle).  

 

Figure 8. The H4 tail can rescue ATP hydrolysis in trans.  The experiments in 

this figure are preliminary and have been done once (n=1).  a.  The H4 tail 

rescues ATP hydrolysis by SNF2h in the presence of gH4+78 nucleosomes.  
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Under MTO nucleosome and ATP conditions (100nM nucleosomes, 50nM 

SNF2h, 13uM ATP), 50uM H4 tail peptide (amino acids 1-19) rescues ATP 

hydrolysis. Rate constants: Wt+78 nucleosomes kobs = 7.49±0.042 min-1, 

Wt+78 nucleosomes with 50uM H4 tail peptide (1-19) kobs = 8.1±0.54 min-1, 

gH4+78 nucleosomes kobs = 0.68±0.29 min-1, gH4+78 nucleosomes with 50uM 

H4 tail peptide kobs = 7.02±0.69 min-1.  b.  The H4 tail partially rescues ATP 

hydrolysis by SNF2h in the presence of of gH4 60-60 nucleosomes under STO 

nucleosome, MTO subsaturating ATP conditions (250nM nucleosomes and 

500nM SNF2h, 10uM ATP) Rate constants: Wt 60-60 nucleosomes kobs = 13.6 

min-1; gH4 60-60 nucleosomes kobs = 2.11; gH4 60-60 nucleosomes + 10uM H4 

peptide kobs = 4.83 min-1; gH4 60-60 nucleosomes + 25uM H4 peptide kobs = 

8.23 min-1; gH4 60-60 nucleosomes + 50uM H4 peptide kobs = 5.03 min-1.  c.  

The H4 tail partially rescues ATP hydrolysis by SNF2h in the presence of gH4 

core nucleosomes under single turnover nucleosome, MTO subsaturating ATP 

conditions (250nM nucleosomes, 500nM SNF2h, 10uM ATP).   Rate Constants: 

Wt core nucleosomes kobs = 10.3 min-1; gH4 core nucleosomes kobs = 2.11; 

gH4 core nucleosomes + 10uM H4 peptide kobs = 4.27 min-1; gH4 core 

nucleosomes + 25uM H4 peptide kobs = 3.85 min-1; gH4 core nucleosomes + 

50uM H4 peptide kobs = 0.681 min-1. Errors represent s.d.m. 

 

Figure 9. The H4 tail does not rescue nucleosome remodeling in trans.  The 

experiments in this figure are preliminary and have been done once (n=1).  

Under STO nucleosome, MTO ATP conditions with gH4+78 nucleosomes and 
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SNF2h, exogenously added peptide does not rescue nucleosome remodeling but 

rather inhibits remodeling at concentrations that stimulate ATP hydrolysis.  Rate 

constants were measured with 10nM gH4+78 nucleosomes, 200nM SNF2h, 

2mM ATP and varying concentrations of the H4 peptide (a.a. 1-19).  Note that 

the H4 tail peptides used in this experiment contained one remaining F-moc 

group from synthesis, which could contribute to stickiness and non-productive 

interactions.  Rate constants were then normalized to the value of the rate 

constant obtained for gH4+78 nucleosomes without peptide (0.008 min-1).  An 

apparent Ki of 6.8uM was obtained from fitting the inhibition of remodeling as a 

function of peptide concentration.  

 

Figure 10.  The H4 tail extension mutants have effects on ATP hydrolysis.  

a.  H4 tail extension costructs.  Histones mutants were created with four types of 

linkers between the globular domain and the basic patch, the critical epitope of 

the H4 tail: seven or 12 amino acids of (GGSG)n, and seven or 12 amino acids of 

an alpha helix-promoting sequence, A(EAAAK)nA.  These histones, along with 

Wild-type H4 and H4 tailless (Δ1-19 amino acids) were used to assemble 

nucleosomes with a Cy3 dye on one side of the nucleosome and 60bp of flanking 

DNA on the other side of the nucleosome b.   ATPase assays were performed 

previously and as described in Methods1.  In this preliminary experiment 

performed once, the H4 tail extension mutants decreased ATPase activity under 

STO nucleosome conditions (5nM) with saturating ACF (25nM) and MTO 

subsaturating ATP (4uM).  The longer 12sergly linker has a more deleterious 
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effect than the 7sergly linker compared to Wt, but not as severe as the gH4 

(tailless) mutant.  Both putative alpha helical linker lengths had intermediate but 

similar defects.   Rate constants: Wt+60 kobs = 14.7min-1; 7sg+60 kobs = 

9.76min-1; 12sg+60 kobs = 4.77min-1; 7alpha+60 kobs = 6.61min-1; 12alpha+60 

kobs = 6.05 min-1; gH4+60 kobs = 2.38min-1. 

 

Figure 11.  The He tail extension mutants have effects on nucleosome 

remodeling.  a.  Nucleosomes end-labeled on the DNA with a Cy3 dye on one 

side of the nucleosome and 60bp of DNA on the other side were used in gel 

mobility shift assays as described previously and in Methods1.  The H4 tail 

extension mutants decreased remodeling rates under STO nucleosome 

conditions with saturating ACF and MTO, subsaturating ATP (identical conditions 

to the ATPase assays in Figure 10).  b.  Quantification of the gel upshift assays 

in (a) by measuring the decrease in the fraction of nucleosomes from the 

unremodeled band with time.  The data fit best to a double exponential.  Rate 

constants for the fast phase: Wt+60 kobs = 0.9min-1; 7sg+60 kobs = 0.51min-1; 

12sg+60 kobs = 0.37min-1; 7alpha+60 kobs = 0.48; 12alpha+60 kobs = 0.44; 

gH4+60 kobs not determined.   

 

Figure 12.  Physical models for the cues acting in one or two ATP 

hydrolysis events.  a.  In Model 1, the two types of ATP hydrolysis may be 

carried out by the two promoters in the dimeric complex.  The first protomer may 

sample flanking DNA length and hydrolize the first ATP, while the second 
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protomer may sense the H4 tail and hydrolize the second ATP.  b.  In Model 2b, 

the two substrate cues act in a coupled manner to promote the same ATP 

hydrolysis event.  In such a model, contacts between the H4 tail and the enzyme 

(green) in an activated intermediate, such as a closed pocket conformation, are 

stabilized by interactions of DNA with the enzyme (yellow), either allosterically or 

directly as shown in this example (pink contacts between the H4 tail and flanking 

DNA).   
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FIGURE 4
a. ATPase pocket closure
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FIGURE 7
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FIGURE 9
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FIGURE 10
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Table 1

Relative to Wt Relative to ∆DNA∆H4T
ATPase Remodeling ATPase Remodeling

wt 1 1 148.7037 5.5
∆flanking DNA 40.55556 3.86610879 3.666667 1.422619048
∆H4 tail 32.51012 4.91489362 4.574074 1.119047619
∆DNA∆H4T 148.7037 5.5 1 1
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Protein purification.  Human SNF2h and the ACF complex were assembled 

and purified from SF9 cells as previously described1. 

Nucleosome Assembly.  Nucleosomes were assembled as previously 

described on DNA containing the 147 bp 601 positioning sequence1-3. DNA 

constructs with 20, 40, 60, or 78bp of DNA flanking the nucleosome were 

generated by PCR as previously described (Fig S1a).  For fluorescence intensity-

based binding studies, nucleosomes were labeled with a single Cy3 dye on the 

short DNA end by PCR using end-labeled primers (IDT).   For measurement of 

nucleosome remodeling kinetics by FRET, histone H2A of the octamer was 

labeled with Cy5.  A unique cysteine was engineered at residue 120 using 

QuikChange mutagenesis (Stratagene), and labeled with Cy5-maleimide under 

denaturing conditions as previously described before octamer assembly.  

Octamers with H2A-120C-Cy5 were then assembled into nucleosomes using 

Cy3 end labeled DNA with 20 or 78 bp of flanking DNA on one side.  For 

negative stain EM experiments, nucleosomes were assembled as previously 

described with 60 bp of flanking DNA on one end, but in the absence of NP-40. 

For EPR studies, a unique cysteine was engineered into histone H4 at residue 

15.  Nucleosomes were assembled under reducing conditions with 0.5mM DTT.  

After nucleosome assembly, nucleosomes were transferred into DTT free 

labeling buffer (10mM KCl, 20mM MOPS, pH 7.0) by successive rounds of 

concentration and dilution using the centrifugal filter units, Microcon YM-100 

(Millipore).  Five-fold excess of Maleimide Spin Probe (N-(1-oxyl-2,2,6,6-

tetramethyl-4-piperidinyl) maleimide) to cysteines was immediately added after 
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buffer exchange and nucleosomes were left at room temperature overnight for 

labeling.  Free spin probe was removed from the H4-A15C-MSL labeled 

nucleosomes by successive rounds of buffer exchange using centrifugal filter 

units.  

 

 

EPR Spectroscopy. EPR measurements were performed with a Bruker EMX 

EPR spectrometer from Bruker Instruments (Billerica, MA). First derivative, X-

band spectra were recorded in a high-sensitivity microwave cavity using 50-s, 

100-Gauss wide magnetic field sweeps. For clarity only 80-Gauss are shown in 

Figure 1. The instrument settings were as follows: microwave power, 25 mW; 

time constant, 164 ms; frequency, 9.83 GHz; modulation, 1 Gauss at a frequency 

of 100 kHz. Each spectrum used in the data analysis is an average of 50-150 

sweeps from an individual experimental preparation.  For temperature 

dependence experiments, a stream of dry, temperature-controlled air was 

passed through the sample cavity, and the temperature of the sample was 

monitored by a thermistor in the chamber.  The setup achieves temperature 

control within <2°C precision.   

For EPR experiments in Chapter 2, Figure 1 using maleimide spin-labeled 

H4 tail nucleosomes, the following conditions were used:  4 uM nucleosomes 

(8uM spin probes, as the nucleosome has two H4 tails) were measured in the 

presence of 8uM SNF2h at room temperature in reaction buffer (12mM HEPES 
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pH 7.9, 4mM Tris pH 7.5, 60mM KCl, 0.5-1mM free MgCl2, 0.32mM EDTA, 12% 

glycerol, 0.4mM DTT, 0.4mM BenzHCl, 0.4 mg/ml Flag Peptide) and various 

nucleotides and nucleotide analogues. For spectra in the presence of ADP, 2mM 

ADP-Mg2+ was used.  For spectra in the presence of ADP•BeFx, 0.5mM ADP, 

0.5mM BeCl2 and 2.5mM NaF, along with 0.5mM MgCl2 was used.  

 For EPR experiments in Chapter 3, Figure 6 using 2’3’SLATP, the 

following conditions were used: 11.3 to 12uM nucleosomes as indicated in the 

legend, 30uM SNF2h, and reaction  buffer (12mM HEPES pH 7.9, 4mM Tris pH 

7.5, 60mM KCl, 0.5-1mM free MgCl2, 0.32mM EDTA, 12% glycerol, 0.4mM DTT, 

0.4mM BenzHCl, 0.4 mg/ml Flag Peptide) and 15uM of 2’3’SLATP in the 

presence of 0.5mM MgCl2.  For spectra in the presence of BeFx, 0.5mM BeCl2 

and 2.5mM NaF were added after hydrolysis of 2’3’SLATP by SNF2h and 

nucleosomes.  For experiments in Chapter 3, Figures 5 and 7 using 2’3’SLADP, 

the following conditions were used: 8uM nucleosomes, 16uM SNF2h and 

reaction buffer (12mM HEPES pH 7.9, 4mM Tris pH 7.5, 60mM KCl, 0.5-1mM 

free MgCl2, 0.32mM EDTA, 15% glycerol, 0.4mM DTT, 0.4mM BenzHCl, 0.4 

mg/ml Flag Peptide) and 10uM of 2’3’ SLADP in the presence of 0.5mM MgCl2. .  

For spectra in the presence of BeFx, 0.5mM BeCl2 and 2.5mM NaF were added. 

 

Deconvolution of spectra. The fraction of immobilized probe was calculated by 

deconvolution of spectra into mobile and immobilized components.  Spectra were 

then fit using these two components as described in supplementary figure 14.   

For the temperature dependence experiments, at each temperature, the fraction 
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mobile and immobile probe was obtained by non-linear least squares fit of the 

spectrum to a sum of mobile and immobile representative spectra. EPR spectra 

of spin labeled nucleosomes without SNF2h only have a mobile component and 

were used as the mobile representative spectra.  The immobilized component 

spectrum was obtained by subtracting the mobile representative spectrum from 

nucleosome + SNF2h spectra which represent a mixture of mobile and immobile 

probe.  A separate basis set was derived at each temperature to correct for the 

low temperature broadening of the spectra. 

 

Hydroxyl Radical Footprinting.  ACF and nucleosomes with 60 bp of flanking 

DNA were dialyzed separately into reaction buffer (12mM HEPES pH 7.9, 4mM 

Tris pH 7.5, 60mM KCl, 3mM free MgCl2, 0.32mM EDTA, 1mM DTT and 1mM 

BenzHCl) to remove glycerol. Nucleosomes were end-labeled with 32P on the 5’ 

end of the shorter flanking DNA side.  20nM nucleosomes were incubated with 

100nM ACF, and enzyme activity was verified by gel shift (data not shown). For 

reactions containing ADP•BeFx, 2mM ADP, 2mM BeCl2 and 10mM NaF, along 

with 2mM MgCl2 was used. Digestion with hydroxyl radicals was carried out as 

described previously, with a few modifications5.  0.5 ul each of the following 

solutions were placed on the inner wall of the reaction tube: (i) 20mM ferrous 

ammonium sulfate and 40 mM EDTA,  6 100mM sodium ascorbate, and (iii) 30% 

H2O2.  The reaction was initiated by spinning down the solutions, incubated for 1 

min at room temperature, and stopped by the addition of 5 ul of 100mM thiourea 

and 0.5 ul 0.5M EDTA.  Reactions were then ethanol precipitated using 5 ug of 
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blue dextran per sample as a carrier.  The DNA was resuspended in loading 

buffer (90% formamide, 10% Bromophenol Blue- Xylene Cyanol loading solution 

(Sigma)), heated at 90C for 5 min and loaded on an 8% sequencing gel 

containing 7M urea.  Using SAFA software, gels were corrected for distortions 

and the band intensities were measured7.  Gel-loading efficiencies were 

normalized by aligning band intensities in the 30-45 bp region.  Base pair 

assignments were determined using standards from the 601 sequence, 

generated using the Thermo Sequenase Dye Primer Manual Cycle Sequencing 

Kit (United States Biochemical Corporation).  Depiction of the nucleosome with 

flanking DNA was generated by fusing the crystal structure of the nucleosome 

(PDB 1KX5) with a segment of 12bp B-form DNA (PDB 1BNA) in Coot and then 

visualized using Chimera 8-10. 

 

Fluorescence Binding Assay.  Nucleosomes end labeled on the shorter DNA 

side of the nucleosome with Cy3 and either 40 or 78 bp of flanking DNA were 

incubated for 20 minutes at room temperature with varying amounts of SNF2h in 

reaction buffer (12mM HEPES pH 7.9, 4mM Tris pH 7.5, 60mM KCl, 3mM MgCl2, 

0.32mM EDTA, 12% glycerol, 0.02% Nonidet P40, 0.4mM DTT, 0.4mM BenzHCl, 

0.4 mg/ml Flag Peptide) along with 0.1mg/mL BSA and nucleotide analogues 

concentrations as above. Fluorescence intensity of the cy3 probe was measured 

either using an Analyst HT plate reader (Molecular Devices) or an ISS K2 

fluorometer.  In the Analyst HT, the following filter set was used: 520-10 

bandpass filter, 561 dichroic, and 580 bandpass.  In the fluorometer, samples 
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were excited at 515nm and emission measured at 565nm.  Longpass filters of 

495nm and 530nM were used for excitation and emission monochromators 

respectively.  The fluorescence intensity (z) as a function of SNF2h concentration 

(X) was fit to the following equation:  

z = [a(K1/2
n)+b(Xn)]/[(Xn)+(K1/2

n)]    Eqn (1)  

where a is the fluorescence intensity of unbound Cy3-labeled nucleosomes, b is 

the fluorescence intensity of fully bound Cy3-labeled nucleosomes, n is the Hill 

Coefficient, and K1/2 is the concentration of SNF2h at which half the nucleosomes 

are bound.  The average values for n and K1/2 from three independent data sets 

are reported in the table in Figure 2e.  In Figure 2b and 2e, for ease of 

visualization and comparison of different nucleotide analog states in the same 

plot, representative curves are shown, normalized from 0 to 1.  Data was 

normalized as follows: 

y =  (z-a)/(b-a)     Eqn 

(2) 

where y is the normalized fluorescent intensity, z is the raw fluorescent intensity 

value at a given concentration of SNF2h, a is the fluorescent intensity of unbound 

Cy3-labeled nucleosomes determined from the fit in Eqn (1), and b is the 

fluorescent intensity of fully bound Cy3-labeled nucleosomes determined from 

the fit in Eqn (1).  The normalized fluorescent intensity (y) was then fit to Hill 

Equation: 
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y = (Xn)/[(Xn)+(K1/2
n)]   Eqn (3) 

where X is the concentration of SNF2h, n is the Hill Coefficient, and K1/2  is the 

concentration of SNF2h at which half the nucleosomes are bound. 

 

 

FRET-based experiments.  Nucleosome remodeling rates were measured as 

described previously.1  For the SNF2h remodeling experiments in Chapter 2, 

Figure 2, 5nM of FRET-labeled nucleosomes with 78bp of flanking DNA were 

incubated with varying concentrations of enzyme, 0.1mg/ml BSA, and reaction 

buffer (12mM HEPES pH 7.9, 4mM Tris pH 7.5, 60mM KCl, 3mM MgCl2, 0.32mM 

EDTA, 0.02% (v/v) NP-40, 0.4mM DTT, 0.4mM BenzHCl, 12% glycerol, 0.4 

mg/ml Flag Peptide) for 10 minutes at 30ºC before initiation by adding 

ATP/MgCl2 (2mM).  The rate constants were obtained from an exponential fit as 

described previously1.  ACF experiments for Chapter 2, Figure 2 were conducted 

in an identical manner as the SNF2h experiments except that FRET-labeled 

nucleosomes with 20bp of flanking DNA were used instead of 78bp because 

ACF kinetics are too rapid to measure by manual mixing with longer flanking 

DNA lengths under saturating ATP concentrations.  The observed rate constants 

(kobs) were fit to the following equation:  

kobs = (kmaxXn)/[(Xn)+(K’1/2
n)] 

117



 

where kmax is the maximal rate constant for remodeling, X is the concentration of 

SNF2h, n is the Hill Coefficient, and K’1/2 is the concentration of enzyme at which 

kobs = (1/2)kmax. 

ACF experiments in Chapter 3, Figure 2, were conducted in an identical 

manner as the SNF2h experiments except that four FRET-labeled nucleosome 

constructs were assembled, as described in Figure 2a: Wt nucleosomes with 20 

or 80p of flanking DNA or 80bp of flanking DNA, and H4 tailless (gH4) 

nucleosomes with 20 or 80bp of flanking DNA. 

Electron microscopy and image processing.  10nM nucleosomes with 60bp of 

flanking DNA were incubated with 100 to 200nM freshly purified SNF2h for 10 

minutes at 30ºC in reaction buffer with low glycerol (12mM HEPES pH 7.9, 4mM 

Tris pH 7.5, 60mM KCl, 3mM MgCl2, 0.32mM EDTA, 1-3% glycerol, 0.4mM DTT, 

0.4mM BenzHCl, 0.4 mg/ml Flag Peptide) and 2mM ADP•BeFx•Mg generated 

from 2mM ADP, 2mM BeCl2 and 10mM NaF, 2mM MgCl2).  Images of SNF2h by 

itself were also obtained in the above conditions.  2.5uL reaction mixture was 

adsorbed to a glow-discharged copper grid coated with carbon film for 30 

seconds followed by conventional negative stain with 0.75% uranyl formate11. 

Images were collected using a Tecnai T12 microscope (FEI company, Hillsboro, 

OR) with a LaB6 filament and operated at 120 kV accelerating voltage. All images 

were recorded at a magnification of 52,000X with an UltraScan 4096 x 4096 pixel 

CCD camera (Gatan Inc, USA). Images of tilt pairs were recorded with a defocus 

of -1.5um using an automated procedure as previously described12.  
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All images were 2x2 pixel binned to the final pixel size of 4.04A before any 

further processing. A total of 10,059 pairs of particles were selected interactive 

from 101 tilt pair images using the display program WEB associated with the 

SPIDER software package and windowed into 90 x 90 pixels images13. All 

subsequent image processing was performed using the SPIDER software 

package. Particles windowed from untilted images were subject to standard 

iterative multi-reference alignment and classification (K-mean, specifying 50 

classes). All class averages were divided into 5 distinct views (shown in Figure 

3a and b), and classes of the same view were merged together. Images of 

nucleosome with two SNF2h bound (shown in Figure 3a, top) were used for 

calculating 3D reconstruction by random conical tilt (RCT) technique14. Images of 

side views (Figure 3a, middle and bottom) were included during the angular 

refinement of the initial 3D reconstruction calculated from top view only. Adding 

side view images reduces the flattening and missing cone effects of random 

conical tilt 3D reconstruction. A total of 8,440 particles, including ten percent of 

the particle from untilted images of the same classes, were included in the final 

3D reconstruction. We did not enforce any symmetry in the 3D reconstruction or 

during the refinement. The resolution of final 3D reconstruction was estimated to 

be ~ 27Å, based on Fourier Shell Correlation (FSC) = 0.5 criteria. 3D 

reconstruction of the nucleosome with a single SNF2h bound was calculated 

following the same procedure. 3D reconstructions were visualized by UCSF 

Chimera, atomic structure of the nucleosome (PDB 1KX5) was placed manually 
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into the 3D volume8. The handedness of the final 3D reconstruction was 

determined unambiguously by the calibrated RCT procedure. The handedness 

obtained by this procedure has been validated by all subsequent 3D 

reconstructions that have been generated using the same procedure.   Once the 

handedness was determined, the nucleosomal “disc” could only be placed in one 

way into the 3D volume.  In this placement we inferred the location of the 

nucleosome dyad from the “V” shaped protein density observed in the top view 

(see top panel in Fig. 3a) as this shape correlates with the protein density in the 

crystal structure. We hypothesize that due to selective positive staining of the 

DNA, the density corresponding to DNA is weaker than that corresponding to 

protein. 

 

ATPase Reactions.  ATP hydrolysis reactions were conducted as described 

previously 

15.  Briefly, nucleosomes, SNF2h, and ATP at the concentrations indicated in the 

figure legends were combined to a final volume of 30uL at 30°C in reaction buffer 

reaction buffer (12mM HEPES pH 7.9, 4mM Tris pH 7.5, 60mM KCl, 3mM MgCl2, 

0.32mM EDTA, 0.02% (v/v) NP-40, 0.4mM DTT, 0.4mM BenzHCl, 12% glycerol, 

0.4 mg/ml Flag Peptide) and time points were collected and quenched manually 

as described previously15.  For STO ATP reactions, only the γ-32P-labeled ATP 

tracer was used at the indicated concentrations.   

Gel mobility upshift experiments.  These experiments were performed as 

described previously1.  Nucleosomes and either SNF2h or ACF at the 
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concentrations indicated in the figure legends were combined at room 

temperature for Chapter 3 Figure 5, and at 30°C for Chapter 3 Figure 11, in 

reaction buffer (12mM HEPES pH 7.9, 4mM Tris pH 7.5, 60mM KCl, 3mM MgCl2, 

0.32mM EDTA, 0.02% (v/v) NP-40, 0.4mM DTT, 0.4mM BenzHCl, 12% glycerol, 

0.4 mg/ml Flag Peptide) and time points were collected and quenched manually 

as described previously.  Nucleosome gels in Chapter 3, Figure 5 were stained 

with Ethidium Bromide, and gels in Chapter 3, Figure 11 were imaged directly in 

the Cy3 channel on a Typhoon Variable Mode Imager. 
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