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ABSTRACT OF THE DISSERTATION 

 

Identification of the Prenucleosome and Analysis of the 

Mechanism of ATP-Dependent Chromatin Assembly 

 

by 

 

Sharon E. Torigoe 

 

Doctor of Philosophy in Biology 

University of California, San Diego, 2013 

 

Professor James Kadonaga, Chair 

 

 The assembly of chromatin is a necessary process that must occur following 

DNA-utilizing processes, such as replication, repair, and transcription.  Chromatin is a 

complex of DNA and proteins that is responsible for packaging and organizing DNA into 

the eukaryotic nucleus and also serves as a regulator of all DNA-utilizing processes.  The 

basic repeating unit of chromatin is the nucleosome, which consists of approximately 147 
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base pairs of DNA wrapped around a histone octamer core.  Chromatin assembly is 

facilitated by core histone chaperones and ATP-dependent motor proteins.  For this 

dissertation, I have investigated the mechanism of chromatin assembly using a purified, 

defined in vitro chromatin assembly system, consisting of relaxed DNA, ATP, core 

histones, the histone chaperone NAP1, and the ATP-driven motor proteins ACF or 

CHD1. 

 A novel nonnucleosomal histone-DNA complex, termed the prenucleosome, was 

identified as an intermediate of chromatin assembly.  Whereas this intermediate of 

chromatin assembly is biochemically distinct from canonical nucleosomes, the 

prenucleosome is indistinguishable from a nucleosome by atomic force microscopy.  

Analysis of chromatin remodeling-defective mutants of CHD1 demonstrated that ATP-

dependent chromatin assembly is a distinct activity from chromatin remodeling. 

 These findings indicate a multi-step mechanism for chromatin assembly.  Histone 

chaperones first deposit histones onto DNA to generate prenucleosomes.  These 

prenucleosomes are subsequently converted into randomly-positioned canonical 

nucleosomes by ATP-dependent motor proteins.  Lastly, ATP-driven motor proteins 

reposition these nucleosomes into periodic arrays.  Altogether, these studies provide new 

insight into the mechanism of ATP-dependent chromatin assembly, highlighting the 

necessity of ATP-driven motor proteins in this process. 
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Chapter 1: 

 

Introduction  
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 Chromatin is a complex of DNA and proteins that fulfills two critical roles for 

eukaryotic cells.  It packages and organizes an entire genome, often over a meter in 

length, into a nucleus with a diameter of several microns.  It also regulates all DNA-

utilizing processes, including replication, repair, and transcription. 

 The basic repeating unit of chromatin is the nucleosome, which consists of 

approximately 146 base pairs of DNA and a histone octamer core.  This histone core 

comprises two copies each of the core histone proteins H2A, H2B, H3, and H4.  In the 

nucleosome, two heterodimers of H2A and H2B flank a central heterotetramer of H3 and 

H4, and the DNA is wound around the histone core in a left-handed superhelix (Luger et 

al., 1997).  Arrays of nucleosomes comprise the primary structure of chromatin, which is 

further compacted into higher-order structures (reviewed in Luger et al., 2012). 

 Due to the importance of chromatin in all eukaryotes, the assembly of chromatin 

is an essential process that must occur following DNA-utilizing processes.  In general, 

chromatin is considered an inhibitory barrier that must be disassembled to permit access 

for the machinery involved with these processes (for reviews, see Ransom et al., 2010; 

Avvakumov et al., 2011).  Chromatin assembly has long been coupled with DNA 

replication (for reviews, see Annunziato, 2012; Burgess and Zhang, 2013), and the 

reassembly of chromatin is considered the final step of DNA repair mechanisms (for 

reviews, see Ransom et al., 2010; Avvakumov et al., 2011). 

 Because histones and DNA form insoluble aggregates at physiological conditions, 

it was evident early on that chromatin assembly is a more regulated and complicated 

process.  Hence, there are two major questions in the field: what are the factors that 

facilitate the assembly of chromatin and what is the mechanism for chromatin assembly. 
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Core Histone Chaperones 

 The first chromatin assembly factors identified were the core histone chaperones, 

beginning when Ron Laskey and colleagues purified the protein nucleoplasmin, which 

bound to histones and transferred them to DNA (Laskey et al., 1978; Earnshaw et al., 

1980).  They described this protein as a "molecular chaperone," due to its ability to 

prevent formation of insoluble histone-DNA aggregates at physiological conditions.  

Following the identification of nucleoplasmin, there has been a growing list of histone 

chaperones (Figure 1.1), which includes NAP1 (nucleosome assembly protein 1), CAF-1 

(chromatin assembly factor 1), and ASF1 (anti-silencing function 1) (Ishimi et al., 1983; 

Smith and Stillman, 1989; Tyler et al., 1999). 

 Histone chaperones have critical roles in regulating the assembly of chromatin 

through mediating histone-DNA and histone-histone interactions.  As a group, the histone 

chaperones are diverse in their sequences and structures, with little conservation amongst 

them (for reviews, see Das et al., 2010; Hondele and Ladurner, 2011).  However, they all 

share the common purpose of binding to core histones, which seems to limit the 

accessible surfaces for binding to DNA or other histones, thereby regulating histone-

DNA and histone-histone interactions to promote nucleosome formation.  Additionally, 

most histone chaperones are also specific for a pair of histones, either histones H3 and H4 

or histones H2A-H2B, and bind to one of the following combinations: (H3-H4)2 

tetramers, H3-H4 dimers, or H2A-H2B dimers (for reviews, see Avvakumov et al., 2011; 

Hondele and Ladurner, 2011; Burgess and Zhang, 2013).  Not surprisingly, these 

formations nicely correspond to the arrangement of histones in the octamer core of the 
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nucleosome.  Thus, histone chaperones may be integral for ensuring the appropriate 

histone-histone interactions necessary for this octameric arrangement. 

 While most histone chaperones show binding specificity to pairs of histones, it is 

noteworthy that a few histone chaperones, particularly NAP1 and FACT, have been 

observed to bind to all core histones (Ishimi et al., 1984; Ito et al., 1996; 

Belotserkovskaya et al., 2003).  Hence, these proteins are useful for in vitro analyses of 

chromatin assembly.  However, it should be kept in mind that it is likely that at least two 

histone chaperones are necessary for the assembly of chromatin in vivo. 

 Studies of histone chaperones have revealed the importance of chromatin 

assembly in the context of other DNA-utilizing processes, particularly replication and 

repair (for reviews, see Ransom et al., 2010; Avvakumov et al., 2011; Burgess and 

Zhang, 2013).  The coupling of chromatin assembly with DNA replication has long been 

accepted, in part because the most extensive need for chromatin assembly logically 

occurs following the replication of an entire genome.  Additionally, studies have 

indicated that some histone chaperones, particularly ASF1, CAF-1 and Rtt106, have key 

functions during DNA replication.  For example, ASF1 and CAF-1 bind to newly 

synthesized histones H3 and H4 (Verreault et al., 1996; Tyler et al., 1999) and localize to 

DNA replication forks (Krude, 1995; Schulz and Tyler, 2006).  These observation 

strongly suggest that CAF-1 and ASF1 are responsible for depositing histone H3 and H4 

following replication.  The involvement of histone chaperones following DNA repair 

appears to mimic their roles following replication.  Both CAF-1 and ASF1 have been 

linked to reassembly following nucleotide excision repair (Gaillard et al., 1996; Mello et 

al., 2002), and CAF-1 appears to facilitate assembly after repair of double-stranded DNA 
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breaks (Chen et al., 2008).  That CAF-1 and ASF1 appear to have roles following both 

replication and repair suggests that the common mechanism may be utilized for 

rebuilding chromatin onto naked DNA.  It remains to be determined whether a similar 

approach is used following transcription. 

 Histone variant proteins have emerged as important regulators of DNA repair and 

transcription, and histone chaperones play key roles during histone exchange with these 

variant proteins (for reviews, see Ransom et al., 2010; Avvakumov et al., 2011).  Upon 

DNA damage, the histone variant H2A.X is phosphorylated and serves as a signal for 

repair machinery. When repair is complete, the histone chaperone FACT is responsible 

for replacing the phosphorylated H2A.X with canonical H2A (Heo et al., 2008).  Chz1 

has been identified as the histone chaperone specific for the H2A.Z variant (Luk et al., 

2007), which has been found in nucleosomes that flank nucleosome free regions in 

promoters and sites of DNA damage (Henikoff, 2009; van Attikum et al., 2007; Kalocsay 

et al., 2009).  This is intriguing, as H2A.Z-containing nucleosomes are thought to be less 

than stable than canonical nucleosomes (reviewed in Henikoff, 2009).  This suggests an 

interesting pathway involving H2A.Z, in which chromatin assembly factors are utilized to 

generate nucleosomes that are more easily disassembled in order to promote transcription 

and DNA repair.  In addition to H2A.Z, the H3 variant H3.3 is associated with 

transcription, and its incorporation into chromatin at actively transcribed genes is 

dependent on HIRA (reviewed in Szenker et al., 2011). 

 In summary, histone chaperones are necessary during chromatin due to the 

propensity of histones and DNA to form insoluble aggregates at physiological conditions.  

To promote the formation of nucleosomes, histone chaperones bind to core histones, 
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regulating histone-DNA and histone-histone interactions.  Furthermore, their many roles 

in reassembly and histone exchange highlight the importance of chromatin assembly in 

many DNA-utilizing processes. 

 

ATP-Dependent Motor Proteins 

 Histone chaperones have long dominated the field of chromatin assembly, 

perhaps because their involvement in other nuclear processes became evident early in 

studies of these factors.  However, due to the strong emphasis of research on histone 

chaperones, the necessity of ATP-hydrolyzing motor proteins has been an undervalued 

and often forgotten aspect of chromatin assembly. 

 When methods for in vitro chromatin assembly systems were initially being 

developed, it became obvious that chromatin assembly is an ATP-dependent process.  

This was first observed by Abraham Worcel and colleagues, when they analyzed a crude 

Xenopus oocyte extract that could assemble periodic arrays of nucleosomes, only in the 

presence of ATP (Glikin et al., 1984; Ruberti and Worcel, 1986).  This requirement for 

ATP was also observed using similar extracts from Drosophila embryos (Becker and Wu, 

1992; Kamakaka et al., 1993).  However, characterization of histone chaperones revealed 

that they do not hydrolyze ATP, suggesting that there are other, unidentified chromatin 

assembly factors that utilize ATP. 

 The first ATP-dependent chromatin assembly factor was identified when the 

above extracts from Drosophila embryos were extensively fractionated and analyzed for 

chromatin assembly activities.  The resulting purified complex was named ACF, for 

ATP-utilizing chromatin assembly and remodeling factor (Ito et al., 1997).  ACF consists 
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of two subunits: Acf1, a novel protein containing several DNA and histone binding 

motifs, and ISWI (Imitation Switch), an ATP-hydrolyzing protein (ATPase).  This ATP-

driven motor protein mediated formation of periodic arrays of nucleosomes in a purified, 

defined chromatin assembly system that includes the Drosophila homologue of NAP1, 

core histones, ATP, and relaxed DNA (Ito et al., 1997; Ito et al., 1999).  Additionally, 

loss of ACF, by a null mutation of Acf1, reduced chromatin assembly activity in nuclear 

extracts from Drosophila embryos (Fyodorov et al., 2004). 

 Since the discovery of ACF, several other ATP-dependent chromatin assembly 

factors have also been identified: CHRAC (chromatin accessibility complex), RSF 

(remodeling and spacing factor), CHD1 (chromo-ATPase/helicase-DNA-binding protein 

1), ATRX (α-thalassemia X-linked mental retardation protein), and ToRC (Toutatis-

containing chromatin remodeling complex) (Varga-Weisz et al., 1997; Loyola et al., 

2001; Lusser et al., 2005; Lewis et al., 2010; Emelyanov et al., 2012).  CHD1 functions 

alone as a monomer (Lusser et al., 2005), and ATRX forms a complex with the histone 

chaperone Daxx (Lewis et al., 2010).  The remaining factors are ISWI-containing 

complexes, and the subunits of these complexes are listed in Figure 1.2.  In these 

complexes, of note are the proteins Acf1, Rsf-1, and Toutatis, which all contain domains 

known for binding to DNA or specific histone modifications.  While ISWI is capable of 

performing chromatin assembly alone, these other subunits enhance the ATP hydrolysis 

and chromatin assembly activities of ISWI (Fyodorov and Kadonaga, 2002b; Emelyanov 

et al., 2012) and may also provide specificity in vivo. 

 Little is understood about how these motor proteins facilitate chromatin assembly.  

Studies have shown that ACF and CHD1 are processive enzymes, which means they 
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remain associated with a DNA molecule for an extended period of time (Fyodorov and 

Kadonaga, 2002a; Lusser et al., 2005).  It is likely the other ATP-dependent motor 

proteins are also processive, but how this characteristic contributes to the formation of 

nucleosomes remains to be determined. 

 ISWI, CHD1, and ATRX are all members of the SNF2 family of proteins, which 

is defined by a conserved ATPase domain and includes all known ATP-dependent 

chromatin remodeling factors (for reviews, see Clapier and Cairns, 2009; Flaus and 

Owen-Hughes, 2011; Hargreaves and Crabtree, 2011; Ryan and Owen-Hughes, 2011).  

Similar to other members of the SNF2 family, ISWI, CHD1, and ATRX all have 

chromatin remodeling functions (Corona et al., 1999; Tran et al., 2000; Xue et al., 2003).  

Thus, it is reasonable to speculate that chromatin assembly may be a consequence of 

chromatin remodeling activities.  The alterations of histone-DNA interactions by these 

ATPases during chromatin remodeling may be conducive to the formation of 

nucleosomes.  Alternatively, chromatin assembly could be a distinct function from 

chromatin remodeling.  Until recently, it has been difficult to test these hypotheses, as 

most mutations to disrupt chromatin remodeling also render the enzyme defective for 

ATP hydrolysis, eliminating any possibility for ATP-dependent chromatin assembly.  

However, recent studies have identified mutations in CHD1 and ISWI, which result in the 

loss of chromatin remodeling without significant reduction in ATPase activity (Patel et 

al., 2011; Clapier and Cairns, 2012).  If chromatin assembly is simply a consequence of 

chromatin remodeling, these mutants would be deficient in chromatin assembly activity.  

However, if these mutants still assemble nucleosomes, this would be indicative that 

chromatin assembly and remodeling are distinct activities. 
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 A shared trait of all ATP-dependent chromatin assembly factors is the ability to 

generate regularly-spaced nucleosomes, either during a chromatin assembly reaction or 

by repositioning randomly-spaced nucleosomes into periodic arrays (Ito et al., 1997; 

Varga-Weisz et al., 1997; Loyola et al., 2001; Lusser et al., 2005; Lewis et al., 2010; 

Emelyanov et al., 2012).  One may envision that these factors function primarily as 

chromatin remodeling factors during the spacing of randomly-positioned nucleosomes.  

However, in the context of a chromatin assembly reaction, it is unknown how periodic 

spacing is established.  Perhaps, as a nucleosome is being assembled, the ATP-dependent 

motor protein is simultaneously positioning the nucleosome; thus, formation and spacing 

of nucleosomes are concurrent activities.  Alternatively, an ATP-dependent motor protein 

may generate several nucleosomes, which are randomly-spaced, and then later reposition 

them into regularly-spaced arrays.  Interestingly, this second model is suggestive that 

chromatin assembly and remodeling are distinct activities and that nucleosome spacing is 

largely a function of chromatin remodeling. 

 It is a challenge to demonstrate the necessity of ATP-dependent motor proteins 

for chromatin assembly in vivo, as these proteins perform both chromatin assembly and 

chromatin remodeling.  It is difficult to attribute observations to either of these activities, 

as it could also be combination of both. Nonetheless, these ATP-driven chromatin 

assembly factors have been found to have roles in the regulation of transcription, possibly 

through assembling different forms of chromatin that either promote or repress 

transcription.  For example, whereas ACF can assemble chromatin that contains the 

linker histone H1, CHD1 cannot (Lusser et al., 2005).  Histone H1 is well known as a 

repressor of transcription (see, for example, Croston et al., 1991b; Laybourn and 
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Kadonaga, 1991).  Thus, this difference in activity suggests that ACF and CHD1 may 

have opposite functions in gene expression, and other studies of these proteins are 

consistent with this model.  In Drosophila, ACF has been found to promote 

heterochromatin, which is generally considered repression of transcription (Fyodorov et 

al., 2004), and CHD1 is considered to activate transcription, through associations with 

RNA polymerase II during elongation (Stokes et al., 1996; Simic et al., 2003).  Of the 

other motor proteins, ToRC has been found to act as a repressor.  The subunit CtBP is 

also a known transcription corepressor and may direct ToRC to sites where 

transcriptionally repressive chromatin needs to be generated (Emelyanov et al., 2012). 

 While histone chaperones are more commonly associated with histone variant 

deposition, there is increasing evidence that ATP-dependent motor proteins also have a 

role in this process.  CHD1 has been identified as critical for incorporating the histone 

variant H3.3 in Drosophila (Konev et al., 2007), and with the help of the histone 

chaperone Daxx, ATRX is responsible for H3.3 deposition at telomeres and pericentric 

repeats in mammalian embryonic stem cells (Drané et al., 2010; Goldberg et al., 2010; 

Lewis et al., 2010).  RSF is required for the inclusion of the histone H3 variant CENP-A 

at centromeres (Perpelescu et al., 2009).  However, in some cases, histone variant 

deposition utilizes chromatin remodeling complexes that have not been shown to have 

chromatin assembly activity.  For example, in yeast, replacement of H2A with the histone 

variant H2A.Z is mediated by the ATP-dependent chromatin remodeling factor SWR1 

(Kobor et al., 2004; Krogan et al., 2003; Mizuguchi et al., 2004), which has not been 

reported to have chromatin assembly activity.  Hence, incorporation of histone variants 

may be a result of chromatin remodeling rather than chromatin assembly. 
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The Mechanism of Chromatin Assembly 

 Over many years, there have been considerable efforts to identify the histone 

chaperones and ATP-dependent motor proteins that are necessary for the assembly of 

chromatin.  However, while the list of factors is continually growing, there remains a 

major question: what is the mechanism of chromatin assembly. 

 Early studies of chromatin assembly revealed that histones are deposited onto 

DNA in a stepwise manner.  Pulse-labeling of cells with radioactive 
35

S-methionine or 

3
H-lysine indicated that histones H3 and H4 were deposited first onto newly synthesized 

DNA, followed by the addition of histones H2A and H2B (Worcel et al., 1978; Crémisi 

and Yaniv, 1980).  This same two-step deposition has also been observed during in vitro 

chromatin assembly experiments with the histone chaperones CAF-1 and NAP1 (see, for 

example, Smith and Stillman, 1991; Nakagawa et al., 2001; Mazurkiewcz et al., 2006).  

Thus, over the years, a model for the stepwise deposition of histones onto DNA during 

nucleosome assembly has emerged, which is as follows: (1) deposition of a (H3-H4)2 

tetramer, producing a tetrasome; (2) addition of one H2A-H2B dimer to form a 

hexasome; (3) addition of the second H2A-H2B dimer to complete the nucleosome (for 

reviews, see Das et al., 2010; Elsässer and D'Arcy, 2012). 

 It is important to note that this model does not involve the activity of ATP-

dependent motor proteins.  As described earlier in this chapter, chromatin assembly is an 

ATP-dependent process that histones chaperones alone cannot perform, but there are two 

common conditions in which nucleosome assembly occurs in an ATP-independent 

manner.  First, mononucleosomes form when histone chaperones deposit histones onto 

short DNA fragments, typically ranging between 146 and 207 base pairs in length (see, 
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for example, Mazurkiewcz et al., 2006; Andrews et al., 2008; Andrews et al., 2010).  Due 

to the DNA fragments being relatively short, the free ends are able to wrap around the 

histones to form nucleosomes.  Second, when longer DNA substrates are negatively 

supercoiled, as commonly found for plasmid DNA purified from bacteria, ATP-

independent nucleosome formation is enhanced, as the wrapping of DNA around the 

histones relieves the tension from supercoiling (see, for example, Pfaffle and Jackson, 

1990; Nakagawa et al., 2001).  While these conditions have been useful in studying the 

activities of histone chaperones and in analyzing the steps for histone deposition, they are 

not representative of DNA in the cell.  The bulk of DNA in the eukaryotic nucleus is 

relaxed (Sinden et al., 1980; Giaever and Wang, 1988).  Thus, to gain insight into the 

mechanism of chromatin assembly as it may occur in vivo, it is necessary to analyze 

chromatin assembly on extended, relaxed DNA substrates, which also requires the use of 

ATP-dependent motor proteins. 

 While it is clear that ATP-dependent motor proteins are necessary for the 

assembly of chromatin, it remains unknown how they function in coordination with 

histone chaperones, especially in the context of extended, relaxed DNA substrates.  

Given that histone chaperones are capable of delivering histones to DNA in the absence 

of ATP and ATP-driven factors, it seems conceivable that histone chaperones and ATP-

dependent motor proteins have functions that are independent of each other.  Hence, 

histone chaperones deliver histones to naked DNA first, followed by the activity of an 

ATP-dependent motor protein to complete nucleosome formation.  However, histone 

chaperones and motor proteins may also function together to assemble nucleosomes in a 

single step. 
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 Since the 1970s, there has been an unresolved paradox regarding the rate of 

chromatin assembly.  When DNA replication forks from Drosophila embryos were 

examined by electron microscopy, nucleosome-like structures were found on the newly 

synthesized DNA strands very close to the replication fork.  Since these structures were 

indistinguishable from the bulk chromatin ahead of the replication fork and contained all 

four core histones, it was thought that chromatin assembly must occur rapidly, within 

seconds (McKnight and Miller, 1977; McKnight et al., 1978).  However, around this 

time, there were several studies in which chromatin assembly was measured by changes 

in nuclease digestion and sedimentation properties of products.  Based on these analyses, 

formation of canonical nucleosomes required a period of "maturation," that took 10 to 20 

minutes (Seale 1975; Seale 1976; Levy and Jakob, 1978; Worcel et al., 1978; Schlaeger 

and Knippers, 1979; Klempnauer et al., 1980; Jackson and Chalkley, 1981).  Hence, the 

puzzle has been how to reconcile these different rates for chromatin assembly.  An 

explanation at the time was that the rate of chromatin assembly varied between different 

organisms and cell types.  However, given the extent of conservation for histones and 

chromatin assembly factors, it is peculiar that the rates would differ so greatly.  Further 

analysis of the mechanism of chromatin assembly should provide insight that could 

resolve this longstanding paradox. 

 

Summary 

 Chromatin assembly is an essential, ATP dependent process that requires the 

combined activities of histone chaperones and ATP-driven motor proteins.  While the 

functions of histone chaperones in histone deposition are well understood and extensively 
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studied, it is often overlooked that chromatin assembly is an ATP-dependent process.  

Thus, investigations of chromatin assembly must take into account the role of ATP-

driven motor proteins.  However, little is understood of the functions these ATP-utilizing 

factors during this process.  Do these ATP-dependent motor proteins assist histone 

chaperones in delivering histones to DNA, or are there individual steps that each factor 

mediates independently in assembling nucleosomes?  Is the activity of chromatin 

assembly merely a consequence of the abilities of ATP-driven motor proteins to remodel 

chromatin, or are these two distinct activities?  Furthermore, does nucleosome spacing 

require chromatin remodeling, or is periodic spacing established while nucleosomes are 

assembled? 

 For this dissertation, I have sought to address these questions about the 

mechanism of ATP-dependent chromatin assembly.  My work demonstrates that histone 

chaperones and ATP-driven motor proteins have independent functions during chromatin 

assembly.  Histone chaperones first deposit histones onto DNA to form prenucleosomes, 

which are nonnucleosomal histone-DNA intermediates of chromatin assembly.  These 

intermediates are subsequently converted into canonical nucleosomes by ATP-dependent 

motor proteins.  The discovery of the prenucleosome also has resolved a longstanding 

paradox concerning chromatin assembly.  My analysis of ATP-driven motor proteins 

reveals that chromatin assembly and chromatin remodeling are two distinct, ATP-

dependent activities.  Additionally, the spacing of nucleosomes is largely dependent on 

chromatin remodeling functions. 
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Histones Chaperone Key References 

   H2A-H2B FACT (Spt16) Belotserkovskaya et al., 2003 

 NAP1 Ishimi et al., 1983; Ishimi et al., 1984; 
Ishimi et al., 1987; Ito et al., 1996 

 Nucleoplasmin Laskey et al., 1978; Earnshaw et al., 
1980; Dilworth et al., 1987 

   
H2A.X-H2B FACT Heo et al., 2008 
   
H2A.Z-H2B Chz1 Luk et al., 2007 
   
H3-H4 ASF1 Tyler et al., 1999 

 CAF-1 Smith and Stillman, 1989; Smith and 
Stillman, 1991 

 FACT (SSRP1) Belotserkovskaya et al., 2003 

 NASP (N1/N2) Kleinschmidt et al., 1982 

 Rtt106 Huang et al., 2005 

 Vps75 Selth and Svejstrup, 2007 

   
H3.3-H4 DAXX Goldberg et al., 2010; Drané et al., 2010 

 DEK Sawatsubashi et al., 2010. 

 HIRA Ray-Gallet et al., 2002; Tagami et al., 
2004 

   
CENP-A-H4 HJURP Dunleavy et al., 2009; Foltz et al., 2009 

 

Figure 1.1. A partial list of known histone chaperones and their histone targets. 
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Name Subunits Known functions and domains Key References 
    

ACF Acf1 WAC motif, DDT domain, WAKZ 
motif, PHD finger, bromodomain 

Ito et al., 1997; Ito et 
al., 1999 

    
CHRAC Acf1 WAC motif, DDT domain, WAKZ 

motif, PHD finger, bromodomain 
Varga-Weisz et al., 
1997; Ito et al., 1999; 
Corona et al., 2000  p14 histone fold protein 

 p16 histone fold protein 
    
RSF Rsf-1 PHD finger Loyola et al., 2001; 

Loyola et al., 2003 
    
ToRC Toutatis TAM domain, WAKZ motif, PHD 

fingers, bromodomain 
Emelyanov et al., 2012; 
Fauvarque et al, 2001; 
Chinnadurai 2007  CtBP transcription repressor 

 

 

Figure 1.2. The subunits in ISWI-containing complexes that perform ATP-dependent 

chromatin assembly. 
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 This chapter, in full, is a reprint of the material as it appeared in Torigoe, S.E., 

Urwin, D.L., Ishii, H., Smith, D.E., and Kadonaga, J.T. (2011). Identification of a rapidly 

formed nonnucleosomal histone-DNA intermediate that is converted into chromatin by 

ACF. Molecular Cell 43: 638-648.  The dissertation author is the primary investigator 

and author of this paper. 
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Abstract 

 Chromatin assembly involves the action of ATP-dependent motor proteins and 

histone chaperones.  Because motor proteins in chromatin assembly also function as 

chromatin remodeling factors, we investigated whether ATP-driven chromatin assembly 

is the consequence of chromatin remodeling.  Here we show that chromatin remodeling-

defective CHD1 motor proteins are able to catalyze ATP-dependent chromatin assembly.  

The resulting nucleosomes are not, however, spaced in periodic arrays.  Wild-type 

CHD1, but not chromatin remodeling-defective CHD1, is able to catalyze the conversion 

of randomly-distributed nucleosomes to periodic arrays.  These results reveal a functional 

distinction between ATP-dependent nucleosome assembly and chromatin remodeling, 

and suggest a multistep model for chromatin assembly in which randomly-distributed 

nucleosomes are formed by the nucleosome assembly function of CHD1, and then 

regularly-spaced nucleosome arrays are generated by the chromatin remodeling activity 

of CHD1.  These findings uncover an unanticipated level of precision and specificity in 

the role of motor proteins in chromatin assembly. 

 

One Sentence Summary:  

 This study reveals that ATP-dependent nucleosome assembly and ATP-dependent 

chromatin remodeling are distinct functions. 

 

Main Text 

 The assembly of nucleosomes is necessary for the regeneration of chromatin 

following DNA replication, transcription, and DNA repair, and is an active ATP-driven 
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process, as originally discovered by Worcel and colleagues (Gliken et al., 1984; Ruberti 

and Worcel, 1986).  Nucleosome assembly is facilitated by the combined activities of 

ATP-dependent motor proteins (for reviews, see Haushalter and Kadonaga, 2003; Lusser 

and Kadonaga, 2004) and histone chaperones (for reviews, see Burgess and Zhang, 2013; 

Elsässer and D'Arcy, 2012).  Histone chaperones initially deposit core histones onto 

DNA to form non-nucleosomal histone-DNA intermediates (prenucleosomes), which are 

then converted into periodic arrays of canonical nucleosomes by an ATP-driven motor 

protein (Torigoe et al., 2011).  ATP-dependent factors that participate in chromatin 

assembly include CHD1 (chromo-ATPase/helicase-DNA-binding protein 1) and several 

ISWI (imitation switch)-containing complexes, such as ACF (ATP-utilizing chromatin 

assembly and remodeling factor), CHRAC (chromatin accessibility complex), RSF 

(remodeling and spacing factor), and ToRC (Toutatis-containing chromatin remodeling 

complex) (Lusser et al., 2005; Ito et al., 1997; Varga-Weisz et al., 1997; Loyola et al., 

2001; Emelyanov et al., 2012).  CHD1 and ISWI exhibit both chromatin assembly and 

remodeling activities, and are members of the SNF2 (sucrose non-fermenting 2) protein 

family, which comprises the ATPases that are known to be involved in chromatin 

remodeling (Clapier and Cairns, 2009; Flaus and Owen-Hughes, 2011; Hargreaves and 

Crabtree, 2011; Ryan and Owen-Hughes, 2011).  We therefore investigated whether the 

ability of CHD1 to catalyze the ATP-dependent assembly of nucleosomes is a 

consequence of its chromatin remodeling function.  It seemed reasonable to postulate that 

ATP-dependent nucleosome assembly is mediated by the chromatin remodeling process, 

which involves alteration of histone-DNA contacts. 
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 To address this hypothesis, we analyzed two mutant versions of Saccharomyces 

cerevisiae CHD1 (yCHD1) that exhibit substantial (~40% of wild-type) nucleosome-

stimulated ATPase activity but are nearly completely deficient (<0.1% of wild-type) in 

chromatin remodeling activity, as assessed by the nucleosome sliding assay (Patel et al., 

2011).  These chromatin remodeling-defective yCHD1 proteins contain either a deletion 

of residues 932-940 (Δ932-940) or a Trp
932

 to Ala substitution (W932A) in a region of 

CHD1 that is important for coupling the ATPase and chromatin remodeling functions 

(Figure 3.1A).  It should be noted that mutation of yCHD1 in this coupling region affects 

the usage of the ATPase activity in chromatin remodeling, but not the ATPase activity 

itself.  In contrast, the C-terminal deletion of yCHD1 to this region (ranging from 

residues 939 to 1010) results in the near complete loss of the ATPase activity (Patel et al., 

2011; Ryan et al., 2011).  Hence, for our analysis, we employed the ∆932-940 and 

W932A mutant yCHD1 proteins. 

 We first examined whether the chromatin remodeling-defective yCHD1 proteins 

are able to function in the ATP-dependent assembly of nucleosomes.  To this end, we 

used the purified, defined ATP-dependent chromatin assembly system that consists of 

NAP1, core histones, CHD1, ATP, and relaxed DNA (Lusser et al., 2005).  The extent of 

nucleosome assembly was monitored by the DNA supercoiling assay, in which the 

change in the linking number of DNA that occurs upon formation of nucleosomes in the 

presence of topoisomerase I is observed (Germond et al., 1975; Simpson et al., 1985).  In 

these experiments, we observed that the mutant yCHD1 proteins are able to assemble 

nucleosomes in an ATP-dependent manner (Figure 3.1B).  In the presence of adenylyl 

imidodiphosphate (AMP-PNP), a --non-hydrolyzable analog of ATP, chromatin 
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assembly was not observed.  The extent of nucleosome assembly by the mutant proteins 

was about 65% of that of wild-type yCHD1 (Figure 3.1C).  Kinetic analyses indicated 

that the initial rates of nucleosome assembly by the ∆932-940 and W932A proteins were 

approximately 8.5% and 12% of the rate of wild-type yCHD1 (Figure 3.S1).  Hence, the 

chromatin-remodeling defective yCHD1 proteins exhibit substantial ATP-driven 

nucleosome assembly activity. These findings indicate that the ATP-dependent assembly 

of nucleosomes can occur in the essentially complete absence of chromatin remodeling.  

The ATP-dependent catalysis of nucleosome assembly thus appears to be a distinct 

process from the ATP-dependent remodeling of chromatin. 

 Because ATP-dependent chromatin assembly factors such as CHD1 are able to 

catalyze the formation of regularly-spaced nucleosome arrays (see, e.g., Lusser et al., 

2005; Ito et al., 1997; Varga-Weisz et al., 1997; Loyola et al., 2001; Emelyanov et al., 

2012), we examined the periodicity of the nucleosomes assembled by the mutant yCHD1 

proteins by using the partial micrococcal nuclease (MNase) digestion assay.  These 

experiments revealed that the chromatin remodeling-defective yCHD1 proteins are 

unable to generate periodic arrays of nucleosomes (Figures 3.2A, 3.S2A).  However, 

because the mutant yCHD1 proteins are not fully active for nucleosome assembly 

(Figures 3.1B, 3.1C, 3.S1), it was difficult to attribute the absence of periodic 

nucleosome arrays in the MNase assay (Figures 3.2A, 3.S2A) to decreased efficiency of 

assembly or to a defect in the formation of periodic nucleosome arrays. 

 To determine the ability of the mutant yCHD1 proteins to yield periodic 

nucleosome arrays, we employed a nucleosome spacing assay, which is depicted in 

Figure 3.S2B.  In this assay, the extent of ATP-dependent conversion of randomly-
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distributed nucleosomes (formed by the salt-dialysis method) to evenly-spaced 

nucleosome arrays was monitored by the partial MNase digestion assay.  As seen in 

Figure 3.2B, the mutant yCHD1 proteins are defective in the ATP-dependent formation 

of periodic nucleosome arrays.  To quantitate the ATP-dependent catalysis of nucleosome 

spacing, we employed a nucleosome spacing index (Figure 3.S2C) that measures the 

formation of distinct di- and tri-nucleosome MNase digestion bands.  The spacing index 

increases with the periodicity of the chromatin, and can be used for the comparison of 

series of samples that are under identical electrophoretic conditions.  For example, 

quantitation of the nucleosome spacing data in Figure 3.2B reveals that wild-type yCHD1 

has strong ATP-dependent spacing activity, whereas the mutant yCHD1 proteins exhibit 

little or no spacing activity (Figure 3.2C) [Examination of the spacing index also reveals 

that the periodicity of the partial MNase digestion array slightly decreases upon addition 

of CHD1 proteins in the presence of AMP-PNP.  This effect may be due to the blockage 

of MNase digestion by static nonproductive binding of the CHD1 to DNA].  The 

essentially complete absence of spacing activity in the mutant yCHD1 proteins was 

further observed in experiments that were carried out with concentrations of yCHD1 

proteins ranging from 2 to 120 nM (Figure 3.S2D).  Hence, the mutant yCHD1 proteins 

are able to catalyze the ATP-dependent assembly of nucleosomes, but are not able to 

mediate the ATP-dependent formation of regularly-spaced nucleosomes. 

 To investigate whether the distinct functions of ATP-dependent nucleosome 

assembly and chromatin remodeling in CHD1 are conserved from yeast to metazoans, we 

generated and purified mutant versions of Drosophila melanogaster CHD1 (dCHD1) that 

correspond to the mutant yCHD1 proteins (Figures 3.1A, 3.S3A).  Specifically, dCHD1 
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∆1099-1107 is analogous to yCHD1 ∆932-940, and dCHD1 W1099A is analogous to 

yCHD1 W932A.  Similar to that seen with the yCHD1 proteins, the nucleosome-

stimulated ATPase activities of the mutant dCHD1 proteins are 37-38% of the wild-type 

activity, whereas the ATP-dependent chromatin remodeling activity of each of the mutant 

dCHD1 proteins is about 2% of that of the wild-type protein (Figure 3.S3B).  The 

chromatin remodeling-defective dCHD1 proteins exhibit substantial (~65% of wild-type) 

ATP-dependent nucleosome assembly activity, as measured by the DNA supercoiling 

assay (Figure 3.S3C), but are not able to convert naked DNA into periodic nucleosome 

arrays in chromatin assembly assays (Figure 3.S3D) or to catalyze the ATP-dependent 

spacing of nucleosome (Figure 3.S3E).  Hence, the functional distinction between 

nucleosome assembly and spacing in CHD1 is conserved from yeast to Drosophila. 

 These findings suggest that the ATP-dependent assembly of nucleosomes is 

functionally distinct from ATP-dependent chromatin remodeling, and suggest a pathway 

for the assembly of nucleosomes in which an ATP-dependent motor protein initially 

generates randomly-distributed nucleosomes that are subsequently converted in a distinct 

ATP-dependent process to periodic nucleosome arrays (Figure 3.3).  In this multistep 

process, it might be expected that the individual rates of nucleosome assembly and 

nucleosome spacing would be at least as fast as the overall rate of assembly of periodic 

nucleosome arrays.  We therefore compared the relative rates of the following: (i) 

nucleosome assembly (from naked DNA to randomly-distributed nucleosomes; first two 

steps in Figure 3.3); (ii) nucleosome spacing (from randomly-distributed nucleosomes to 

periodic nucleosomes; last step in Figure 3.3); and (iii) the overall assembly of naked 

DNA into periodic nucleosome arrays (all three steps in Figure 3.3).  We performed each 
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of these processes under identical conditions (Figure 3.4A), and found that the individual 

rates of nucleosome assembly and nucleosome spacing are indeed faster than the overall 

rate of assembly of spaced nucleosomes (Figure 3.4B).  Hence, the multistep chromatin 

assembly process depicted in Figure 3.3 is consistent with our data. 

 In this study, we observed a conserved functional distinction between ATP-

dependent nucleosome assembly and ATP-dependent chromatin remodeling by CHD1.  

Specifically, the ATP-dependent assembly of nucleosomes by CHD1 is not a 

consequence of the perturbation of histone-DNA contacts that occurs during ATP-

dependent chromatin remodeling.  Hence, these findings reveal a level of precision and 

specificity in the role of ATP-dependent motor proteins in chromatin assembly that has 

not been previously anticipated.  We further examined the ability of the chromatin 

remodeling-defective CHD1 proteins to function in the assembly of periodic nucleosome 

arrays.  The results suggest a multistep process (Figure 3.3) in which rapidly-formed 

prenucleosomes (Torigoe et al., 2011) are assembled into randomly-distributed canonical 

nucleosomes by the nucleosome assembly function of CHD1, and then regularly-spaced 

nucleosome arrays are generated by the chromatin remodeling/nucleosome spacing 

activity of CHD1.  This model for chromatin assembly should provide a useful 

framework for the analysis of the regeneration of nucleosomes during the many processes 

in the eukaryotic nucleus that involve the disassembly and reassembly of chromatin. 
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Methods and Materials 

Protein Purification 

 D. melanogaster NAP1 and topoisomerase I (ND432 N-terminally truncated form 

containing the catalytic domain) were purified as described (Fyodorov and Kadonaga, 

2003).  Native D. melanogaster core histones were purified from embryos by the method 

of Fyodorov and Levenstein (Fyodorov and Levenstein, 2002).  Wild-type and mutant 

(internal deletion Δ932-940 and point mutant W932A) forms of truncated S. cerevisiae 

CHD1 (amino acids 118-1274), which possesses the core chromodomains, ATPase 

motor, and DNA-binding domain, were synthesized in bacteria and purified, as described 

(Patel et al., 2011). 

 The coding sequence for full-length D. melanogaster CHD1 was subcloned into 

pDEST17 vectors (Invitrogen).  The internal deletion (Δ1099-1107) and single amino 

acid substitution (W1099A) constructs were generated by PCR.  The D. melanogaster 

CHD1 proteins were synthesized in Escherichia coli BL21-star (DE3) cells (Invitrogen) 

containing two additional plasmids – a trigger factor chaperone overexpression plasmid 

(Li Ma and Guy Montelione, Rutgers University) and the RIL plasmid for rare tRNAs 

(Stratagene).  Two liters of bacterial culture were grown at 37°C to A600 ~0.5-0.6 and 

induced with 0.5 mM IPTG.  The cells were incubated at 17˚C for 18 h, harvested, and 

sonicated in Buffer A [50 mM Tris-HCl, pH 7.5, 2 mM MgCl2, 500 mM NaCl, 10% (v/v) 

glycerol, 10 mM β-mercaptoethanol, 1 mM benzamidine, and 0.2 mM PMSF] containing 

10 mM imidazole.  The lysate was cleared by centrifugation (20 min; 45,000 g; 4°C) and 

mixed with 3 mL Ni-NTA agarose (Qiagen).  After incubation on a rotating wheel for 3 

hr at 4°C, the resin was loaded into a disposable 20-mL polypropylene column and 
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washed with 30 column volumes of Buffer A containing 10 mM imidazole.  His-tagged 

CHD1 was then eluted with 10 mL of Buffer A containing 300 mM imidazole.  

Following concentration with an Amicon Ultra-15 (30 kDa nominal molecular weight 

limit) Centrifugal Filter Unit (Millipore), CHD1 was applied to a Superdex 200 prep 

grade (GE Healthcare) size exclusion column [(column volume, 120 mL; column 

dimensions (diameter x length), 1.6 cm x 60 cm; flow rate, 1.0 mL/min] and eluted with 

1.5 column volumes of Buffer B [50 mM Tris-HCl, pH 7.5, 2 mM MgCl2, 10% (v/v) 

glycerol, 10 mM β-mercaptoethanol, 1 mM benzamidine, and 0.2 mM PMSF] containing 

300 mM NaCl.  The peak fractions were analyzed by polyacrylamide-SDS gel 

electrophoresis, pooled, and dialyzed against Buffer B containing 100 mM NaCl.  The 

resulting sample was applied to a Source 15S (GE Healthcare) cation exchange column 

[(column volume, 1.0 mL; column dimensions (diameter x length), 0.5 cm x 5 cm; flow 

rate, 1.0 mL/min].  The column was washed with 10 column volumes of 100 mM NaCl in 

Buffer B, and the protein was eluted with a linear gradient (12 column volumes) from 

100 mM to 1 M NaCl in Buffer B.  Peak fractions were pooled and dialyzed against 

Buffer B containing 50 mM NaCl. 

 

Chromatin Assembly 

 Chromatin assembly reactions were performed as described previously (Lusser et 

al., 2005; Fyodorov and Kadonaga, 2003). All reactions contained core histones (0.353 

µg), NAP1 (1.4 µg), relaxed circular DNA plasmid (0.294 µg), ATP (3 mM), 

topoisomerase I (1 nM), and an ATP regeneration system (3 mM phosphoenolpyruvate, 

20 U/µL pyruvate kinase) in a final volume of 70 µL. The buffer composition of the final 
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reaction mixture was as follows: 15 mM Hepes (K
+
), pH 7.6, 3 mM Tris, 100 mM KCl, 5 

mM NaCl, 5.5 mM MgCl2, 0.1 mM EDTA, 6.6% (v/v) glycerol, 1% (w/v) polyvinyl 

alcohol (average MW 10,000), 1% (w/v) polyethylene glycol 8000, and 20 µg/mL bovine 

serum albumin. The reaction products were analyzed by DNA supercoiling and partial 

micrococcal nuclease digestion assays (Fyodorov and Kadonaga, 2003). The percent 

supercoiling [(amount of supercoiled DNA/amount of total DNA species) x 100%] in the 

DNA supercoiling assays was quantified with ImageQuantTL (GE Healthcare).  Because 

it is not possible to ascertain the fraction of nicked DNA that is packaged into chromatin, 

we included the nicked DNA in the "amount of total DNA species" but not in the 

"amount of supercoiled DNA."  Therefore, "percent supercoiling" reflects the amount of 

closed circular plasmid DNA that is packaged into chromatin and does not include the 

nicked DNA that is packaged into chromatin. 

 

Nucleosome Spacing Assays 

 Nucleosomes were reconstituted onto plasmid DNA by the salt-dialysis method 

and purified by sucrose gradient sedimentation.  The resulting chromatin (0.147 µg of 

DNA) was incubated with topoisomerase I (1 nM), ATP (3 mM), an ATP regeneration 

system (3 mM phosphoenolpyruvate, 20 U/µL pyruvate kinase), and CHD1 proteins in a 

final volume of 35 µL.  The reaction medium was identical to that used for chromatin 

assembly.  The reaction products were analyzed by partial micrococcal nuclease digestion 

assays (Fyodorov and Kadonaga, 2003). 
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Calculation of the Spacing Index 

Chromatin assembly and nucleosome spacing reactions were subjected to partial 

micrococcal nuclease digestion analysis.  Gels were imaged and analyzed with 

ImageQuantTL (GE Healthcare) to obtain densitometry scans of the ethidium-stained 

bands.  Following subtraction of background staining, three heights in the signal were 

determined: the maximum of the peak corresponding to dinucleosomes (P2), the 

maximum of the peak corresponding to trinucleosomes (P3), and the minimum of the 

valley between these two peaks (V2).  The spacing index was calculated by using the 

following equation: (0.5)(P2 + P3) – V2. 

 

Nucleosome Sliding Assays 

Nucleosomes were reconstituted by the gradient salt dialysis method by using S. 

cerevisiae core histones and a FAM-labeled 208 bp fragment with a 601 nucleosome 

positioning sequence at one end (Patel et al., 2011).  Nucleosomes were purified over a 

mini prep-cell (Bio-Rad). Sliding reactions, which monitor the CHD1-catalyzed 

movement of nucleosomes on a 208 bp DNA fragment, were performed as previously 

described (17), with 0-N-63 nucleosomes (100 nM) incubated with dCHD1 proteins (100 

nM) in buffer containing 20 mM Hepes-K
+
, pH 7.6, 50 mM KCl, 1mM DTT, 0.1mM 

EDTA, 5% sucrose, 0.1 mg/ml BSA, 2.5 mM ATP, and 5 mM MgCl2.  Reactions were 

carried out at 23˚C and quenched at the indicated times with a stop solution containing 25 

mM EDTA and 2 mg/ml DNA.  Changes in nucleosome positions over time were 

resolved by native polyacrylamide gels, and quantified with ImageJ. Data are averages of 
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three or more separate experiments, and sliding rates were calculated from single 

exponential fits to data. 

 

ATP Hydrolysis Assay 

ATPase rates were determined using an NADH-coupled assay as previously 

described (Patel et al., 2011).  Briefly, dCHD1 proteins (50 nM) were incubated in the 

absence or presence of DNA or nucleosome substrates up to 500 nM concentration.  

Substrates were the same 208 bp DNA fragment either alone or reconstituted into 

nucleosomes with yeast histones.  Data were fit to the Michalis-Menton equation in 

Kaleidagraph, kobs = (kcat)[S]/(Km + [S]), where [S] is the initial concentration of 

substrate.  The DNA- and nucleosome-stimulated rate constants were subtracted from the 

basal rate constants in the absence of substrates, which were on the order of 10-30 min
–1

. 
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Figure 3.1.  ATP-dependent nucleosome assembly is distinct from chromatin 

remodeling.  (A) Diagram of CHD1 and the conserved coupling region.  The numbers 

below the schematic diagram and above the amino acid sequences indicate positions in S. 

cerevisiae CHD1 (yCHD1).  (B) Chromatin remodeling-defective mutant yCHD1 

proteins (yCHD1∆932-940; yCHD1W932A) can assemble nucleosomes in an ATP-

dependent manner.  Chromatin assembly reactions were performed with wild-type or 

mutant yCHD1 proteins (120 nM) in the presence of either adenylyl-imidodiphosphate 

(AMP-PNP) or ATP.  The efficiency of nucleosome assembly was monitored by the 

DNA supercoiling assay.  The positions of supercoiled (SC), relaxed (Rel), and nicked 

open circular (N) DNAs are indicated.  (C) Quantitative analysis of the efficiency of 

nucleosome assembly by mutant versus wild-type yCHD1 proteins.  Chromatin assembly 

reactions with yCHD1 proteins were analyzed by the DNA supercoiling assay.  The 

change in % supercoiling [(∆ supercoiled DNA/total DNA) x 100%] versus concentration 

of yCHD1 (nM) is shown. The results are presented as the mean ± standard deviation (N 

≥ 3). 
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Figure 3.2.  Chromatin remodeling-defective yCHD1 proteins are unable to generate 

arrays of evenly-spaced nucleosomes.  (A) Chromatin assembly with the mutant yCHD1 

proteins does not yield periodic arrays of nucleosomes. Chromatin assembly reactions 

were performed with wild-type or mutant yCHD1 proteins (30 nM) in the presence of 

AMP-PNP or ATP.  The reaction products were subjected to partial micrococcal nuclease 

(MNase) digestion analysis.  (B) Mutant yCHD1 proteins do not reposition nucleosomes 

into periodic arrays.  Spacing reactions were performed by incubating salt-dialysis 

chromatin with wild-type or mutant yCHD1 proteins (30 nM) in the presence of either 

AMP-PNP or ATP.  The reaction products were characterized by partial MNase digestion 

analysis.  (C) Quantitative analysis of nucleosome spacing by wild-type and mutant 

yCHD1 proteins.  The spacing indices (Fig. S2) were determined for the products of 

reactions such as those shown in (B).  The results are presented as the mean ± standard 

deviation (N = 6). 
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Figure 3.3. A proposed model for the steps in the assembly of chromatin.  

Prenucleosomes are rapidly generated by the deposition of histones onto DNA by a 

histone chaperone, such as NAP1.  Then, the prenucleosomes are converted into 

canonical nucleosomes by an ATP-dependent motor protein in a process that does not 

require ATP-driven nucleosome spacing/mobilization activities.  Finally, the resulting 

randomly-distributed nucleosomes are mobilized into periodic arrays by an ATP-

dependent nucleosome spacing/mobilization activity.  The remodeling-defective CHD1 

proteins can catalyze ATP-dependent nucleosome formation, but not nucleosome 

mobilization and spacing. 
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Figure 3.4.  The individual rates of nucleosome formation and spacing are faster than the 

overall rate of assembly of periodic arrays of nucleosomes.  (A) Determination of the 

rates of nucleosome formation, nucleosome spacing, and assembly of regularly-spaced 

nucleosomes.  Nucleosome formation in chromatin assembly reactions was monitored by 

using the DNA supercoiling assay.  The positions of supercoiled (SC), relaxed (Rel), and 

nicked open circular (N) DNAs are indicated.  Nucleosome spacing reactions were 

analyzed by partial micrococcal nuclease (MNase) digestion analysis.  The overall 

assembly of periodic arrays of nucleosomes was determined by performing chromatin 

assembly reactions and analyzing the reaction products by partial MNase digestion 

analysis.  All reactions were performed with wild-type yCHD1 at 30 nM.  (B) 

Quantitation of the nucleosome formation and spacing assays, such as those shown in 

(A).  The figure displays the change in % supercoiling [(∆ supercoiled DNA/total DNA) 

x 100%] and spacing indices versus reaction time (min).  The reactions followed first-

order kinetics, and the first-order rate constants (min
–1

) and half-times for reaction (t1/2, 

min) are given in the table.  The data points are presented as mean ± standard deviation 

(N = 3), and are depicted with the plots of the first order curves (r
2
 > 0.95 for all graphs). 
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Figure 3.S1.  Analysis of the initial rates of nucleosome assembly by the wild-type, 

W932A, and Δ932-940 yCHD1 proteins. The initial rates were measured as change in % 

supercoiling [(Δ supercoiled DNA/total DNA) x 100%]/(nM protein) versus time (min). 

The table summarizes the nucleosome assembly rates as mean ± standard deviation (N = 

3). The relative rates are given with respect to that of the wild-type protein. 
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Figure 3.S2.  The chromatin remodeling-defective yCHD1 proteins are not able to 

catalyze the formation of regularly-spaced nucleosomes. (A) Mutant yCHD1 proteins do 

not generate periodic arrays of nucleosomes during chromatin assembly. Chromatin 

assembly reactions were performed with the indicated concentrations of yCHD1 proteins 

and then subjected to partial micrococcal nuclease digestion analysis. (B) Schematic 

representation of the nucleosome spacing reaction. Randomly-distributed nucleosomes 

were generated by salt dialysis reconstitution of chromatin. Wild-type or mutant CHD1 

protein was added along with ATP, and the reaction products were characterized by 

partial micrococcal nuclease digestion analysis. (C) Determination of the spacing index. 

Agarose gels from nucleosome spacing reactions were stained by ethidium bromide and 

then subjected to imaging and analysis on ImageQuantTL (GE) to obtain densiometry 

scans. The spacing index is the average height of the di- and tri-nucleosome peaks [(P2 + 

P3)/2] minus the height of the valley (V3) between the peaks, as indicated by the formula 

shown in the figure. (D) The chromatin remodeling-defective yCHD1 proteins exhibit 

little to no activity in the nucleosome spacing assay. Nucleosome spacing reactions were 

performed with yCHD1 proteins and subjected to partial micrococcal nuclease digestion 

analysis. The graph depicts the average spacing index ± standard deviation (N = 4) versus 

concentration (nM) for each of the indicated proteins. 
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Figure 3.S3.  ATP-dependent nucleosome assembly is observed with chromatin 

remodeling-defective Drosophila CHD1 (dCHD1) proteins. (A) Purification of 

recombinant wild-type and mutant dCHD1. The purified proteins were analyzed by 

polyacrylamide-SDS gel electrophoresis and visualized by staining with Coomassie Blue. 

(B) The mutant dCHD1 proteins exhibit substantial ATP hydrolysis activity but are 

defective for chromatin remodeling, as assessed by the nucleosome sliding assay. The 

results are given as the mean ± standard deviation (N = 3). (C) Chromatin remodeling-

defective dCHD1 proteins can assemble nucleosomes in an ATP-dependent manner. 

Chromatin assembly reactions were performed with wild-type or mutant dCHD1 proteins 

(60 nM) in the presence of either AMP-PNP or ATP. The reaction products were 

analyzed by the DNA supercoiling assay. The positions of supercoiled (SC), relaxed 

(Rel), and nicked open circular (N) DNAs are indicated. (D) Chromatin assembly with 

remodeling-defective dCHD1 proteins does not yield regularly-spaced nucleosomes. 

Chromatin assembly reactions were performed with wild-type or mutant dCHD1 proteins 

(60 nM) in the presence of either AMP-PNP or ATP. Reaction products were subjected to 

partial micrococcal nuclease digestion analysis. (E) The chromatin remodeling-defective 

dCHD1 proteins exhibit reduced nucleosome spacing activity. Spacing assays were 

performed with dCHD1 proteins and subjected to partial micrococcal nuclease digestion 

analysis. This graph depicts the mean spacing index ± standard deviation (N = 3) versus 

concentration (nM). 
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Chapter 4: 

 

Summary and Perspectives  
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 As chromatin is the natural state of DNA in eukaryotic cells, chromatin assembly 

is an essential activity that must occur following DNA-utilizing processes, such as 

replication, repair and transcription.  The assembly of chromatin is facilitated by both 

histone chaperones and also ATP-dependent motor proteins.  While the factors necessary 

to assemble nucleosomes have been identified, the mechanism by which these factors 

cooperate in this process has remained unknown.  For my dissertation, I have analyzed 

the mechanism of chromatin assembly using a purified, defined in vitro chromatin 

assembly system, which consists of relaxed DNA, core histones, ATP, the histone 

chaperone NAP1, and the ATP-driven motor proteins ACF or CHD1. 

 Chapter 2 of this dissertation describes the identification and characterization of a 

nonnucleosomal histone-DNA intermediate complex, termed the prenucleosome.  This 

intermediate of chromatin assembly is rapidly formed upon deposition of histones onto 

DNA by a histone chaperone.  The prenucleosome does not supercoil DNA, unlike a 

canonical nucleosome, and is more sensitive to micrococcal nuclease digestion than a 

canonical nucleosome.  Surprisingly, this intermediate species closely resembles a 

nucleosome when visualized by atomic force microscopy.  An additional study, described 

in Appendix I, indicates that there is also less DNA bound to histones in the 

prenucleosome than in a nucleosome. 

 The work presented in Chapter 3 reveals that ATP-dependent chromatin assembly 

is a distinct activity from chromatin remodeling.  This is complemented by the 

experiments described in Appendix II, which demonstrates that not all chromatin 

remodeling factors are capable of assembling nucleosomes.  Chapter 3 also indicates that 

the periodic spacing of nucleosomes requires chromatin remodeling activities. 
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 Together, the studies in this dissertation suggest the following multi-step 

mechanism for chromatin assembly: 

1. Deposition of (H3-H4)2 tetramers onto DNA 

2. Addition of two H2A-H2B dimers per (H3-H4)2 tetramer, resulting in the 

formation of prenucleosomes 

3. Conversion of prenucleosomes into canonical nucleosomes 

4. Spacing of randomly-spaced nucleosomes into periodic arrays 

The first two steps of this proposed mechanism are mediated by histone chaperones and 

occur very rapidly, within seconds.  The last two steps are slower, requiring 10-20 

minutes for completion, and are facilitated by motor proteins in an ATP-dependent 

manner. 

 

Prenucleosomes 

 The discovery of the prenucleosome resolves a paradox that emerged from early 

studies of DNA replication and chromatin assembly in the 1970s.  As described in 

Chapter 1, electron microscopy imaging of replication forks revealed that nucleosome-

like structures formed almost immediately, within seconds, following DNA replication 

(McKnight and Miller, 1977; McKnight et al., 1978).  However, other studies reported 

that the "maturation" or assembly of canonical nucleosomes was considerably slower, 

taking 10-20 minutes, based on nuclease digestion and sedimentation properties (Seale 

1975; Seale 1976; Levy and Jakob, 1978; Worcel et al., 1978; Schlaeger and Knippers, 

1979; Klempnauer et al., 1980; Jackson and Chalkley, 1981).  The resolution to this 

longstanding mystery appears to be the prenucleosome.  Similar to the structures 
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observed by electron microscopy near DNA replication forks, prenucleosomes form 

rapidly and are similar in appearance to canonical nucleosomes.  The conversion of 

prenucleosomes into canonical nucleosomes corresponds to the "maturation" of 

chromatin observed in other studies.  While the identification of the prenucleosome has 

resolved some questions about chromatin assembly, there are now many new questions 

about this intermediate species and the mechanism of chromatin assembly.  Continued 

analysis is necessary to elucidate the structure of the prenucleosome, which may provide 

clues about how ATP-driven motor proteins function in assembling nucleosomes. 

 Based on my characterizations of the prenucleosome, this intermediate species 

likely contains the full complement of histones, which are arranged as an octamer in a 

similar manner found in a canonical nucleosome.  That the prenucleosome does not 

supercoil DNA strongly suggests that the full extent of DNA for a nucleosome is not 

wrapped around the histones.  It seems that approximately 70-80 base pairs of DNA are 

bound to histones, which could also be quite variable, based on the psoralen crosslinking 

and extensive microccal nuclease digestions.  One might envision the prenucleosome as a 

species much like a canonical nucleosome, except that the DNA has not fully wrapped 

around the core histones.  While my work suggests this description for the 

prenucleosome, it remains to be confirmed by more direct structural analysis. 

 A major challenge in determining the structural features of the prenucleosome is 

that prenucleosomes form insoluble aggregates at a concentration of 100 µg/mL, which is 

approximately ten times more concentrated than the typical chromatin assembly reaction.  

Hence, many of the common methods for structural analysis, such as x-ray 

crystallography, may not be possible for studying prenucleosomes.  As an alternative, 
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approaches that utilize crosslinking agents could reveal histone-histone and histone-DNA 

interactions, which would provide some insight into the structure of the prenucleosome, 

especially in comparison to the nucleosome.  These techniques are often performed in 

solution and do not require as high concentrations, which will avoid problems with 

aggregation of prenucleosomes.  As shown in Appendix I, analysis with the DNA 

crosslinker psoralen has been used for measurements of DNA bound to histone in 

prenucleosomes.  Thus, in the future, similar approaches with other crosslinking agents 

may also be successful. 

 There are many reports of non-canonical and alternative forms of the nucleosome, 

such as the tetrasome and hexasome (for reviews, see Zlatanova et al, 2009; Luger et al., 

2012), and prenucleosomes may be considered an addition to this growing list.  Some of 

these non-canonical structures are thought to be intermediates in chromatin assembly, 

similar to the prenucleosome.  However, unlike most of these reported alternative 

structures, the prenucleosome possesses the full complement of histones.  Due to more 

similarities to a canonical nucleosome, it is possible that the prenucleosome may 

represent the final intermediate in the pathway of nucleosome assembly. 

 The prenucleosome has, so far, only been reported in chromatin assembly 

reactions performed with the Drosophila homologue of NAP1.  It remains unknown 

whether other histone chaperones are also able to generate the prenucleosome.  

Considering that several histone chaperones, such as CAF-1 and ASF1, are well-known 

to bind primarily to histone H3 and H4 (Smith and Stillman, 1991; Tyler et al., 1999), 

formation of prenucleosomes may involve more than one histone chaperone.  
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Additionally, it is possible that there may be different forms of this intermediate 

depending on which histone chaperone is used. 

 

ATP-Dependent Motor Proteins 

 ISWI, CHD1, and ATRX can not only remodel chromatin but can also perform 

chromatin assembly, unlike the other members of the SNF2 family of ATPases.  This 

raises the question of what characteristics do these enzymes have that confer the ability to 

assemble chromatin.  Whereas there are many studies on ISWI and CHD1, there are 

relatively few biochemical and structural studies of ATRX.  Hence, this discussion will 

focus primarily on ISWI and CHD1. 

 ISWI and CHD1 both possess SANT and SLIDE domains in their C-termini, 

which are responsible for binding extranucleosomal DNA (Grüne et al., 2003; Yamada et 

al., 2011; Ryan et al., 2011).  It is thought that these domains, particularly the SLIDE 

domain, pull extranucleosomal DNA into the nucleosome to form a small DNA loop, 

which initiates the translocation of DNA around the histone octamer core (Hota et al., 

2013).  Most studies indicate that these domains are necessary for nucleosome binding 

and chromatin remodeling (Grüne et al., 2003; Clapier and Cairns, 2012; Patel et al., 

2011; Ryan et al., 2011), but it remains unknown whether they are necessary for 

chromatin assembly.  However, based upon proposals for their functions, it is possible 

that the SANT and SLIDE domains are more involved with chromatin remodeling than 

with assembly. 

 Common amongst ISWI, CHD1, and ATRX is the ATPase domain itself.  While 

conserved across all members of the SNF2 family, there might differences between the 
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ATPase domains that results in different types of interactions with nucleosomes.  Thus, 

whereas some SNF2 proteins can only remodel chromatin, others can perform both 

chromatin assembly and remodeling.  Furthermore, in a preliminary analysis of SNF2 

proteins from Drosophila melanogaster, ISWI and CHD1 were more closely related to 

each other than other factors (data not shown).  Alternatively, the ATPase domains for all 

SNF2 family proteins could be capable of both chromatin assembly and remodeling, 

while the N-terminal and C-terminal are responsible for distinguishing between these 

activities.  A study suggests that the ATPase domain of ISWI alone has significant 

chromatin remodeling activity (Mueller-Planitz et al., 2012).  Whether the truncated 

proteins from this study are also capable of chromatin assembly activities is unknown.  If 

the ATPase domain alone can perform chromatin assembly, then changing the flanking 

N-terminal and C-terminal domains could potentially inhibit chromatin remodeling 

and/or assembly activities. 

 These ATP-dependent chromatin assembly factors not only form nucleosomes, 

but they also space nucleosomes into periodic arrays (Ito et al., 1997; Varga-Weisz et al., 

1997; Loyola et al., 2001; Lusser et al., 2005; Lewis et al., 2010; Emelyanov et al., 2012).  

As shown in this thesis, nucleosome spacing appears to be a function of chromatin 

remodeling.  However, it is unknown how the nucleosome repeat length, or the distance 

between nucleosomes, is determined.  It has been observed that the nucleosome repeat 

length for chromatin generated by ACF, which contains ISWI, is longer than for 

chromatin generated by CHD1 (Lusser et al., 2005).  Interestingly, the unstructured linker 

between the SANT and SLIDE domains of ISWI is longer the linker in CHD1 (Ryan et 

al., 2011).  As mentioned earlier, these domains bind to extranucleosomal DNA.  Hence, 
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these domains may "read" the distance between nucleosomes in order to establish the 

nucleosome repeat length.  With the unstructured linker between these domains being 

longer, the SANT and SLIDE could bind to a longer stretch of DNA, resulting in the 

greater nucleosome repeat length observed for ACF. 

 

Concluding Remarks 

 Chromatin assembly is a fundamental process for packaging and organizing DNA 

into the eukaryotic nucleus.  Over the past 35 years, we have made great strides in 

understanding of this process with the identification of the factors involved.  While we 

have begun to gain insight into the mechanism of chromatin assembly, there are still 

many remaining questions about how nucleosomes are generated.  To fully understand 

the mechanism of chromatin assembly, continued analysis of chromatin assembly factors, 

particularly the ATP-dependent motor proteins, and of the intermediates generated during 

this process will be necessary. 
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Appendix I: 

 

Characterization of the Prenucleosome by Psoralen Crosslinking  
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 During chromatin assembly, a nonnucleosomal histone-DNA intermediate called 

the prenucleosome is rapidly formed upon deposition of histones by a histone chaperone.  

As shown in Chapter 2, this intermediate is biochemically distinct from canonical 

nucleosomes, but surprisingly, it is indistinguishable from nucleosomes by atomic force 

microscopy.  The discovery of the prenucleosome raises many questions about its 

structure.  Traditional methods for structural analysis have not been possible because 

prenucleosomes easily form insoluble aggregates when concentrated.  Approaches that 

utilize crosslinking agents are suitable alternatives, as high concentrations are not 

required.  These analyses could provide information about DNA-histone and histone-

histone interactions, which would help gain insight on the structure of the prenucleosome. 

 As prenucleosomes and canonical nucleosomes are rather similar in appearance, I 

asked how much DNA is contained in the prenucleosome.  Given that the size of the 

prenucleosome is similar to a canonical nucleosome, it seemed possible that a similar 

amount of DNA might also be bound.  However, the DNA may not be bound properly to 

the histones, resulting in greater nuclease sensitive compared to canonical nucleosomes 

(Torigoe et al., 2011).  As such, extensive digestion with nucleases has not been 

successful in measuring the amount of DNA in the prenucleosome. 

 For this study, I have used trimethylpsoralen (psoralen), a DNA crosslinking 

agent that intercalates between base pairs.  In the context of chromatin, psoralen 

predominantly binds to the linker DNA between nucleosomes.  When psoralen 

crosslinked samples are analyzed by denaturing electron microscopy, regions bound by 

histones appear as bubbles of single-stranded DNA (Hanson et al., 1976; Cech et al., 

1977).  These psoralen bubbles can be measured to determine the number of nucleotides 
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that were protected from crosslinking by histones.  Thus, it seemed reasonable to use this 

technique to measure the extent of DNA bound by histones in the prenucleosome.  In 

collaboration with Drs. Christopher Brown and Hinrich Boeger (University of California, 

Santa Cruz), I have analyzed prenucleosomes using psoralen crosslinking, followed by 

denaturing electron microscopy. 

 

Results and Discussion 

 An immediate observation upon examination of images following electron 

microscopy was the irregularity of spacing and size of the psoralen bubbles from samples 

of prenucleosomes in comparison to canonical nucleosomes (Figure A1.1).  It was not 

uncommon to observe regularly spaced bubbles, all of very similar size, for samples of 

canonical nucleosomes.  However, in samples of prenucleosomes, bubbles were visibly 

variable in size, with longer distances for linker DNA. 

 When the sizes of the psoralen bubbles were measured, the average number of 

nucleotides per bubble was 126 for prenucleosomes (standard deviation, 58; N = 4623) 

and 141 for canonical nucleosomes (standard deviation, 54; N = 5013).  While a 

statistically significant difference (t test, p value < 0.0001), the standard deviations are 

relatively large for each dataset, indicating that bubble size is rather variable for both 

prenucleosomes and canonical nucleosomes. 

 However, there was a striking difference when the size distribution was examined 

(Figure A1.2).  As would be expected, there was a predominant peak at about 140-150 

nucleotides for canonical nucleosomes, which corresponds to the amount of DNA in a 

core particle.  To our surprise, the predominant peak for prenucleosomes was at 70-80 
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nucleotides.  This number was intriguing, as it is approximately half of the amount of 

DNA in nucleosomes and is similar to the amount of DNA thought to be in a tetrasome 

(for reviews, see Zlatanova et al., 2009; Luger et al., 2012).  It should be noted that 

prenucleosomes are not tetrasomes.  Tetrasomes include a tetramer of two copies each of 

histones H3 and H4, whereas prenucleosomes possess the full complement of histones, 

including H2A and H2B (Torigoe et al., 2011).  With a predominant peak for 

prenucleosomes at 70-80 nucleotides, it was reasonable to conclude that there is less 

DNA bound in a prenucleosome.  However, an alternate explanation is that, for 

prenucleosomes, there could be two bubbles, each 70-80 nucleotides in size. 

 To address whether there is less DNA bound in a prenucleosome, the number of 

bubbles per DNA plasmid molecule was tallied.  The same DNA plasmid was used to 

generate both prenucleosomes and canonical nucleosomes for these experiments.  If 

prenucleosomes contain less DNA than canonical nucleosomes, the number of bubbles 

per plasmid should be similar.  The average number of bubbles per DNA molecule was 

12 for prenucleosomes (standard deviation, 4; N = 380) and 13 for canonical nucleosomes 

(standard deviation, 4; N = 376).  While statistically a significant difference, the number 

of psoralen bubbles per DNA molecule is quite similar between prenucleosomes and 

nucleosomes (Figure A1.3).  Thus, each psoralen bubble corresponds to one 

prenucleosome, which is then converted into a canonical nucleosome. 

 In conclusion, prenucleosomes appear to contain less DNA than canonical 

nucleosomes.  It is unclear specifically how much DNA is bound in a prenucleosome, due 

to the considerable variability in the data.  Considering that this degree of variability was 

also observed for canonical nucleosomes, it is possible that the amount of DNA bound in 
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the prenucleosome is around 70-80 nucleotides.  If possible, other methods for analysis 

should be employed to complement this data. 

 Based on these results, one might consider that, when histones are deposited by a 

histone chaperone, a core of 70-80 base pairs of DNA is initially bound.  Even though 

histone-DNA interactions are highly favorable, completion of nucleosome formation is 

inhibited due to the extent of DNA bending required.  An ATP-driven motor protein is 

required to mediate this bending to generate a canonical nucleosome. 

 

Methods and Materials 

Protein Purification 

D. melanogaster NAP1, D. melanogaster ACF, and topoisomerase I (ND432 N-

terminally truncated form containing the catalytic domain) were purified as described 

(Fyodorov and Kadonaga, 2003).  Native D. melanogaster core histones were purified 

from embryos (Fyodorov and Levenstein, 2002). 

 

Chromatin Assembly 

Chromatin assembly reactions were performed as previously described (Fyodorov 

and Kadonaga). All reactions contained core histones (0.353 µg), NAP1 (1.4 µg), ACF (6 

nM), relaxed circular DNA plasmid (0.294 µg), ATP (3 mM), topoisomerase I (1 nM), 

and an ATP regeneration system (3 mM phosphoenolpyruvate, 20 U/µL pyruvate kinase) 

in a final volume of 70 µL. The buffer composition of the final reaction mixture was as 

follows: 15 mM Hepes (K
+
), pH 7.6, 3 mM Tris, 100 mM KCl, 5 mM NaCl, 5.5 mM 

MgCl2, 0.1 mM EDTA, 6.6% (v/v) glycerol, 1% (w/v) polyvinyl alcohol (average MW 
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10,000), 1% (w/v) polyethylene glycol 8000, and 20 µg/mL bovine serum albumin. The 

reaction products were analyzed by the DNA supercoiling assay (Fyodorov and 

Kadonaga). 

 

Trimethylpsoralen Crosslinking 

Crosslinking was performed essentially as described (Sogo and Thoma, 1989) 

with the following modifications. A 175 µL sample of chromatin assembly reaction was 

diluted with 125 µL of Dilution Buffer [15 mM Hepes (K
+
), pH 7.6, 100 mM KCl, 5 mM 

MgCl2, 0.1 mM EDTA, 6.6% (v/v) glycerol, 1% (w/v) polyvinyl alcohol (average MW 

10,000), 1% (w/v) polyethylene glycol 8000, and 20 µg/mL bovine serum albumin] and 

transferred to a single well of a 24-well plate. The 24-well plate containing all samples 

was placed on an ice water slurry and positioned 5cm away from five 366nm (15W) UV 

bulbs in a Stratalinker 2400 (Stratagene).  Seven rounds of the following steps were 

performed: (i) Addition of 15 µL of 400μg/ml 4,5',8-trimethylpsoralen (Sigma) in 100% 

ethanol; (ii) Incubation in the dark for 5 min, on ice; (iii) Irradiation by UV for 5 min. 

Following crosslinking, 5 µL of 20mg/ml Proteinase K and 20 µL 10% SDS was added, 

and samples were incubated for 1 h at 55°C. DNA was extracted with phenol/chloroform 

and precipitated. DNA was resuspended, digested with EcoRI, purified using a DNA 

Clean and Concentrator Kit (Zymo Research), and eluted from the column with 8μl of 

TEN (30 mM tetraethylammonium chloride, 20 mM EDTA, 10 mM NaCl). Maximal 

crosslinking was verified with naked, relaxed DNA. 
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Sample Preparation for Electron Microscopy 

DNA (1-3 μL in TEN) was denatured in 70% deionized formamide (Sigma) and 

0.5M glyoxal (Sigma) in a total volume of 13 μL for 30 min, at 37°C. Samples were 

immediately placed on ice and diluted with 5 μL TEN. Benzalkonium chloride (BAC, 

Sigma) was added to 0.001% to facilitate spreading of the DNA. A 10 cm petri dish, with 

a mica ramp resting on the rim, was filled with distilled water. Graphite powder was 

lightly dusted on the surface of the water. 5 μL of the denatured DNA sample was run 

down the mica ramp and spread on top of the water, which pushed back the graphite 

dusting. DNA near the graphite border or mica ramp was picked up using carbon-coated 

copper grids (Electron Microscopy Sciences), pre-treated with 30 μg/ml ethidium 

bromide. Grids were stained with 0.5 mM uranyl acetate, washed with 100% ethanol, and 

air-dried. Following staining, they were secured to a Rotary-Tilt Stage in a 208C High 

Vacuum Turbo Carbon Coater equipped with a Metal Evaporation Accessory 

(Cressington) and shadowed at an angle of 3° with Platinum:Palladium (80:20, Electron 

Microscopy Sciences) until a Thickness Monitor (MTM-10, Cressington) reported 100 

nm of metal deposition on the sensor. 

 

Electron Microscopy 

Images were taken on a JEOL 1230 electron microscope at 120 keV at 20,000X 

magnification, and were processed and analyzed in ImageJ.  Chromatin assembly 

reactions were performed four times, and a total of 380 and 376 molecules were analyzed 

from chromatin assembly reactions without and with the addition of ACF, respectively. 
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Figure A1.1.  Representative electron microscopy images of prenucleosomes and 

canonical nucleosomes following psoralen crosslinking.  Chromatin assembly reactions 

were performed in the absence and presence of ACF to generate prenucleosomes and 

canonical nucleosomes, respectively.  Samples were crosslinked using psoralen and 

imaged by denaturing electron microscopy. 
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Figure A1.2.  ACF-mediated conversion of prenucleosomes to canonical nucleosomes 

increases the size of psoralen bubbles from approximately 75 nt to approximately 140 nt. 

Chromatin assembly reactions were performed to produce prenucleosomes (–ACF) and 

canonical nucleosomes (+ACF), which were then subjected to psoralen crosslinking and 

denaturing electron microscopy. Bubble sizes were measured in ImageJ and converted 

from nm to nucleotides. The figure displays the distribution of bubble sizes, in 10 

nucleotide increments, as an average ± standard deviation (N = 4).  
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Figure A1.3.  ACF-mediated conversion of prenucleosomes to canonical nucleosomes 

does not increase the number of psoralen bubbles.  Prenucleosomes (–ACF) and 

canonical nucleosomes (+ACF) were generated by performing chromatin assembly 

reactions with the same DNA template. Samples were crosslinked with psoralen and 

analyzed by denaturing electron microscopy. The number of DNA bubbles (minimum 

size = 30 nucleotides), due to psoralen crosslinking, per DNA molecule was tallied. The 

figure displays the distribution of bubbles per DNA molecule, as an average from four 

independent experiments. 
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Appendix II: 

 

Analysis of BRG1 in Chromatin Assembly  
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 As shown in Chapter 3, the ATP-dependent assembly of chromatin is a distinct 

activity from chromatin remodeling.  Chromatin remodeling-defective mutants of CHD1 

were still able to efficiently assemble nucleosomes.  However, a lingering question 

remains as to whether other chromatin remodeling factors are able to assemble 

nucleosomes.  To address this question, I have analyzed the activity of BRG1, the human 

homologue of the classic chromatin remodeler SWI/SNF (Khavari et al, 1993). 

 

Results and Discussion 

 To confirm the chromatin remodeling activity of BRG, I used the restriction 

enzyme accessibility assay.  In this assay, cut sites for a restriction enzyme are blocked 

by nucleosomes.  The addition of a chromatin remodeling factors will catalyze the 

mobilization of nucleosomes to make these cut sites accessible, producing shorter DNA 

fragments.  As expected, BRG1 showed chromatin remodeling activity, which was 

comparable to another remodeler yeast CHD1 (yCHD1) (Figure A2.1A). 

 Following confirmation of chromatin remodeling activity, I analyzed whether 

BRG1 would assemble chromatin.  To this end, I used a purified, defined chromatin 

assembly system that consists of NAP1, core histones, ATP, and relaxed DNA, and 

reactions were analyzed by the DNA supercoiling assay (Fyodorov and Kadonaga, 2003).  

In these experiments, unlike yCHD1, BRG1 was unable to assemble nucleosomes, as 

indicated by the lack of change in DNA supercoiling (Figure A2.1B). 

 These experiments indicate that whereas BRG1 is able to remodel chromatin, it is 

unable to assemble nucleosomes.  This result suggests that not all chromatin remodeling 

factors are capable of assembling chromatin, which complements the conclusion of 
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Chapter 3 that assembly and remodeling are distinct activities.  Features that may 

distinguish whether a remodeling factor can also assemble chromatin are discussed in 

Chapter 4. 

 

Methods and Materials 

Protein Purification 

D. melanogaster NAP1, D. melanogaster ACF, and topoisomerase I (ND432 N-

terminally truncated form containing the catalytic domain) were purified as described 

(Fyodorov and Kadonaga, 2003).  Native D. melanogaster core histones were purified 

from embryos (Fyodorov and Levenstein, 2002). 

 

Restriction Enzyme Accessibility Assays 

Restriction enzyme accessibility assays were performed with chromatin 

reconstituted by salt-dialysis as previously described (Alexiadis and Kadonaga, 2002). 

 

Chromatin Assembly 

Chromatin assembly reactions were performed as previously described (Fyodorov 

and Kadonaga). All reactions contained core histones (0.353 µg), NAP1 (1.4 µg), ACF (6 

nM), relaxed circular DNA plasmid (0.294 µg), ATP (3 mM), topoisomerase I (1 nM), 

and an ATP regeneration system (3 mM phosphoenolpyruvate, 20 U/µL pyruvate kinase) 

in a final volume of 70 µL. The buffer composition of the final reaction mixture was as 

follows: 15 mM Hepes (K
+
), pH 7.6, 3 mM Tris, 100 mM KCl, 5 mM NaCl, 5.5 mM 

MgCl2, 0.1 mM EDTA, 6.6% (v/v) glycerol, 1% (w/v) polyvinyl alcohol (average MW 
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10,000), 1% (w/v) polyethylene glycol 8000, and 20 µg/mL bovine serum albumin. The 

reaction products were analyzed by the DNA supercoiling assay (Fyodorov and 

Kadonaga). 
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Figure A2.1.  The chromatin remodeling factor BRG1 is unable to assemble chromatin.  

(A) BRG1 is able to remodel chromatin, at a level comparable to wild-type yeast CHD1.  

Restriction enzyme accessibility assays were performed with chromatin reconstituted by 

salt dialysis with yeast CHD1 (yCHD1) or human BRG1.  Naked DNA was used as a 

reference.  After digestion with HaeIII, the samples were deproteinized, and the resulted 

DNA samples were subjected to agarose gel electrophoresis, followed by staining with 

ethidium bromide. (B) BRG1 is unable to assemble nucleosomes.  Chromatin assembly 

reactions were performed with yCHD1 or BRG1, and samples were analyzed by the 

DNA supercoiling assay. 
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 In Chapter 2, I presented work to identify and characterize a nonnucleosomal 

histone-DNA complex that is an intermediate of chromatin assembly, which has since 

been termed the prenucleosome.  This work was only done with the Drosophila 

homologue of the histone chaperone NAP1 (dNAP1), and I have sought to explore 

whether the prenucleosome is generated by other homologues of NAP1.  The S. 

cerevisiae homologue of NAP1 (yNAP1) is one of the more commonly studied histone 

chaperones, particularly by biochemical methods.  Additionally, of the NAP1 

homologues, it is the most distantly related to dNAP1 (Ito et al., 1996).  I have conducted 

experiments to compare yNAP1 and dNAP1 to investigate whether these two histone 

chaperones follow similar mechanisms for chromatin assembly. 

 

Results 

 While methods for bacterial expression and purification of the yeast NAP1 are 

already established, I have found that bacterially expressed NAP1 proteins are less stable 

than those expressed in Sf9 cells by baculovirus.  I have generated baculoviruses for 

expression in Sf9s and have purified His-tagged yeast NAP1 (Figure A3.1). 

 To analyze the activity of yNAP1 in chromatin assembly, I have used a purified, 

defined chromatin assembly system that consists of NAP1 (either Drosophila or yeast), 

core histones, ATP, ACF, and relaxed DNA (Fyodorov and Kadonaga, 2003).  When 

reactions were analyzed by the DNA supercoiling assay, an accumulation of supercoiled 

DNA was observed for reactions performed with yNAP1 in the absence of ACF, unlike 

reactions performed with dNAP1 (Figure A3.2A).  These results suggest that, unlike 
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dNAP1, yNAP1 is able to facilitate nucleosome assembly, without the additional 

assistance of a motor protein. 

 To confirm the formation of nucleosomes by yNAP1, I performed extensive 

micrococcal nuclease "limit" digestion assays, in which samples are rapidly digested to 

mononucleosomes (Figure A3.2B).  In these assays, assembly of nucleosomes is 

indicated by a band corresponding to DNA species of approximately 147 bp in size, 

which are derived from core particles.  The strength of the signal roughly corresponds to 

the extent of nucleosome assembly.  Based on the DNA supercoiling assay, one would 

expect a much weaker signal for a reaction performed with dNAP1 in the absence of 

ACF than for a reaction performed with dNAP1 in the presence of ACF.  Indeed, this is 

what was observed in this experiment (Figure A3.2B) and also previously (Torigoe et al., 

2011).  Surprisingly, for yNAP1, the outcome of the "limit" digests did not correspond to 

the DNA supercoiling assay results.  Whereas a band corresponding to 147bp was 

observe for reactions with ACF, this band was notably weaker for the reaction without 

ACF (Figure A3.2B).  This finding result would suggest that a motor protein may still be 

required for chromatin assemblies with yNAP1. 

 It has previously been shown that yNAP1 is able to exchange histones H2A-H2B 

to promote nucleosome sliding (Park et al., 2005).  However, in the presence of dNAP1, 

histones show a very stable association to DNA (Torigoe et al., 2011).  Thus, I asked 

whether in the presence of yNAP1, histones would lose their association to DNA.  To 

explore this question, I performed two-template histone association assays (Figure A3.3).  

For reactions with dNAP1, chromatin assembly is observed exclusively on the first DNA 

template added.  However, for reactions with yNAP1, there appears to be reduced levels 
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of chromatin assembly on the first DNA template, based on the reduced amount of 

supercoiled DNA.  Additionally, the supercoiling state of the second DNA template also 

changed.  Thus, stable association of histones with DNA is not observed in the presence 

of yNAP1. 

 

Discussion 

 The above results indicate that chromatin assembly by yNAP1 likely follows a 

different mechanism than chromatin assembly by dNAP1.  While both mechanisms share 

the requirement of an ATP-dependent motor protein to form nucleosomes (Figure 

A3.2B), there are two distinct differences I have observed.  The deposition of histones by 

yNAP1 is able to induce DNA supercoiling (Figure A3.2A), and histone association with 

DNA is reduced in the presence of yNAP1 (Figure A3.3). 

 The finding that, in the absence of a motor protein, deposition of histones by 

yNAP1 is able to cause changes in DNA supercoiling has been observed previously 

(Ishimi and Kikuchi, 1991; Pilon et al., 1997).  In general, the accumulation of 

supercoiled DNA species is interpreted as formation of nucleosomes.  However, further 

analysis by extensive micrococcal nuclease digestion indicates that the DNA supercoiling 

is not caused by nucleosome assembly (Figure A3.2B).  It seems that the histone-DNA 

complex generated by yNAP1-mediated histone deposition is different from the 

prenucleosome described in Chapter 2, which is generated by dNAP1.  Further analysis 

will be necessary for characterization of this intermediate to better understand the 

mechanism by which yNAP1 works in chromatin assembly.  It is possible that the 
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prenucleosome may vary in structure depending on which histone chaperone is utilized 

and on the species. 

 The ability of yNAP1 to remove and exchange histones, particularly H2A-H2B, 

also has been previously reported (McQuibban et al., 1998; Park et al., 2005).  This 

activity is intriguing, as it seems counterproductive for the assembly and stability of 

nucleosomes.  It seems unlikely for nucleosomes in yeast to generally lack H2A-H2B.  

Thus, yeast may have other mechanisms to stabilize H2A-H2B in the nucleosomes to 

counteract the effects of yNAP1.  It is also possible that the levels of yNAP1 in vivo are 

considerably lower than the levels used for in vitro experiments.  Thus, this activity may 

have little relevance in vivo. 

 These differences between yNAP1 and dNAP1 also suggest that the strategies for 

chromatin assembly may be species specific.  Given that yNAP1 is the most distantly 

related to dNAP1 and the human NAP1 (hNAP1), it is possible that S. cerevisiae may 

follow a different mechanism to assemble nucleosomes than Drosophila and humans.  It 

would be interesting to analyze chromatin assembly reactions performed with the hNAP1 

and to compare to dNAP1 and yNAP1. 

 

Methods and Materials 

Protein Purification 

D. melanogaster NAP1, D. melanogaster ACF, and topoisomerase I (ND432 N-

terminally truncated form containing the catalytic domain) were purified as described 

(Fyodorov and Kadonaga, 2003).  Native D. melanogaster core histones were purified 

from embryos (Fyodorov and Levenstein, 2002).  N-terminally His-tagged S. cerevisiae 
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NAP1 (yNAP1) cDNA was cloned into the pFastbac1 plasmid, and baculoviruses were 

generated and amplified according to manufacturer protocols (Invitrogen).  His-tagged 

yNAP1 was expressed in Sf9 cells and purified by the same methods used for D. 

melanogaster NAP1 (Fyodorov and Kadonaga, 2003). 

 

Chromatin Assembly 

Chromatin assembly reactions were performed as previously described (Fyodorov 

and Kadonaga). All reactions contained core histones (0.353 µg), NAP1 (1.4 µg), ACF (6 

nM), relaxed circular DNA plasmid (0.294 µg), ATP (3 mM), topoisomerase I (1 nM), 

and an ATP regeneration system (3 mM phosphoenolpyruvate, 20 U/µL pyruvate kinase) 

in a final volume of 70 µL. The buffer composition of the final reaction mixture was as 

follows: 15 mM Hepes (K
+
), pH 7.6, 3 mM Tris, 100 mM KCl, 5 mM NaCl, 5.5 mM 

MgCl2, 0.1 mM EDTA, 6.6% (v/v) glycerol, 1% (w/v) polyvinyl alcohol (average MW 

10,000), 1% (w/v) polyethylene glycol 8000, and 20 µg/mL bovine serum albumin. The 

reaction products were analyzed by the DNA supercoiling assay (Fyodorov and 

Kadonaga) and extensive micrococcal nuclease digestion (Torigoe et al., 2011). 
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Figure A3.1.  Purification of recombinant yNAP1. The purified protein was analyzed by 

polyacrylamide-SDS gel electrophoresis and visualized by Coomassie blue staining. 
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Figure A3.2.  Analysis of chromatin assembly reactions with yNAP1.  (A) Supercoiled 

DNA products are observed for chromatin assembly reactions with yNAP1 in the absence 

of ACF.  Chromatin assembly reactions were performed with dNAP1 or yNAP1, and the 

reactions were analyzed by the DNA supercoiling assay. (B) DNA species corresponding 

to mononucleosomes are best observed upon addition of ACF.  Chromatin assembly 

reactions were performed with dNAP1 or yNAP1, and samples were extensively digested 

to mononucleosomes with micrococcal nuclease for 1 min. 
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Figure A3.3.  Stable histone association with the first DNA template is not observed in 

the presence of yNAP1.  Histone association experiments were performed with 

equivalent masses of two circular DNA templates of approximately 3kbp (3K) and 8kbp 

(8K).  Limited histones, sufficient for complete assembly of one DNA template, were 

incubated with template 1.  Template 2 was then added to the mixture, followed by the 

addition of ACF.  Purified topoisomerase I was included in the reactions, and nucleosome 

assembly was monitored by the DNA supercoiling assay. 
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