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INTRODUCTION 

Eukaryotic DNA is wrapped around a condensed nucleoprotein complex which is 

called the chromatin. The chromatin structure is based on a repeating unit of eight 

histone molecules and abbut 200 DNA base pairs. This structure restricts the interaction 

of DNA with most nuclear factors. Important nuclear processes like transcription, 

replication, recombination a:nd repair need accessibility to the DNA molecule. During 
I 

these processes, chromatin structure is assembled and disassembled by different enzymes. 

In an actively dividing eukaryotic cell chromatin disruption occurs during DNA 

replication DNA repair recombination (14) and transcription (30, 59, 65) which has 

wider implications throughout the life of the cell. The various enzymes found involved in 

the assembly and disassembly of the chromatin can be classified into two groups. These 

two groups of enzymes are: i) Histone modifying enzymes including histone 

acetyltransferase (HAT) and histone deacetylase (HDAC) complexes, which regulate the 

transcriptional activity of genes by determining the level of acetylation of the amino 

terminal domains of nucleosomal histones associated with them. ii) A TP-dependent 

complexes, which use the energy of A TP hydrolysis to locally disrupt or alter the 

association ofhistones with DNA(5, 60). 

We will, in this chapter, understand the organization ofthe chromatin and the 

importance of remodeling systems for DNA metabolic processes. 

Chromatin organization 

The basic unit of the nucleosome is the. four histone proteins H2A, H2B, H3 and 

H4 which form an octamer amongst themselves; The histones molecules carry a net 

positive charge which helps in packaging of negatively charged DNA. 
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Crystal structure of the histone,octamer has shown that it po~sesses a tripartite 

organization i.e. a centrally located (H3-H4)2 is flanked by two H2A-H2B dimers(2). 

The three subunits are assembled in the form of a left-handed protein superhelix with an 

apparent pitch of 28A and form a solid object with a small central cavity(2, 3). These 

studies further revealed that 146 base pair ofthe DNA was wrapped around the octamer 

with a 1.65 superhelical tum (40). This arrangement leads to about 6-fold packing ofthe 

DNA in the cell(33, 51). This repeating unjt of chromatin is successively packaged into 

higher order structures achieving additional levels of compaction( 51). This compaction 

involves the action ofhistone Hl, which binds to DNA on the outside ofnucleosomes (at 

a ratio of one HI molecule per nucleosome), thus connecting nucleosomes. The linker 

DNA wrapped up by Hl could vary in length between 20-60 base pairs. Higher order 

compaction is achieved when Hl molecules interact with each other, causing the 

chromatin to form a spiral, with 6 to 8 nucleosomes per tum of the spiral. This structure 

is known as a solenoid or a 30 nm chromatin fiber(51). Even higher order compaction is 

achieved by chromatin looping as envisaged by electron micrograph of metaphase 

chromatin. 

Packaging of DNA into these higher order structures renders it inaccessible to 

transcription and other nuclear processes. 

Chromatin Remodeling 

The inaccessible DNA is made accessible through the process of chromatin 

remodeling. Two major classes of chromatin remodeling complexes- histone-modifying 

enzymes and ATP-dependent chromatin remodeling proteins- regulate accessibility of the 

template to DNA binding factors. Histone-modifying enzymes are involved in covalent 



modification of nucleosomes by adding or removing many chemical moieties by 

acetylation, phosphorylation, and methylation of histone N-termini(l ). ATP-dependent 

chromatin remodeling proteins can move nucleosomes, thereby exposing or occluding 

DNA sequences, and creating conformations where DNA is accessible on the surface of 

the histone octamer( 41 ). In this chapter we will be focusing on the A TP-dependent 

chromatin remodeling process. 

A TP-dependent Chromatin Remodeling 

3 

A TP-dependent chromatin remodeling is one ofthe commonly used mechanisms 

to remodel chromatin. In this method energy released from ATP hydrolysis is utilized to 

mobilize and reposition nucleosomes, thereby exposing the DNA to various transcription 

factors and other DNA binding proteins (5, 60). 

The SWIISNF family of chromatin remodelers was first discovered in yeast 

through genetic screens that led to the identification of the so-called swi (switch) or snf 

(sucrose nonfermenting) mutations (54). The similarity of phenotypes conferred by 

mutations in different components of the complex suggested that many of the proteins 

encoded by these genes function in a coordinated manner. Homology searches with the 

sequence of the yeast Snf2p ATPase and biochemical scrutiny led to the identification of 

several SWI/SNF-related nucleosome remodeling machines in higher eukaryotes. 

Chromatin-remodeling complexes are compositionally and functionally diverse, 

yet they share the presence of a motor domain that belongs to the Snf2-like family of 

A TPases. The motor domain is responsible for hydrolysis of A TP in the presence of 

DNA. The ATPase motor domains ofthe SWIISNF proteins belong to the DEAD/H 

superfamily of nucleic acid stimulated A TPase, a large protein superfamily that includes 
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helicases. This protein superfamily is further classified into superfamily 1, 2, 3, and 4. 

~uper family 2 (SF2) comprises of those proteins which possess the seven helicase 

motifs. It is the largest of the four superfamilies ofhelicases and includes a variety of 

DNA helicases and several families ofRNA helicases and DNA-stimulated ATPase (25). 

The SWI/SNF proteins possess the ATPase motor domain that carries the entire seven 

helicase motifs. These proteins show DNA-stimulated ATP hydrolysis activity which is 

similar to helicase. However, unlike helicase they do not have helicase activity(37). 

Recently, crystal structures of some SWI/SNF motor domain have been 

determined. These crystal structure studies show that motor domain possess a hi-lobed 

structUre separated by a deep cleft. Comparative studies with some of the already 

crytallised helicases have revealed the structural and functional difference between the 

ATPase domain ofSWI/SNF and that ofhelicases (18, 56). 

Superfanily 1 Superfamily 2 Superfamily 3 

B '--_..__....,..._:w'_-'Y_~_ ....... FOiw__, EJ 
... .... 

I Q' I) 

DDM1. 
Llh1 

Figure 1: The SNF2-like family of ATPases includes many proteins that are involved in 
chromatin remodeling( 41 ). 
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Figure 2: ATP-Dependent Remodeling Complexes( 45) 

SWIISNF Complex 

The SWIISNF complex was first discovered in Saccharomyces cerevisiae, 

beginning with two genetic screens for altered gene expression, which led to the isolation 

of mutants with various phenotypes(12, 54). Genetic analysis and sequence identity led to 

the recognition that SNF2 (SWI2), SNF5, SNF6, SWII, and SWI3 constitute a group of 

functionally related proteins. These genes are non-essential for viability, but mutations 
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affect transcription of a broad range of differently regulated genes, implying a global role 

in transcription yontrol(ll ). 

Mutations in SNF genes were identified as causing defects in expression of the 

SUC2 gene, whic~ is required for growth on sucrose and raffinose as carbon sources (the 

name Snf is derived from sucrose non fermenter)(l2). Similarly, mutations in SWI genes 

were identified as defective for expression of the HO gene, which is required for mating 

type switching (the.name Swi is derived from switching defective)(54). Mutations in 

both SNF and SWI genes cause pleiotropic phenotypes, suggesting a global role for 

SWI/SNF in gene expression (11). 

SWI/SNF was initially linked to chromatin structure by the isolation of 

suppressors of swi/snfmutations in genes encoding histones and other putative chromatin 

components. The conn¢ction was strengthened by the finding that SWIISNF is required 

in vivo for obtaining a transcriptionally active chromatin structure, asjudged by increased 

nuclease sensitivity at the SUC2 promoter(65). In vitro studies demonstrated that 

SWI/SNF complexes could cause ATP-dependent disruption ofnucleosome structure 

leading to increase binding of transcription factors to their sites on nucleosomal 

templates, and thereby providing biochemical evidence for a role for SWI/SNF in 

nucleosome remodeling. These genetic and biochemical analyses led to the model that 

SWI/SNF controls transcription in vivo by disrupting nucleosome structure at the 

promoter and by facilitatingthe binding of transcription factors to their respective 

sites(34). SWI/SNF function'is conserved in eukaryotes, as related complexes have been 

discovered inS. cerevisiae, Drosophila melanogaster and humans (Tablel). 



Table 1. Known subunits ofthe SWI2/SNF2 group of ATP-dependent chromatin-remodeling 
complexes(60). 
Yeast SWIISNF Yeast RSC Drosphila Brahma Human SWIISNF 

Swi2/Snf2 Sthl/Nspl Brm hBRG 1 or hBRM 

Swil p270(?)/BAF250 

Snf5 Sful Snrl hSNF5/INil/BAF47 

Swi3 Rsc8/Swh3 Bap155/Moira BAF170, BAF155 

Swp82 

Swp73/Snf12 Rsc6 Bap60 BAF60 (a,b,c) 

Swp61/Arp7 Rscll/Arp7 Bap55 (?) BAF53 (?) 

Swp59/Arp9 Rsc12/Arp9 Bap55 (?) BAF53 (?) 

Snf6 

Swp29/Tafu30 

Snfll 

Rscl or -2 

Rsc3-5,-7,-9,-10 

Rsc13-15 

Baplll BAF57 

~-Actin/Bap4 7 (*) P-Actin {*) 
Bap74 

The SWIISNF complex inS. cerevisiae is a large multi-subunit complex 

comprising of 11 subunits. Five units have been identified genetically SWI3/SNF2, 

SWII, SWB, SNF5 and SNF7(10). The remaining six subunits were found in a 

biochemically isolated complex: SWP82, SWP73, SWP 61, SWP59, TAFII30 and SNFI 

7 

(ref?). The motor of this complex is the nucleosome remodeling A TPase -Snf2p-which is 

a 200-kDa protein(37, 63). The function of many of the other subunits is less well 

understood. Swi 1 contains an AT -rich interaction domain (ARID) that allows 

nonspecific DNA binding (64). Targeted mutations in SNF5, one ofthe core subunits 

also conserved in higher eukaryotes, showed that it is involved in both assembly and 

catalytic functions of the complex(24). Interestingly, SWIISNF complexes in yeast and 
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higher eukaryotes contain the actin-related proteins Arp7 and Arp9. It has been 

suggested that they might actually provide a link to nuclear structures, such as the nuclear 

matrix.(5). 

Homology searches with the sequence ofthe yeast Snf2p ATPase and 

biochemical scrutiny led to the identification of several SWI/SNF-related nucleosome 

remodeling machines in higher eukaryotes( 46). The D. melanogaster and mammalian 

complexes all contain subunits that are homologous to the yeast SWI2/SNF2, SWI3, 

SNF5, and SWP73 subunits as well as the above-mentioned actin-related proteins (5, 46). 

The homology ofthese proteins extends beyond the ATPase domain, as they all contain a 

bromodomain in the C-terminal region and two other conserved regions of unknown 

function called domains 1 and 2. Also all these proteins were found to contain the 

helicase motifs found in DNA and RNA helicase, but these proteins lack detectable 

DNA helicase and DNA tracking activities(IO, 37). 

Like yeast, human cells have at least two SWI/SNF-related complexes, referred to 

as BAF (hSwi/Snf.:A or BRG 1 complex) and PBAF (hSwi/Snf-B or hBRM complex). 

The corresponding A TPase subunits of these complexes, BRG 1 and hBRM, are highly 

homologous to each other and to yeast Snf2. The other proteins in these complexes have 

been termed hBRM- and BRG !-associated factors (BAFs) and are again quite similar to 

each other(62). BRG 1 and hBRM alone are able to carry out various nucleosome 

remodeling reactions, but the efficiency of remodeling is increased in the presence of 

other subunits. 
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Proteins of the SNF2 Family 

Proteins belonging to the SWIISNF family are subdivided into several sub 

families on the basis of similarity in conserved structural motifs( 19, 25). Three main 

groups have been identified: the SWIISNF group, the imitation SWIISNF (ISWI) group 

and the Mi-2 group( 57, 58). ATPases motor domain of the SWI2 group contains a 

bromodomain, whereas ISWI-likeATPases feature a SANT domain. CHD-type enzymes, 

such as Mi-2, contain chromodomains and PHD fingers( I?, 58). These three groups can 

also be distinguished by their biochemical properties and mechanisms of nucleosome 

remodeling. In addition there are sub-families like IN080, Rad-54, and 

SMARCAL1(21). 

Proteins with helicase like region of similar primary sequence to S. cerevisiae 

Snf2p comprise the Snf2 sub-family. In addition to homology within the helicase 

domains, these proteins also contain the bromodomain, which can interact with acetylated 

histones(27). Furthermore, these proteins can bind to both naked DNA and nucleosomal 

DNA(16, 44). 

ISWI (imitation SWI) contains, in addition to the motor domain, a SANT 

domain. A TPase activity in these complexes is stimulated by the nucleosome and not by 

naked DNA. It is hypothesized that these proteins may also bind DNA through the 

SANT domain. SANT (Swi3, Ada2, N-CoR and TFIIIB) is a domain that is found in 

many transcription activators and corepressors. The ISWI complex is essential for 

viability ofDrosophila. NVRF (nucleosome remodeling factor), CHRAC (chromatin 

assembly complex), and ACF (A TP-utilizing chromatin assembly and remodeling factor) 

are some of the members of the ISWI subfamily that have been isolated from Drosophila. 



NURF can cause the movement of nucleosome along the DNA; CHRAC in addition to 

NURF activity can generate equally spaced nucleosomes (36). Yeast and human 

homologue ofthe ISWI have also been isolated recently(55, 58). 

The CHD subfamily comprises of those protein that contain the chromodomain 

(chromatin organization modifier) and a DNA binding domain(17). Protein complexes 

that contain the chromodomain show both A TP-dependent nucleosome rearrangement 

and histones deacetylase activity. The chromodomain has been shown to bind to the 

chromatin possibly through methylated histones(57). Some complexes have additional 

activities including Me-CpG DNA binding activity(35). 

10 

The Ino subfamily was identified by the isolation of a novel complex from yeast 

that shares homology in its central domain with the Drosophila ISWI and yeast 

Snf2p(53). Ino80 has both Drosophila (diN080) and human (hiN080) homologs and 

sequence alignments reveal that these proteins contain two conserved regions beyond the 

motor domain, a TEL Y motif at the amino terminus and a GTIE motif at the carboxy 

terminus. lno80 does not contain a SANT domain or a bromodomain, which are motifs 

found in Snf2 and ISWI subfamilies. Ino80 was purified as a complex (named 

Ino80.com) with approximately 12 associated proteins. Notable subunits oflno80.com 

include Rvbl and Rvb2, which share homology to the bacterial RuvB helicase, 

andActllactin, Arp4, Arp5, and Arp8. Ino80.com was found to have a 3' to 5' DNA 

helicase activity using strand displacement assays, and Ino80 null mutants exhibited 

sensitivity to hydroxyurea, methyl methanesulfonate (MMS), ultraviolet light, and 

ionizing radiation, indicating roles for this complex in replication and/or the processing 

ofDNA damage(53). 
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The CSB/ERCC sub-family comprises of those proteins which are involved in 

transcription-coupled repair( 52). This family consists of the CSB protein and the S. 

cerevisiae homologue Rad26p. These proteins were found to be involved in helping 

RNA polymerase to pass or dissociate from blocking DNA lesions. The mechanism by 

which CSB remodels nucleosome is unknown, but by changing DNA conformation, CSB 

may disrupt the histone-DNA interaction, as well as the interaction of the stalled DNA 

polymerase with damage DNA ( 42). In in vitro assays purified ERCC6 can alter 

nuclease sensitivity and spacing of nucleosome in A TP-dependent manner( 52). 

Rad 54 was initially identified as a member of the Rad51 epistasis group in S. 

cerevisiae(56). Like other SWI/SNF proteins, Rad54 can translocate on DNA, generate 

superhelical torsion and enhance accessibility to nucleosomal DNA. Rad54 may be 

involved in the repair of double strand break through Rad52 mediated homologous 

recombination. The crystal structure of Rad54 helicase like protein from zebra fish has 

been determined recently(56) 

The DDMI sub family comprises ofthe widely-expressed Lsh (lymphoid specific 

helicase) protein, which is localized to heterochromatin regions ofthe chromosome. Lsh 

and its human homologue are alternatively known as PASG, SMARCA6 or by the 

official gene name HELLS (Helicase Lymphoid Specific). Mutations in this protein lead 

to premature aging with cells exhibiting replicative senescence. DDMI is Arabidopsis 

thaliana homologue ofLsh. Evidence has been presented that A. thaliana DDM1 can 

slide nucleosomes in vitro(9). 
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Mechanism of action of the SWI/SNF complex 

The mechanisms by which SWI/SNF complex alter chromosome and chromatin 

structure are not yet clear, however this complex have been found to be stimulated to 

hydrolyse A TP both by DNA and nucleosome. 

Binding of the complex to DNA and nucleosome 

In order to remodel chromatin, remodeling complexes have to be able to 

recognize and bind to their substrate. The SWIISNF complex binds to DNA and 

nucleosome with high affinity. Snf2p can bind to naked DNA in an A TP-independent 

manner with Kct in nanomolar range and electron spectroscopic imaging studies have 

shown that Snf2p binding creates loops in either nucleosomal arrays or naked DNA(4) 

bringing distant sites into close proximity(4). The binding ofthe complex seems to occur 

through the minor groove of DNA as the complex is displaced by distamycin A or 

chromomycin A3, which are minor groove binding agent(47). The DNA-binding 

properties of the ySWI/SNF complex are similar to those ofHMG box proteins, which 

bind nonspecifically to DNA in a length-dependent manner with a preference for four

way junctions(60). Extensive studies have not been able to demonstrate any DNA 

sequence specificity for the SWIISNF complex. The affinity of Snf2p for nucleosomes is 

slightly higher than that for naked DNA. This is possibly due to additional interactions of 

the protein with the acetylated histones through the bromodomain(l5). Depletion ofthe 

H2A/H2B dimer either in vivo (by mutations) or in vitro (by addition ofH2A/H2B 

chaperones) has been demonstrated to bypass S WI/SNF requirements. In contrast, 

human SWIISNF (hSWIISNF) is able to remodel tail-less mononucleosomes, as well as 



nucleosomal arrays, suggesting that the mechanism of nucleosome remodeling by 

hSWIISNF is not dependent on the core histone tails (26). 

ATP-dependent nucleosome disruption 
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In contrast to the DNA binding properties of the complex, which is A TP-independent, the 

nucleosome remodeling activity ofthe SWIISNF is ATP-dependent. This activity ofthe 

complex has been observed by two types of experiments. Initially, in assays containing 

purified SWIISNF, ATP and nucleosomes, this activity was observed as increased 

DNasei sensitivity ofthe nucleosomal DNA(l6). More recently, studies ofhuman 

SWIISNF (SWIISNF) and S. cerevisiae RSC have demonstrated that the remodeled 

nucleosome is stable in the absence of the remodeling complex and has the size of two 

nucleosomes (15, 29). It is not yet clear ifthe remodeled nucleosomes observed in the 

earlier and later assays are the same as each other, as they display some differences in 

nuclease sensitivity. In addition, both SWI!SNF and RSC can act on the remodeled 

nucleosome to restore it to the original, inactive, nucleosomal state. While SWIISNF acts 

catalytically on nucleosome arrays to form the active state, the properties ofthe reverse 

remodeling reaction remain to be characterized~(60). 

Biochemical studies show that the SWIISNF protein complexes can remodel 

nucleosomes in an A TP-dependent fashion by two mechanisms. The SWI/SNF protein 

complex can transfer histone octamers to other DNA molecule (trans-displacement).(39) 

And it can also slide histone octamers on the same DNA molecules (cis

displacement)(63)(Fig.3). The preference for cis- or trans-displacement ofnucleosomes 

depends upon the ratio of SWI/SNF complex to the octamer. The complex can catalyze 

cis-displacement quite efficiently even at a low SWI/SNF complex :octamer ratio (one 
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SWIISNF complex per 200 nucleosomes), whereas trans-displacement requires a tenfold 

greater SWIISNF complex:octamer ratio(39). 

During the past years, the models for nucleosome mobility have been refined. 

Chromatin fluidity characterized by more or less random, short-range, A TP-dependent 

nucleosome movements, provides an elegant solution to the problem of how to maintain 

the overall packaging of DNA while ensuring that DNA sequences can be accessed by 

pioneer proteins within a given time frame. Interactions of nucleosome remodeling 

factors with nucleosomal DNA and particularly with DNA at the edge of the nucleosome 

have been detected. A selection of potential mechanisms has been considered with two 

emerging as favourites: Twist defect diffusion and Bulge diffusion(5, 22). 
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Figure 3: Two-step model ofSWI/SNF and RSC action in chromatin remodeling. The binding 
of the remodeling complex to chromatin is ATP independent (a). Upon ATP addition, the 
conformation of nucleosomes changes as a consequence ofthe alteration of histone-DNA 
interactions (b). This disruption results in remodeling of the chromatin (c), which might occur 
while the complex is still bound might persist after it is released from the chromatin (indicated by 
the question mark). Remodeling that occurs may result in transfer of histone octamers to different 
DNA segments in trans or in sliding of the octamers in cis (i.e., to a different position in the same 
DNA molecule). The exact consequence of remodeling is likely dependent on the exact context of 
nucleosomes at a given promoter and can lead to either (i) activation of transcription or (ii) 
repression( 60). 
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Twist defect diffusion 

In this model, small local alterations from mean DNA twist ('defects') propagate 

around the nucleosome (Fig 4a). According to this model, histone-DNA interactions at 

the nucleosomal entry sites may be disrupted by the energy-consuming (un)twisting of 

DNA in a small domain, presumed to be topologically constrained by the remodeling 

enzyme itself and the nucleosome substrate. The distortion of DNA may be propagated 

over the surface of the histone octamer until it emerges on the other side, at which time 

the histone octamer has relocated nucleosome core particle. Crystal structures give direct 

evidence for the expected intermediates of twist defect diffusion. Co-crystallisation of 

nucleosome cores with different DNA sequences or with minor groove binding 

polyamides demonstrates that the location of these defects can be manipulated(22) (49). 

Because remodeling enzymes can alter superhelical torsion within DNA 

fragments, it is possible they could accelerate the rate of twist defect diffusion. To test the 

consequence of blocking such torsion, nicks or flaps have been introduced within 

nucleosomes. Although these did not have substantial effects, interpretation of these 

experiments is complicated and it is not possible to rule out a role for twist defect 

diffusion in either thermal or A TP-driven nucleosome redistribution. 

Bulge diffusion 

In the bulge diffusion model, unpeeling of DNA from the histone octamer at the 

entry/exit of the nucleosome and subsequent rebinding of more distal sequences to the 

same histone contact points would establish nucleosomal particles harbouring excess 

DNA. This is imagined to be looped out in a 'bulge' (Fig 4b). Subsequent migration of 

the bulge around the nucleosomal superhelix would result in the nucleosome apparently 
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stepping in the direction where the bulge had initiated. On the basis of the physical 

properties of DNA, two reports have estimated that large bulges involving the 

incorporation of at least 40---{)0 bp of additional DNA into nucleosomes would be most 

favored. Several recent observations of nucleosome sliding both in vitro and in vivo are 

consistent with movements on this scale. However, other explanations are also possible. 

An alternative approach has been to probe for nucleosome-like structures containing 

> 147 bp of DNA as the predicted intermediates in this mechanism. Two recent reports 

have provided some support for this(20, 31) 

Despite observations consistent with both the twist defect and bulge diffusion 

mechanisms, further work is required to establish which predominates. 

In vitro studies have shown that the ySWVSNF and hSWIISNF complexes disrupt 

the rotational phasing of DNA on the surface of the histone octamer (16). In other words, 

the complex alters the histone-DNA contacts in an A TP-dependent manner, resulting in a 

pattern ofDNase I digestion different from that ofnucleosomal DNA. Another 

consequence of this disruption is that it enhances the access of DNA-binding proteins to 

nucleosomal DNA. This has been shown with several types of sequence specific DNA

binding proteins and with restriction endonucleases(34). Mutations in the A TP-binding 

domain of the Snf2p subunit abolish SWIISNF activity in these assays(l6). 
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Figure 4: Consequences of histone dimer removal. Two widely favoured but hypothetical 
actions ofremodellers are (a) to stimulate diffusion of twist defects around the surface ofthe 
nucleosome, or (b) to catalyse DNA unwrapping from the nucleosome surface. Twist and bulge 
diffusion could result in nucleosome repositioning and the exposure of previously occluded DNA 
sequences as could site exposure (c). The loss of dimers from nucleosomes also occurs during 
some remodelling reactions (d) and if a different histone dimer, for example containing H2A.Z, 
rebinds this will result in alteration of the nucleosomal histone composition (e)(22). 
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Crystal structure of the A TPase motor domain. 

Recently, crystal structure of A TPase motor domain of zebra fish Rad54 and 

SWIISNF A TPase core of Sulfobolus solfataricus (SSO 1653) protein have been 

determined(l8, 56). According to these studies the motor domain is a hi-lobed structure 

separated by a deep cleft. Each lobe is called as the RecA-like domain and their 

arrangement is similar as found in helicases(56). Motifs I, II and III are present in 

domain 1 and motifs IV, V and VI are present in the domain 2. Motifs I, II and III from 

domain I form the ATP-binding site in the active site cleft. Motifs IV, V and VI on 

domain 2 are not situated in the active site cleft in case of SSO 1653, but position on the 

outside of the protein. This unique location is due to the -180° degree flip ofthe domain 

2, which is very unusual in case of helicases(18). Besides, the helicase core structure, the 

Snf family structures haves some additional structural element inserted into the helicase 

core. These comprise the antiparallel alpha helical protrusions from both recA-like 

domains 1 and 2, a structured linker between the recA-like domains; the major insertion 

region at the back side of the domain 2 alpha helical protrusions and a triangular brace 

packed against the domain 2 alpha helical protrusions. The two alpha-helical protrusions 

and linker are all encoded within the enlarged span between motifs III and IV. The 

triangular brace is encoded immediately downstream of motif VI (Fig. 5). 
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Figure 5: Conserved blocks contribute to distinctive structural features of Snf2 family proteins. 
(A) core recA-like domains 1 and 2 including colouring ofhelicase motifs (I in green, Ia in blue, 
II in bright red, III in yellow, IV in cyan, V in teal and VI in dark red). (B) Q motif (pink). (C) 
antiparallel alpha helical protrusions 1 and 2 (red) projecting from recA-like domains 1 and 2, 
respectively. (D) Linker spanning from protrusion 1 to protrusion 2 (middle blue). (E) Major 
insertion region behind protrusion 2 (light green). (F) triangular brace (magenta).(21) 
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The structure and sequence ofMotifl (ATP binding) and Motifll (MgCh 

binding) between Rad54 and other helicase are highly similar. The sequence of the 

remaining motif in domain 1 (Ia, TxGx and III) are different from those in SF l/SF2 

helicases but the structure suggest that these motif overall have the similar function m 

Rad 54. Comparison between the structure ofthe SF1/SF2 helicases and Rad54 show 

that Ia and TxGx may be involved in DNA binding. Motiflll ofRad54 has sequence and 

structural similarity with the SF2 helicase, but contains some additional residues in 

SWIISNF proteins. In helicases, Motif III interacts with the gamma phosphate of ATP, 

DNA and the second domain. This motif has been suggested to be a sensor for A TP 

hydrolysis. The domain 2 contains a DNA binding motif (Motif IV) that is structurally 

conserved in SF1/SF2 helicase and Rad54. In helicases, the motifiV interacts with DNA ~ 

through one or two basic residue, as well as through the amide back bone group at the /ii'f/-.~'f 
(~\ .. Q 

start of the helix. Rad 54 and the remainder ofthe SWI/SNF do not have the basic '\~~~2 
~eitef.h~~ 

~:.:·----...--:: 
residue seen in helicases. However, Rad54 has a lysine 449 residue at similar position as 

that present in helicases. Thus, Lys449 not only provides potential DNA contact that is 

otherwise absent in MotifiV but also provides a mechanism for involving domain 2 in 

DNA binding. Rad54 and other SWI/SNF protein have a conserved Arg/Lys,(Lys568), 

Ser/Thr Ser(566), and Ser(567), and Gly(570) in the motifV that might interact with 

DNA in a manner analogous to PcrA and Rep(56). Motif VI in Rad54 and other 

SWI/SNF protein have a conserved arginine. In crystal structure, Arg 600 interacts with 

sulfate ion bound in the A TP gamma phosphate binding site of motif I in a manner 

-analogous to that seen in PcrA(18). Crystal structure studies ofSS01653 shows that 

DNA binds predominantly to subdomain lA by recognition of the two phosphate chains 
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along the minor groove. The Ia and II region were found to be involved in DNA binding. 

Arg547, a highly conserve residue of the SWIISNF in the Ic motif, was found to interact 

with the minor groove of the DNA. Domain 2 binds to the DNA -phosphate backbone 

through Arg728 and Lys781. This binding is much weaker as compared to the interaction 

with the domain 1. The DNA binding constant of catalytic domain of 

SsoRad54(SsoRad54cd) as a whole is 0.1 +/- 0.02J.!M for dsDNA and 11+/-5 J.!M; 

domain I by itself has reduced binding activity 0.2+/-0.1 compared to full length protein, 

whereas domain 2 does show any DNA binding activity at all. DNA binding of 

SsoRad54cd is not significantly affected by the A TP or non-hydrolysable A TP analogs 

(18). ComP,.arative studies of SsoRad54 and Rad 54 with DNA helicase PcrA and RNA 

helicase NS3 shows that RecA-like fold and location ofmotifl-111 is preserved between 

the enzymes(56). PcrA and NS3 have single strand binding domain which firmly grabs 

the base of the single strand. SsoRad54cd was found to lack the ssDNA binding domain 

but it can bind to 5'-3' DNA through domain 1. Similarly, Rad54 was able to bind to 

DNA through domain 1. SsoRad54cd lacks ssDNA binding domain and hence_ they do 

not have ssDNA- stimulated ATP hydrolysis activity, which may suggest that it cannot 

translocate ssDNA in ATP hydrolysis dependent manner. Crystallographic studies show 

that the DNA is fully base-paired along the entire side of SsoRas54cd and there is no 

upstream helix destabilizing region. This may explain why SWI/SNF proteins do not 

have helicase activity. 
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DNA-dependent ATPAse A 

DNA-dependent ATPase A is a member of the SWIISNF protein family. This 

protein possesses the seven helicase domains which are characteristic of the SWI/SNF 

family members. The human homolog is known as SMARCAL 1. Recently, this protein 

has been grouped into SMARCAL1 subfamily(21). This subfamily consist ofhuman 

SMARCAL1 (SMARCA-Like 1) and its homologue HARP. 

DNA-dependent A TPase A was first isolated as a 1 05-kDa protein from calf 

thymus and Northern blot analysis has confirmed the presence ofmRNA corresponding 

to that gene in bovine system(42). Southern Blot analysis has shown the presence ofthe 

gene in multiple copies in human, bovine and murine tissue. The protein has DNA

dependent ATP hydrolysis in presence of a DNA effector(44). This protein has been 

found to undergo proteolytic cleavage resulting into two polypeptide of molecular masses 

68-kDa and 82-kDa. 

The 82-kDa polypeptide lacks theN-terminal sequence but retains all the seven 

helicase motifs and it also has DNA-dependent 24.8 J.tmol of A TP hydrolyzed I min/ mg 

of protein) even though it less as compared to the 1 05-kDa(l71 J.tmol ATP hydrolyzed 

/min/mg). The 82-kDa is called as the Active DNA-Dependent ATPase A (ADAAD) 

and this domain contains the motor domain of SWI/SNF family. Clustal W analysis hsve 

shown that this protein have all the seven conserved domain found in other member of 

the SWIISNF family (Fig. 6) 

I 
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Figure 6: Clustal W ofFLADAAD with other member of the SWI/SNF family 
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The eDNA ofthis protein has been cloned and expressed in E. coli. The ATPase 

activity and other relative effector recognition of ADAAD are similar to the parent 

protein(44). Studies with ADAAD have shown that it has preference for some particular 

structure of the DNA. The ability of ADAAD to interact with these different structures of 

DNA was measured as a function of ATP hydrolysis. Stem-loop DNA containing a 13 

base loop and a 12 base-pair stem was found to be the optimal effector for ADAAD. 

DNA molecules that possess the character necessary to yield a double-stranded to single-

stranded transition region, such as mismatches of 4 and 10 base pairs or AT -rich 

sequence, were found to be effectors of ADAAD. Single-stranded DNA molecule, 

double-stranded, and blunt-ended DNA was not capable of effecting ATP hydrolysis by 

ADAA. A TP hydrolysis was also hydrolysed differentially in presence of DNA having 

3'- and 5'-recessed termini. ATP hydrolysis was found to be preferentially effected by 

DNA molecules with a double-stranded to single-stranded transition and a 3'-hydroxyl 

terminus in close proximity to the duplex region (44). 
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Role of the helicase motifs 

Studies carried out with other related protein like helicases and some of SWI/SNF 

motor domain having these motifs have shown that the Motif I is a conserved GKT 

sequence (Walker A box) which is found in most nucleotide binding proteins(61). The 

Motif II overlaps with the DEAD box (DE-is highly conserved), a special version ofthe 

Walker B motif of nucleotide binding proteins(3 8). Motif Ia and a conserved tyrosine 

within Motif VI have been associated with presume DNA binding protein, suggesting an 

involvement of the sites for polynucleotide binding. A conserved aspartate residue in 

motif II has been implicated in phosphate binding via magnesium ions. Motif III has 

sequence homology to viral DNA polymerase. The role of the Motif V and VI have not 

yet been found. 

Human SMARCALl 

ATP-dependent chromatin remodeling complex contain several sub unit, one 

which is a SWI/SNF related ATPase domain. The ATPase domain is very important for 

the complex as it is involved in A TP hydrolysis, which is required for carrying the 

remodeling processes. Also these proteins interact with others protein in the complex 

both through their C-terminal and N-terminal region. Mutation in SMARCALI which is 

a human homolog of ADAAD is responsible for the autosomal recessive diseases 

called Schimke Immuno-Osseous Dysplasia(SIOD)(6). Mutation in this gene leads to 

pleitropic disorder like spondyloepiphyseal dysplasia, renal dysfunction and T-cell 

immunodeficiency. The involvement of SMARCAL 1 in SIOD was determined using 

genome-wide linkage mapping and a positional candidate approach. Most of the missense 
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mutation that are associated with the disease, lies in the SNF2 domain and alters some 

of the residue which are conserved in human ,mouse, D. melanogaster and 

Caenorhabtidis elegans, which are presumably very crucial for SMARCALI function. 

The severity on the disease depends on the type of mutations in the gene of SMARCAL I. 

R561 C missense mutation causes a milder type of SIOD(7). Mutations in the conserved 

arginine residues were found to be more common in SIOD. Also some ofthe mutations 

were found to be occurring in the A TP and DNA binding region of the SNF proteins. 

Similarly, BRGl and hBRM which are ATPase domain found in human SWI/SNF 

complex are found to be mutated in many cancers(48). ADAAD which is a bovine 

homolog of SMARCAL I can be use as a model to understand how those motifs in the 

SNF domain function and also we will try to delineate the function of each of the 

conserved residue. 

Hypothesis 

Crystal structure studies of the A TPase motor domain of Rad54 demonstrate that 

the protein possess a bi-lobed structure with two domains separated by a cleft or a hinge 

region. DNA binds to the protein through this cleft. These studies also demonstrate the 

the possible involvement of these different motifs in DNA binding and A TP binding ( I8, 

56). 

We propose that the cleft provides the basis for the DNA-dependent ATP 

hydrolysis that is observed in SMARCALl. In the absence ofDNA, the protein 

conformation is such that A TP, even if it binds through the Motif I and II, can not be 

hydrolyzed. When DNA binds through the cleft, the protein undergoes a conformation 

that results in A TP hydrolysis. 
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Scope of the work 

To test our hypothesis, we are trying to elucidate the significance of each of the 

two domains in ADAAD and their role in A TP and DNA binding by constructing 

deletion mutants Also, ADAAD have tryptophan residue in the Ia region which is 

conserved in most SWI/SNF protein. These residues which are conserved may have a 

role in A TP and DNA binding. As we know that tryptophan residues are mainly 

responsible for the fluorescence of proteins, the role of these tryptophan residues in the 

A TP and DNA binding can be monitored by observing the change in fluorescence. 

Comparative study will be done for the mutant and the wild type protein with respect to 

DNA binding and A TP binding. In this study we are trying to study the binding constant 

ofthe wild type protein and mutant to DNA and ATP using fluorescence spectroscopy. 

Ia Ill IV v 

Figure 7: Different deletion mutant ofFLADAAD 
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MATERIALS AND METHODS 

Buffer Compositions 

All the buffer compositions are provided in the appendix. 

Strains 

The bacterial strains DH5a (BangaloreGenei) and DHlOB were used for cloning 

purpose. BL21 (DE3) cells were used for expression studies. DHlOB and BL21 (DE3) 

were kind gifts from Dr. Suman Dhar, Special Center for Molecular Medicine, Jawaharlal 

Nehru University. 

Chemicals 

All chemical were of analytical grade and were purchased from Qualigen (India), 

SRL (India), Merck (India), Sigma-Aldrich (USA), or Amersham BioSciences (USA). 

Restriction enzymes and T4 DNA ligase were purchased from MBI Fermentas (USA), 

New England Biolabs (USA), and Bangalore Genei (India). T A cloning kit was obtained 

from Qiagen (USA), and from MBI Fermentas (USA). Gel extraction kit and plasmid 

extraction kit were purchased from Mdi Advanced Microdevices Pvt Ltd. (India). 

Bradford dye for protein estimation was purchased from Sigma-Aldrich (USA). 

Glutathione beads were obtained from Genotech Bioscience (USA). pCPlOl, which 

contains His-tagged ADAAD, was a kind gift from Dr Joel W.Hockensmith, University 

of Virginia. 

Vectors 

pGEX-6P-2 (Amersham) was a kind gift from Dr Suman Dhar, Special Center 

for Molecular Medicine, Jawaharlal Nehru Univertsity. 
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Primers 

The primers for amplification of FLADAAD were designed using the primer 

design software available on Saccharomyces Genome Database 

(http://seq.yeastgenome.org/cgi-bin/web-primer). The primers for FLADAAD were 

synthesized by MWG-Biotech AG and BioServe India. The sequences of the primers are: 

Forward primer 5'GAA TTCGCCATATGGCAGGGACCCCGA TGCACA 3' 

Reverse primer 5' CTCGAGTTATAGAGGAGAGGTAAAGC 3' 

The forward primer carries the EcoRI and Ndel restriction site. The reverse primer 

carries Xhol restriction site, allowing for cloning into multiple cloning site of pGEX6p-2 

vector. The same primers were used for amplifying MAD37. 

DNA effector for ATPase assays: 

We have used a stem-loop DNA for ATPase studies as this has been previously 

determined to be the most effective effector for ADAAD. 

Stem-loop DNA: 5'GCGCAATTGCGCTCGACGATTTTTTAGCGCAATTGCGC 3' 

Cloning of FLADAAD and MAD37 into expression veCtor 

PCR amplification 

For cloning ofFLADAAD into expression vector, PCR amplification of the 

gene was done. The gene was amplified using pCPlOl as the template. The PCR 

reaction mixture contains 0.2 J.LM dNTP's, 200J.LM each of the primer, lX Taq buffer and 

1 unit Taq polymearse (25J.Ll reaction). Different concentrations ofMgCh (0.5mM to 

3.5mM) were used for optimizing amplification. PCR was also carried out using Pfu 
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polymerase and in this case different concentrations ofMgS04 from 0.5mM to 1.5mM 

were used. However, the concentration of primers and dNTP's were not changed. 

Similarly, for cloning ofMAD37 the above conditions was followed using the same 

primers that were used for cloning ADAAD except that the template used is pRM102. 

The PCR conditions are given in Table (2a and 2b) 

Table 2: PCR conditions for a) FLADAAD b) MAD37 

a) 
94°C 5mins 
94°C 45sec 
56°C 30sec 

72°C 2m in 
72°C 10min 

For 30 cycles 
b) 

94°C 5mins 
94°C 45secs 

56°C 30secs 
72°C 1.5mins 

72°C lOmins 
For 30 cycles 

Purification of the PCR amplicons 

The amplicons were extracted from the agarose gel and purified using gel 

extraction kit (MDI) by following the instructions provided with the kit. 

'A' tailing of the PCR amplicons 

The 3' end of the Pfu amplified PCR products were tailed with d (A) using Taq 

polymerase. 1-7J.Ll ofthe PCR amplicon was mixed with 1 J.Ll Taq polymerase in lOX 



buffer having MgCb. dA TP was added to final concentration of 0.2mM in a 1 Of..ll 

reaction volume. The reaction mixture was incubated at 72°C for 30-45 minutes. 

Restriction Digestion 
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pGEX-6P-2 vector was digested using EcoRI and Xhol and the restricted product 

was purified using gel extraction kit. Similarly, the insert was released from the T/A 

cloning vector using EcoRI and Xhol and separated using agarose gel electrophoresis. 

The insert was extracted from the agarose gel using gel purification kit. 

Ligation 

T/A clone:-The 3'-A tailed PCR amplicons were ligated into pTZ57R/T plasmid. 4f..ll of 

the amplicon was taken and incubated with 1f..ll ofthe plasmid in presence ofT4 DNA 

ligase in a 10f..ll reaction. The ligation mix was incubated at 22°C for 16hrs. 

Cloning into pGEX-6P-2 vector:-The insert released from T/A vector was ligated into 

pGEX-6-P2 vector. The ligation reaction was carried out in 10~tl reaction using different 

vector:insert ratios. T4DNA ligase was added and the ligation mix was incubated at 

22°C for 16hrs 

Transformation 

2-4f..ll of the ligation mix was transformed in to DH5a competent cells and plated 

on LB agar containing appropriate antibiotics and incubated at 37°C for at least 16 hrs. 

For expression studies, BL21 (DE3) cells were used. 



Selection of Transformants 

The colonies, which grew on the plate, were picked up and streaked in another 

fresh LB-ampicillin plate and incubated for 16 hrs. Colony PCR was done with these 

colonies to check the present of insert. ·The PCR positive clones were subsequently 

crosschecked by restriction digestion. Finally, the presence of insert was confirmed by 

sequencing. 
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The vector pGEX-6P-2 carrying the insert of FLADAAD was named pMN82 and. 

pGEX-6P-2 vector carrying the insert ofMAD37 was named pMN37 

Plasmid Extraction 

The clones were grown overnight in 10mL culture at 37°C in presence of 

1 OOj.!g/mL ampicillin. Plasmid extraction was carried out by alkaline lysis method as 

described in Molecular Cloning manual 

Expression of FLADAAD and MAD37 

The pMN82 and pMN37 plasmids were transformed into BL21 (DE3). The cells 

carrying the respective plasmids were set up for primary culture by inoculating a single 

colony into LB media having 1 OOj.!g/ml ampicillin. The cells were incubated at 37°C in a 

shaker incubator. Secondary culture was set up by adding 1% inoculum from the primary 

culture into fresh medium having 100j.!g/ml ampicillin. Cells were grown at 37°C till OD 

reached 05 at 600nm. Cells were induced at this OD with 0.5mM IPTG. After induction 

the cell were grown for a further period of 4 hrs and then harvested by centrifuging at 

5000 rpm. Supernatant was discarded and 1 X PBS was added to the pellet and processed 



further for SDS-PAGE. Expression studies were also carried out by inducing cell at 

different temperatures, IPTG concentrations, and time. 

SDS-PAGE: 
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10% and 8% resolving gel with 5% stacking gel were used for analyzing the 

expression pattern of the proteins(50). The samples were mixed with gel loading dye 

boiled for 5 min and loaded onto the gel. Equal number of cells as calculated by OD6oonm 

measurement was loaded onto the gel. 

Rf calculation: 

The size of the protein was calculated by measuring the Rf of the protein .A graph 

between Log Molecular weight and Rf of the protein was plotted. 

Solubilisation studies 

Solubilisation of protein was done by inducing at different temperature, IPTG 

concentrations and using different lysis buffers. The cells were incubated with lysis 

buffer for 1 hour at 4 °C on a rocker. After incubating with lysis buffer the cell were 

sonicated for 10 cycles (15seconds on/45 seconds oft) using ultrasonicator. The soluble 

fraction was separated from the insoluble fraction by centrifuging the cell at 12000rpm 

for 30 minutes in Sorvall centrifuge. Supernatant and pellet were analysed by SDS 

PAGE to check the solubility of the protein. 

Bead Assay: 

Before going for large scale purification ofthe proteins, a small bead assay was 

performed to check the binding of the protein to Glutathione bead and also to standardize 

the purification protocol. 50 ml secondary culture was grown at 25°C for 4 hours for 

MAD 37 and l6°C overnight for FLADAAD. After solubilisation ofthe protein, 1.5ml 
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of the supernatant was incubated with 150J..ll Glutathione bead, pre-equilibrated in 

equilibration buffer, for 1 hour at 4°C. After incubation the beads were harvested by 

centrifuging at 2500 rpm for 5 minutes. The supernatant was removed and the beads are 

washed with wash buffers having different salt concentrations (150mM-500mM NaCl). 

Washing was done by rocking the beads with the wash buffer at 4 °C for 1 0-15 minutes. 

After each washing the beads were harvested by centrifuging at 2500 rpm for 5 minutes. 

Finally, the beads were incubated with elution buffer containing glutathione for 1 hour to 

elute the protein. Elution buffers having different salt concentrations and different 

incubation periods were also used to optimized the elution of protein. 

Large scale purification of MAD37 and FLADAAD 

For purification of the proteins IL culture of cell was grown in a shaker incubator 

at 37°C, till OD6oonm reached 0.5. Cells were shifted at 16°C till OD6oonm reached 0.8. 

Cells were induced using 0.25mM IPTG for 16hrs. Cells were then harvested by 

centrifuging at 8000 rpm for 5 minutes at 4°C. 4.5 gm of pellet was resuspended inl5 ml 

lysis buffer 6 and incubated on a rocker platform at 4°C for 1hr. The cells were sonicated 

for 10 times (15seconds on/45second off) and the cell debris was separated by 

centrifuging at 12,000rpm for 30 minutes at 4°C in a Sorvall centrifuge. 1ml of 

Glutathione bead, pre-equilibrated with equilibration buffer was mixed with the 

supernatant for 1hr at 4°C. The beads were then loaded onto a column and washed with 

10 column volumes ofwash buffer. Protein was eluted by using elution buffer containing 

50mM Tris-Cl pH 8.0, 100mM NaCl, 25% (v/v) Glycerol, 5mM J3-mercaptoethanol and 
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lOmM reduced Glutathione. 250 111 fractions were collected through the entire procedure 

for further analysis. 

Protein estimation 

Protein estimation was done using Bradford reagent(8). Reactions were carried 

out in a microtiter plate according to the protocol provided with the reagent. Reading was 

done using Spectromax microplate reader (MTX Lab Systems, Inc, USA) at 655 nm. 

A TPase Assay 

ATPase assay was done using a modification of King's method(32). ATPase 

assay was done by incubating 3.2J.1g protein with REG buffer containing 50mMTrisS04, 

5mM ~-mercaptoethanol, lmM MgS04, 150J.1g/ml Pyruvate kinase and lOmM 

phosphoenolpyruvate. ATP was added to a final concentration of2mM and stem-loop 

DNA was added to final concentration of 1 OnM. The reaction mix was incubated for 1 hr 

at 37°C. The reaction was stopped by adding solution E and color development was 

stopped by adding solution F. Reading was done by measuring absorbance at 

655nm(23). 

Fluorescence Studies 

Fluorescence emission intensity measurement was performed with Cary-Varian 

Spectrofluorometer, USA. Excitation and emission slit width was kept at 5nm each for 

FLADAAD. In case ofMAD37 the emission slit width was kept at lOnm. The proteins 

were excited at 295 nm and the emission was monitored from 310-400 nm. Change in 

fluorescence was monitored at 338nm. DNA titration was done by adding l!J.l of DNA 

(stock 500nM) till no change in fluorescence was observed. A TP titration was done by 
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adding 1~1 of ATP (500mM) till no further change in fluorescence was observed. The Kf 

was calculated using the following equations. 

[P] + [L] ~ [PL] 

[P] is the protein concentration; [L] is the ligand concentration 

[PL] is the protein ligand concentration 

Kct = [P] [L] I [PL] , where Kf is the binding constant 

When 50% ofthe binding is complete then [P] = [PL] 

Therefore, Kf = [L] 

On plotting PL vs L the Kf is equal to ligand concentration when half of the 

protein is bound 

The double reciprocal plot linearised this graph to minimize the error. 

Kct = [P] [L] I [PL] 

Kct I [L] = [P] I [PL] 

y=mx+c 

[P] I [PL] vs 11 [L] 

in terms of fluorescence signal this can be represented as ~FIFini vs 1/[L] 

where F c is the fluorescence intensity which has been corrected for dilution 

Fini is the initial fluorescence. 

~F is Fe- Fini 
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RESULTS 

Cloning of FLADAAD 

FLADAAD gene, which is 2.2 kb in size, was cloned from pCPlOl using gene 

specific primer in pGEX-6P-2 vector such that a GST-tag will be present at theN

terminus. Proteins inserted into pGEX-6P-2 vector will be expressed as GST tagged 

protein which will allows us to purify the protein using Glutathione beads. Moreover, the 

GST tag can be removed later on using PreScission protease. 

The primers for the gene carried the EcoRI and Xhol in forward and reverse 

primer respectively, allowing us to clone into these sites present in the vector. 

Optimization of PCR condition was done using different concentration of MgCh. MgCh 

titration was done to check at which concentration amplification was maxmimum. 

Amplification was seen in all the different concentrations i.e. lmM, 1.5mM 2.0mM, 

2.5mM and 3.5mM ofMgCh. We chose 2 mM MgCh for amplification of the gene from 

pCPIOl vector (data not shown). Higher concentrations ofMgClz were not used since 

probabilities of errors during amplification are high. 

Large scale amplification was done to purify the amplicon using Pfu polymerase 

from agarose gel using gel extraction kit. Since amplification using Pfu polymerase 

results in blunt-end products, 'A'- tailing was done at 3'-end, using the method outlined 

in the Materials and Methods section, so that they could be cloned into the T/A cloning 

vector. The 'A'- tailed amplicons after purification using the gel extraction kit was 

ligated into the T/A cloning vector. The ligation mix of the T/A vector was transformed 

into DH5a cells and transformants were selected by colony PCR (Fig.8). The positive 
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clones were finally confirmed by restriction digestion of the plasmid using EcoR I and 

Xho I, which resulted in the release of the insert from the vector. 

The gene was then released from the T/A clone using EcoRI and Xhol for further 

cloning purposes (Fig.9). The insert released from T/A vector was ligated into pGEX-6P-

2 vector digested with EcoRI and Xhol. The ligation mix was transformed into DH5a 

competent cells. The transformed cells were screened for the presence of insert by colony 

PCR (data not shown) and then finally confirmed by restriction digestion (Fig.l 0)(61). 

pGEX-6P-2 carrying the insert of ADAAD was named as pMN82 and was transformed 

into BL21DE3 competent cell for expression studies. 

Figure 8: Colony PCR ofT I A clones obtained after transformation of the ligated products 
into DH5a cells. Lanes 1 is a positive control and 4 show the amplification of the 
expected 2.2 kb product, and thus is PCR positive. Lanes 3 is the negative clone. All 
the molecular sizes indicated in the figure are in kb. 
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Figure 9: Restriction digestion ofT/A clone by EcoRI and Xho I to release the insert. Lane 1 and 
3 shows the plasmid linearized with EcoRI and EcoRI-Xhol digested plasmid respectively. Lane 
2 is the molecular weight marker. All the molecular sizes indicated in the figure are in kb 

Figure 10: Restriction digestion ofpGEX-6P-2 clone by EcoRI and Xho I to release the insert. 
Lane 2 and 3 shows the linearised plamid cut with EcoRI and Xho I respectively. Lane 4 shows 
the release of insert from pGEX-6P-2 plasmid after EcoRI-Xhoi digestion. Lane 1 is the marker 
and Lane 5 is the uncut plasmid. All the molecular sizes indicated in the figure are in kb 

Cloning of MAD37 

MAD37 is a deletion mutant of ADAAD which have first three motif i.e. the 

GKT box (Walker A), Ia and DESH box (Walker B)(61). The gene for this mutant was 

obtained by cloning the PCR amplicon amplified from a template pRM102, which has a 

nucleotide change leading to lysine (334) codon being converted into a stop codon, 

resulting in a 37-kDa protein containing only motifs I, Ia and II. Therefore, this mutant 

has only the Walker A and B motifs along with Motifla. All these three motifs have 



41 

been implicated in ATP-binding and thereby, providing us with a system that would 

enable us to deduce the role of each of these three motifs in ATP binding and hydrolysis. 

Cloning strategy similar to FLADAAD was employed to insert this gene into pGEX-6P-2 

vector so that the overexpressed protein has a GST-tag at theN-terminus. 

Overexpression of FLADAAD and MAD37 

BL21 (DE3) cells carrying the respective clones were used to determine the 

overexpression of these proteins in E. coli cells. FLADAAD and MAD37 are expressed 

under the control of lac promoter present in the expression vector pGEX-6P-2. lac 

promoter is an inducible promoter and expression of the gene under the control of this 

promoter is induced by the lactose analog isopropyl (3-D thiogalactoside (IPTG). All 

pGEX vectors are also engineered with an internal/aclq gene. The /aclq gene product is 

a repressor protein that binds to the operator region of the lac promoter, preventing 

expression until induction by IPTG, thus maintaining tight control over expression of the 

insert. pGEX-6P-2 also have PreScission protease cleavage site which can be used to 

cleave the fusion protein from the GST -tag. 

FLADAAD and MAD37 are expressed as a GST-tagged protein which allows us 

to purify the proteins by affinity chromatography using glutathione-agarose beads. The 

molecular weights of the proteins are 82- and 37-kDa respectively, while the size of the 

GST -tag is 26-kDa, resulting in fusion proteins of molecular weights 108- and 63-kDa 

respectively. The GST tag can be removed using PreScission protease as this vector 

contains PreScission protease site between the tag and the cloned gene. 

To determine whether these clones overexpress FLADAAD and MAD37, the 

cells were grown at 37°C till OD6oonm reached 0.5. IPTG was added to a final 
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concentration of 1mM in case ofMAD37 and 0.5mM in case ofFLADAAD respectively 

to induce the cells. After induction, the cells were harvested at different time intervals 

and expression was analysed by SDS-PAGE. Uninduced cells were used as negative 

control. 

Expression ofMAD37 was seen in at the induced samples starting from 2 hours 

post-induction. Fig.11 shows expression of MAD37 at 2, 4 and 6 hours post-induction 

along with uninduced samples (data not shown for 8 and 16 hours). The levels of 

expression at different time intervals were found to be similar. The molecular weight of 

the proteins was confirmed by calculating the Rf (Fig.12). Similarly, expression of 

FLADAAD was seen in induced sample starting from 2 hour post induction. Fig.13 

shows the expresssion ofFLADAAD at 0, 2 and 4 hours post induction along with 

uninduced sample (data not shown for 8 and 16 hours). The levels of expression at 

different time interval were found to be similar; The molecular weight of the protein was 

confirmed by calculating the Rf (Fig.l4). 

Optimization of MAD37 expression 

The next step was to optimize the expression level ofMAD37 protein. For 

optimization, we chose to study temperature, IPTG, and time for induction as variables. 

Expression studies were preformed at 37 °C, 30°C, and 25°C, using I mM IPTG 

for induction. Cells were harvested after 0, 2, and 4 hours of induction and analyzed on a 

SDS-PAGE (Fig. 11, 15 and 16). 

Expression ofMAD37 using different concentration (0.1 to 1.5 mM) of IPTG was 

also done at these different temperatures was also done (data not shown) .. However, 
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expression ofMAD37 found to be similar at all concentration ofiPTG, so for further 

studies we selected 0.25mM IPTG concentration. 

3 

Figure 11: Expression ofMAD37 at 37°C induced with lmM IPTG. Lanes 2, 5, and 7 shows 
uninduced samples harvested 2, 4 and 6 hours after addition ofiPTG in induced samples. Lanes 
1, 4, and 6 shows induced sample after 2, 4, and 6 hours of induction. Lane 3 is the molecular 
weight marker. All molecular sizes in the figure are indicated in kDa. 
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Figure 12: Graph showing molecular weight calculation of MAD37 by plotting Rf v Log Mol 
weight 
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Figure 13: Expression ofFLADAAD at 37°C induced with 0.5 mM IPTG. Lanes 1, 4, and 6 
shows induced sample after 0, 2, and 4 hours of induction. Lane 2, 5, and 7 are uninduced sample 
after 0, 2, and 4 hours. Lane 3 is the molecular weight marker. All molecular sizes in the figure 
are indicated in kDa. 
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Figure 14: Graph showing molecular weight calculation ofFLADAAD by plotting Rfv Log Mol 
weight 
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Figure 15: Expression ofMAD37 at 30°C induced with lmM IPTG. Lanes 1, 5, and 7 shows 
uninduced sample harvested 0, 2, and 4 hours after addition of IPTG in induced samples. Lane 2, 
4, and 6 are induced samples after 0, 2 and 4 hours of induction. Lane 3 is the molecular weight 
marker. All molecular sizes in the figure are indicated in kDa. 

Figure 16: Expression ofMAD37 at 25°C induced with 1mM IPTG. Lanes 2, 5, and 7 shows 
uninduced sample harvested 2, 4 and 6 hours after addition ofiPTG in induced samples. Lane 1, 
4 and 6 are induced sample after 2, 4, and 6 hours after induction. Lane 3 is the molecular weight 
marker. All molecular sizes in the figure are indicated in kDa. 



.. 
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Optimization of FLADAAD expression 

The same three variables- temperature, IPTG, and time of induction-were selected 

for optimizing the expression ofFLADAAD. Overexpression of ADAAD was seen at 

Expression of FLADAAD was also carried out using different concentration of 

IPTG ranging from 0.125 to 1.5 mM (Fig.l7). Induction was done at 37°C for 4 hours. 

The cells were harvested and analysed by SDS-PAGE. 

2 

66.2-

Figure 17: Expression ofFLADAAD at 37°C using different concentration of IPTG. Lanes 1, 3, 
4, 5, and 6 shows samples induced with 0.125, 0.25, 0.5, 1, and 1.5 mM IPTG. Lane 2 is the 
molecular weight marker. Lane 7 is the uninduced sample. Samples were incubated for 4 hours 
after induction with IPTG. All molecular sizes in the figure are indicated in kDa. 

Solubilisation ofFLADAAD and MAD37 

For purification of a protein from a cell, it is necessary that the protein is in the 

soluble fraction. Most of the time when mammalian proteins are over expressed in E.coli 

cells; a bulk of the protein goes into the insoluble fraction. Conditions like lower growth 
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temperature and lower IPTG concentration have been known to help in producing 

proteins that are present in soluble fraction. Different lysis conditions, for example use of 

13-mercaptoethanol to break disulphide bridges and detergents, have also been known to 

help in solublisation of overexpressed proteins. So to solublise the overexpressed 

FLADAAD and MAD37, different conditions were tried out. 

During my studies I have found that FLADAAD and MAD37 were not soluble if 

cells were induced at 37°C or at 30°C even though the expression levels were high (data 

not shown). Therefore, I experimented with different conditions to solubilise these 

overexpressed proteins. 

Expression ofMAD37 at 25°C with 0.25 rnM IPTG and presence of 150mM 

MgC)z, 5rnM P-mercaptoethanol and 0.1% (v/v) TritonX-114 in the lysis buffer were 

found to result in partial solubility ofthe protein as can be seen from the Fig18 (compare 

lanes 4 and 5). Therefore, this condition was selected for expression of MAD37 for 

further studies. 

Similarly, for solubilisation ofFLADAAD different experiments were performed. 

FLADAAD was found to be insoluble if induced at 37°C, 30°C, or at 25°C using lysis 

buffers 6 and ?(Fig 19 and 20). Expression ofFLADAAD at 16°C and using lysis buffer 

6 was seen to result in partial solubilisation ofthe protein (Fig.21). Therefore, this 

condition was selected for purification ofthe protein. 
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Figure 18: Solubilisation studies ofMAD37 at 25°C induced with 0.5mM IPTG. Lanes 1 and 2 
are pellet and supernatant of cells incubated in lysis buffer having 5mM ~-mercaptoethanol and 
150mM MgCh. Lanes 4 and 5 are pellet and supernatant of cell lysed in lysis buffer 3 with 
(0.1% v/v) Triton -X114(appendix). Lanes 6 and 7 is pellet and supernatant of cells induced with 
0.25mM IPTG, incubated in lysis buffer 1 (appendix). Lane 3 is the molecular weight marker. All 
molecular sizes in the figure are indicated in kDa. 

45-

Figure 19: Solubilisation studies ofFLADAAD at 30°C using 0.25 mM IPTG under different 
lysis buffer conditions. Lanes 1 and 3 are supernatant and pellet fraction of 2 hours induced 
sample in which the cells were incubated in lysis buffer 7. Lanes 4 and 5 were supernatant and 
pellet fraction of 2 hours induced sample in which the cells are incubated in lysis buffer 6. Lanes 
6 and 7 were supernatant and pellet fraction of uninduced sample. Lane 2 is the molecular weight 
protein in kDa 
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Figure 20: Solubilisation studies ofFLADAAD at 25°C using 0.25 mM IPTG under different 
lysis buffer condition. Lane 1 and 3 are supernatant and pellet fraction of2 hours induced sample 
in which the cells were incubated in lysis buffer 5. Lanes 4 and 5 are supernatant and pellet 
fraction of2 hours induced sample in which the cells were incubated in lysis buffer 7. Lanes 6 
and 7 are supernatant and pellet fraction of uninduced sample. Lane 2 is the molecular weight 
protein in kDa 

Figure 21: Solubilisation studies ofFLADAAD at 16°C using 0.25 mM IPTG under different 
lysis buffer conditions. Lanes 1 and 3 are supernatant and pellet fraction of2 hours induced 
sample in which the cells were incubated in lysis buffer 7. Lanes 4 and 5 are supernatant and 
pellet fraction of 2 hours induced sample in which the cells were incubated in lysis buffer 6. 
Lanes 6 and 7 are pellet and supernatant fraction of uninduced sample. Lane 2 is the molecular 
weight marker. All molecular sizes in the figure are indicated in kDa. 
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Purification of FLADAAD and MAD37 

FLADAAD and MAD37 were purified as GST-tagged protein as described in 

Materials and Methods. 

Purification ofFLADAAD from lL LB media was done by harvesting the cells 

after induction at l6°C with 0.25mM IPTG. The supernatant after lysis and clarification 

by centrifugation was loaded onto GST-agarose column. The bound protein was eluted 

with glutathione and the fractions were analyzed by SDS-PAGE. Protein was estimated 

by Bradford method and the method gave us a yield of 1.5mg/L protein (Fig.22). 

However, subsequent purification gave a very low yield around 0.3-0.5 mg/L. The 

conditions for purification, therefore, need to be further optimized. 

Purification ofMAD37 from lL culture was done using the same method as for 

FLADAAD. The purification procedure resulted in a yield of0.4mg/L of protein (Fig.25) 

1 2 3 4 5 6 7 
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Figure 22: Purification ofFLADAAD. Lane 1,3,4,5,6 and 7 are elution fraction of 2nd ,3rd ,4th 6th 
,8th and lOth eluate. Lane 2 is the molecular weight marker in kDa. 
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Removal of GST tag 

The next step after purification was to remove the GST -tag so as to release the 

native protein, which could be used for further biophysical analysis. The GST-tag was 

released from the protein by digestion of the protein with PreScission protease (Fig.23). 

PreScission protease was purchased from Amersham Biosciences. The protease has a 

GST -tag which enables it to be purified from the protein of interest after cleavage of the 

GST -tag by using the glutathione agarose beads. The purified protein was dialyzed 

overnight against PreScission protease buffer PreScission protease was added to the 

protein sample and incubated at 1 ooc for 12 hours. 

GST -tag and Prescission protease were subsequently separated from FLADAAD 

by mixing the digestion mix with gluatathione-agarose beads pre-equilibrated with 

cleavage buffer. The mixture was then centrifuged at 2500 rpm for 5 minutes. The 

supernatant was carefully removed by pipetting into a fresh tube. The protein was then 

analysed by SDS PAGE and protein estimation. was done using Bradford reagent (Fig 

.24). This protein was used for further biochemical and structural analysis. 
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Figure 23: Cleavage ofGST-tag from FLADAAD by Precision protease. Lane 1 shows the GST
tagged protein. Lane 2 shows the FLADAAD with out GST -tag. Lane 3 is the molecular weight 
marker. All molecular sizes in this figure are in kDa. 

Figure 24: Purification ofFLADAAD from GST after cleavage with PreScission protease. Lane 
1 is marker in kDa .Lane 2 show the purified FLADAAD with out no GST (indicated by the 
arrow) 

J 
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Figure 25: Purification ofMAD37. Lane 2, 3, 4 and 5 are elution fraction of 4th 6th, 8th and lOth 
eluate. Lane 1 is the marker 

ATPase Assay 

FLADAAD is a DNA dependent A TPase enzyme. A TPase assay were carried out 

to check the activity ofthe protein. In this study the Pi release by due to ATP hydrolysis 

was detected using the method described in King(32). 

A TPase assay was carried out in presence and absence of stem loop DNA. 

ATPase assay with FLADAAD show very little DNA dependent activity. The specific 

activity ofthe protein was found to be 10 nmoles Pi release/mg/min 

Fluorescence Studies 

Fluorescence studies were carried out to calculate the Kd for A TP and DNA 

binding. In this study, fluorescence intensity oftryptophan residues was monitored to see 

if there was any change in fluorescence intensity when titration was initiated by addition 

of A TP and DNA. Calculation for~ was done as explained in Material and Methods 
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Fluorescence studies were carried out for both MAD37 and FLADAAD to 

calculate the binding constant for A TP and DNA. Experiments were carried out as 

mention in Materials and Methods. 

Binding studies with MAD37 shows that ATP binding is 4.27 ± 0.4715 mM 

(Fig.26). Experiment was also carried out to calculate the Kct for DNA binding with 

MAD3 7 but the Kd can not be calculated because the reaction has not reached saturation 

(Fig.28and Fig.29). The Kct for DNA binding in absence of A TP was calculated to be 

3.32 ± 0.71 nM (Fig.30 and Fig.31). Binding studies carried out with FLADAAD shows 

that Kct for A TP binding in absence of any added DNA effector was calculated to be 2.22 

±.0.59mM (Fig.32 and Fig.33) 
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Figure 26: Double reciprocal plot of the change in Fluorescence against ligand concentration 
(ATP) for MAD37. LlF is the change in fluorescence. 
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Figure 27: Graph showing the change in Fluorescence intensity with increase concentration of 
ATP forMAD37 
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Figure 28: Double reciprocal plot of the change in Fluorescence against ligand concentration 
(DNA) for MAD37.Llf is change in fluorescence. 
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Figure 30: Graph showing the change in Fluorescence intensity with increase concentration of 
DNA for FLADAAD. 
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Figure 31: Double reciprocal plot of the change in Fluorescence against ligand concentration 
(DNA) ofFLADAAD 
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Figure 32: Graph showing the change in Fluorescence intensity with increase concentration of 
ATP for FLADAAD 
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DISCUSSION 

ADAAD is a member of the SWIISNF family ofproteins(21). This protein, 

known as DNA-dependent ATPase A, was first purified from calfthymus(42). The 

parent protein of ADAAD is 1 05-k.Da, which undergoes proteolytic cleavage to yield two 

polypeptides of 68- and 82-k.Da. The 82-k.Da protein is known as Active DNA

dependent A TPase A (ADAAD) as it retains all the seven helicase motifs and is capable 

of hydrolyzing ATP in the presence of DNA effector. ADAAD, however, lacks theN

terminal region. 

ADAAD is capable ofDNA-dependentATPase activity. The protein recognizes 

DNA molecules that possess a double-strand to single-strand transition regions. Thus, 

DNA molecules containing stem-loop structures or bulges or mismatches were found to 

be the most effective effectors of ATPase activity. The human homolog of DNA

dependent A TPase A is SMARCAL 1, which is known to cause Schmike Immuno

Osseous Dysplasia, a rare autosomal recessive disorder(6). 

The SWIISNF family of proteins belongs to the SF2 superfamily ofhelicases. 

One of the most important characteristics of SF2 is the presence of the conserved DExx 

box; incase of ADAAD the motif is a DESH box. 

In this study ADAAD was amplified from pCP101. The template pCP101 is a 

His-tag vector carrying the ADAAD gene. ADAAD was amplified from this vector using 

specific primers and then cloned into pGEX-6P-2 which is a GST -tag vector. Expression 

of ADAAD in pGEX-6P-2 will help in purifying the protein by affinity chromatography 

using glutathione-agarose beads. Moreover, the tag can be cleaved using PreScission 

protease), which otherwise is not possible in His-tag protein. This is important especially 
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when trying to perform structural studies as the tag might block the active site or alter the 

conformation ofthe protein. 

For this study I have also cloned the deletion mutant of ADAAD called MAD37. 

The gene for this protein was amplified from pRM102 plasmid. This plasmid carries a 

stop codon at position 333, which leads to expression oftruncated protein of37-kDa. 

Sequence analysis and in silica translation show that the codon for lysine has been 

mutated into a stop codon. MAD37 possesses only three helicase motifs; the GKT box 

(Walker A motif), the Ia motif and the DESH box (Walker B). 

Expression studies show that both FLADAAD and MAD37 are overexpressed in 

BL21 (DE3) E.coli cells. Both the proteins express at different temperatures (37°C, 30°C, 

25°C, and l6°C) and IPTG concentrations. As pGEX expression vectors use tac 

promoters, the proteins can also be expressed in DH5a cells. MAD37 was found to be 

expressing in DH5a cells at 37°C using lmM IPTG (data not shown). 

Solubilisation studies have shown that induction at 37°C and 30°C does not result 

in solubilisation of the proteins even though expression is high. Expression of protein at 

lower temperature i.e. 25°C and l6°C helps in solubilising the protein. Growing cell at 

25°C and l6°C leads to the slow growth of the cells and hence expression of foreign 

protein is slow which helps in proper folding of protein so that most of it is in soluble 

form. Whereas at 37°C and 30°C cell growth is rapid, so is the expression of the proteins 

leading to bulk of the protein forming inclusion bodies which are insoluble. 

Salt and 13-mercaptoethanol are also important for solubilising the protein. Lysis 

bufferhaving lOmM 13-mercaptoethanol and 150mM MgC}z was found to improve 

solubilisation of the protein. This could be due to the fact that motif II in ADAAD is 
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involved in Mg +2 binding, so we hypothesized that the presence of MgCh in lysis buffer 

might help in proper folding of the protein(13). J3-mercaptoethanol provides the protein 

with the reducing environment, so that when the protein comes out from the cell in 

contact with the buffer, it is not denatured or misfolded. We found that TritonX-114 also 

helped in solubilising the proteins as it is known that hydrophobic tail of the detergent 

bind to hydrophobic region of the protein and hydrophili~ part ofthe detergent interact 

with water, therefore keeping the protein solution. 

MAD37 and FLADAAD were purified by affinity chromatography using 

glutathione-agarose beads. Protein was eluted using buffer having 1 OmM reduced 

glutathione. Initial studies show that most of the protein remains bound to the beads even 

after adding elution buffer. The elution conditions were improved by addition of 1 OOmM 

NaCl in the elution buffer which resulted in better elution of the bound protein. The first 

batch of purification of FLADAAD gave a yield of l.Smg/L, but in subsequent batch of 

purification a very low yield of 0.3-0.4mg/L was obtained. During the first batch of 

purification of the protein, the elution buffer did not have J3-mercaptoethanol and 

glycerol. This might have been the reason for the low yield of the protein in subsequent 

batch, but this has to be ascertained. Regenerated beads were also used in later 

purification, which could be another reason for the low yield of the protein. The yield of 

MAD37 is 0.4 mg/L which is quite low, so further optimization of purification procedure 

is needed. The GST tag from FLADAAD was removed by PreScission protease. 

Cleavage of the tag was done in solution. The eluted protein was dialysed against 

cleavage buffer to exchange out the elution buffer, concentrated using concentrators, and 

treated with PreScission Protease. Cleavage of the tag while the protein was bound to the 
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column was also tried, but the cleavage of the protein was found to be very inefficient. 

GST tag and PreScission protease were separated from FLADAAD by mixing the 

digestion mix with glutathione-agarose beads. The GST -tag and PreScission Protease 

which is also a GST tagged protein bound to the beads leaving the tagless FLADAAD in 

the supernatant, which came out in the flowthrough. 

A TPase activity for ADAAD was also carried out in presence of stem-loop DNA. 

A TP hydrolysis was seen both in the presence and absence on DNA, even though there is 

slight increase in presence of DNA. DNA-dependent activity was not seen because of the 

contamination of DNA from purification (personal communication from Dr. Joel W. 

Hockensmith), so removal of the DNA is required to observe the DNA-dependent 

activity ofFLADAAD. This can be done by passing the protein through DEAE-column 

in presence of 50mM KzS04 to remove the DNA. It can also be done by 

ultracentrifugation after addition of 2M NaCl to disrupt protein-DNA interaction. The 

procedure needs to be optimized. 

The specific activity ofFLADAAD is 10 nmole Pi release/mg/min which is quite 

low compare to previous studies which shows that ADAAD have specific activity 16 

~-tmole Pi release/mg/min( 44 ). 

Fluorescence studies to study A TP and DNA binding were done using both 

MAD37 and FLADAAD. In my studies, fluorescence intensity oftryptophan residues 

was monitored by exciting the protein at 295nm. The emission was monitored from 310-

400 nm. Change in fluorescence intensity was monitored with increased in ligand 

concentration. In case ofFLADAAD the Kl for DNA was found to be 3.32 nM which 

usual for SWIISNF motor domain(47, 60). ATP hydrolysis assay which were carried out 
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previously for ADAAD with stem loop DNA show that Kct for DNA is 1.9 ± 0.4nM(44). 

Kct for DNA binding by MAD37 was calculated to be 520 ±1.28 nM. We can see that Kct 

for ADAAD from fluorescence is comparable with the Kct calculated by A TP hydrolysis. 

Kct for DNA binding ofMAD37 was found to be 270-fold higher than the Kct for DNA of 

FLADAAD. From this study we can see that FLADAAD binding to the DNA is strong 

whereas MAD37 binding to the DNA is very weak. This shows that other motifs (III, IV 

V and VI) which are not present in MAD37 are responsible for DNA binding. A TP 

binding was also calculated by fluorescence studies and it was found to be 2.22 ± 0.59 

mMwhich is comparable to the Kct calculated by ATP hydrolysis (2.76 mM)(43). Kct for 

ATP binding for MAD37 was also calculated by fluorescence and it was found to be 

4.27± 0.7lmM. 

The binding ofMAD37 to ATP is comparable to FLADAAD as both the proteins 

have the GKT box which is known to be necessary for ATP binding(61). This shows that 

motif!, Ia and II are involved in ATP binding. Binding ofFLADAAD to DNA is 270-

fold higher as compared to the MAD37. MAD37 does not have the other helicase motif 

i.e. motiflll, IV, V and VI as compares to FLADAAD which have the entire seven motif. 

This shows that the other motifs, which are missing from MAD37, are involved in DNA 

binding 

According to crystal structure ofRad54 and SSoRad54 there are two sub

domains ofthe motor domain termed domain 1 and domain 2(18). The domain I contains 

the motifs I, Ia, II and III while the domain 2 possesses the motifs IV, V and VI. MAD37 

is most similar to domain 1 since it has GKT box (motif!), Ia and DESH box (Motifll) 

and DNA binding is almost same as domain 1 of SsRad54 (0.22+-0.1 J..tM). 
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DNA binding ofFLADAAD is 3.32 nM, which is 30-folds lower as compared to 

SsoRad54 (0.1 +-0.02 j..tM). This could be that using stem loop DNA can result in 

increase in DNA binding as it has been shown before that it is a good effector for 

ADAAD whereas in SsoRad54 they have use dsDNA only( 44). The effector studies have 

not been done with other SWIISNF proteins; therefore, it is very difficult to comment on 

the very high "Kl shown by Rad54. 

Kd for ATP binding are almost the same (within experimental error) for 

FLADAAD and MAD37 which suggests that domain 1 of ADAAD is necessary and 

probably sufficient for A TP binding. So far studies for A TP binding for FLADAAD and 

other SWI/SNF motor domains have not been done except for Hockensmith eta/. who 

calculated the "Kl for ATP for the native protein to be 0.76mM(28). 

Further studies need to be done to show domain 2 alone can binds to DNA even 

though SsoRad54 domain 2 have be reported that it does have any DNA binding(18). 

Studies also need to be done to show whether A TP and DNA binding are 

interdependent and which residues are involved in DNA and A TP binding. It will also be 

very interesting to see whether mutation or modification of the tryptophan residue would 

have any effect on the ATPase activity and binding of A TP and DNA. Furthermore 

mechanism ofhow DNA and ATP binding are coordinated to help in ATP hydrolysis 

needs to be elucidated. 
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_,uria Broth(LB)( 1 00m1) 
3acteria1 Peptone 1.0 gm 
{east Extract 0.5 gm 
IJaC1 1.0 gm 
'H was adjusted to 7.2 
"or LB agar 1.5 %of Agar was added 

\lkaline Lysis solution I 
50mM glucose 
~5mMTris -Cl pH8.0 
lOmM EDTA,pH8.0 
1\.utoclaved and stored at 4°C 

1\.lkaline Lysis solution II 
).2NNaOH 
l%SDS 

Appendix 

Solution II is always prepare just before use 

t\.lkaline Lysis solution III 
5M Potassium Acetate solution 60mL 
3lacial Acetic Acid 11.5mL 
Water 28.5mL 
fhe resulting solution is 3M with respect to Potassium and 5M with respect to Acetate 

TE,pH 8.0 
10mM Tris-Cl, pH8.0 
1mM EDT A, pH8.0 

TAE(50X,1L) 
242 gm Tris Base 
57.1 mL Glacial Acetic Acid 
100mL of500mM EDTA pH 8.0 

DNA loading Dye(6X) 
0.25%Bromophenol Blue 
30% Glycerol 

SDS-PAGE Running Buffer(lL) 
3 gm Tris Base 
14.4 gm Glycine 
1 gm SD 

4X SDS-P AGE Gel Loading Dye 
40% glycerol 
200 mM Tris-Cl, pH 6.8 



800 mM ~-mercaptoethanol 
8%SDS 

30% Acrylamide(lOOmL) 
29gm Acrylamide 

lgm Bis-acrylamide 
Solution was made in double distilled water and then filter through Whatman filter paper 

Phosphate Buffered Saline 
137mM NaCl 
2.7mM KCl 
lOmMK2HP04 
pH was added to 7.2 

Lysis Bufferl 
50mM Tris-Cl, pH8.0 
200mMNaCl 
5% glycerol 
lmM ~-mercaptoethanol 
0.5mMPMSF 
0.1 mg/ml lysozyme 

Lysis Buffer2 
50mM Tris-Cl, pH8.0 
50mMNaCl 
150mM MgCb 
5% glycerol 
1mM ~-mercaptoethanol 
0.5 mMPMSF 
0.1mg/mllysozyme 

Lysis Buffer3 
50mM Tris-Cl, pH8.0 
50mMNaCl 
150mMMgCh 
5% glycerol 
1mM ~-mercaptoethanol 
0.5 mMPMSF 
O.lmg/mllysozyme 
0.1 o/oTritonX-114 

Lysis Buffer 4 
50mM Tris-Cl, pH8.0 
50mMNaCI 
150mMMgCh 
5% glycerol 



mMPMSF 
mg/mllysozyme 
tM ~-mercaptoethanol 

~is Buffer 5 
nM Tris-Cl, pH8.0 
>mMNaCl 
)mMMgCb 
, glycerol 
imMPMSF 
mg/ml lysozyme 
1M ~-mercaptoethanol 

sis buffer 6 
nM Tris-Cl, pH8.0 
>mMNaCl 
>mMMgCb 
, glycerol 
; mMPMSF 
mg/mllysozyme 
mM ~-mercaptoethanol 
%TritonX-114 

sis Buffer 7 
mM Tris-Cl, pH8.0 
)mMNaCl 
nMMgCb 
11M ~-mercaptoethanol 
,mMPMSF 
mg/mllysozyme 

~G buffer(lX) 
mM TrisS04 
tMMgS04 
tM p.-mercaptoethanol 
f.Lg/mL Pyruvate Kinase 
tMPEP 

eavage Buffer (lX) 
>mM Tris-Cl pH 7.0 
iOmMNaCl 
nMDTT 
nMEDTA 
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