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Regulation of SWI/SNF Chromatin Remodeling Complexes by
the Non-Catalytic Subunits

 by
Georgette M. Charles

Abstract

The primary unit of eukaryotic DNA packaging is a nucleosome, which

contains ~150 bp of DNA wrapped around an octamer of histone proteins. This

packaging restricts accessibility for transcription, replication, repair, and

recombination. ATP-dependent chromatin remodeling complexes play a key role in

regulating this accessibility. The catalytic subunits of these complexes use ATP, to

alter histone-DNA and histone-histone interactions. Interestingly, the ATPase

subunits alone carry out most of the remodeling activities of the entire complexes.

This raises the question, of what are the functions of the non-catalytic subunits. Two

hypotheses are: (i) non-catalytic subunits enhance the biochemical activity of the

catalytic subunit, and (ii) non-catalytic subunits facilitate targeted localization.

In Chapter 2, mechanistic roles of the non-catalytic subunits were elucidated.

Comparing the hSWI/SNF complex with Brg1, its ATPase subunit, revealed that the

non-catalytic subunits do not simply promote an active conformation of Brg1, but

rather, enhance discrete steps in the remodeling reaction. Minimal complexes

containing, Baf155, Baf170, and Ini1 were sufficient to lower the KM for

nucleosomes, suggesting that these non-catalytic subunits help stabilize
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nucleosome binding. Overall, the data reveal that non-catalytic subunits have

important mechanistic roles, including distinguishing between nucleotide states.

In Chapter 3, other roles of non-catalytic subunits were identified, following a

novel acetylation on the RSC complex, the yeast homolog of hSWI/SNF. Rsc4, the

acetylated subunit, contains two bromodomains (BDs). BD1 has been previously

shown to bind the acetylation mark when BD2 is not bound to acetylated H3K14

tails. However, we find that acetylation of Rsc4 does not modulate RSCʼs ability to

recognize H3-acetylated nucleosomes. Instead, we found that high Rsc4 acetylation

levels as maintained by BD1, are critical for resistance to DNA damage, especially in

the absence of another remodeler, INO80. Further, cells lacking Rsc4 acetylation

and NHP10, a unique INO80 subunit, have delayed S-phase progression and HU

sensitivity, revealing a role for the RSC complex and its acetylation in resistance to

replication stress. This study suggests that non-catalytic subunits can specify

remodeler participation in cellular processes, distinct from enzymatic functions.
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Introduction
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Figure 1. Nucleosome crystal structure
(Luger K, et al. Nature 1997)
DNA is in grey. Two copies of H2A (red),
H2B (yellow), H3 (green), and H4 (blue)
are visualized. Histone tails extend outside
of the DNA double helix.

Regulation of DNA Accessibility

The compaction of eukaryotic DNA by histone octamers, known as chromatin,

creates barriers for every sequence dependent nuclear process, including

transcription, replication, recombination, and repair. In order for DNA to be packaged

within the nucleus, DNA associates with histone octamers, protein complexes

containing two copies of H2A, H2B, H3, and H4 histones. The smallest unit of

chromatin is the nucleosome, which is 147bp of

DNA wrapped ~1.5-times around the histone

octamer (Luger K, et al. Nature 1997, Davey et

al. JMB 2002). The solved crystal structure of

the nucleosome also reveals the positioning of

histone tails, which extrude outside the histone -

DNA interface (Fig. 1).

Several enzymatic complexes alter

nucleosome structure and regulate access to

the DNA. Complexes, known as “chromatin remodelers,” use the energy of ATP

hydrolysis to directly alter histone-DNA and histone-histone contacts (reviewed in

Johnson CN et al. Biochem Cell Biol 2005, Lusser A and JT Kadonaga Bioessays

2003, Becker PB and W Horz Annu. Rev. Biochem. 2002, and Narlikar GJ et al. Cell

2002). Other complexes, known as “modifiers,” covalently modify histone residues,

mainly on their tails, to generate different combinations of modifications. The existing

paradigm is that the modification patterns within the genome act as signals for the
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binding of specific proteins, which then promote additional changes in chromatin

structure (reviewed in Kouzarides T. Cell 2007, Taverna S.D. et al. NSMB, 2007).

For example, DNA repair proteins localize to phosphorylated H2A sites, or γ-H2AX in

higher eukaryotes, acting as signals for the location of the damaged DNA (reviewed

in Bao Y. and X. Shen Curr. Opin. Genet Dev. 2007, Huertas D. et al. Epigenetics

2009). Despite the information about how remodelers and modifiers work in

independent contexts, little is understood about how these classes of enzymes work

together.

Chromatin remodeling complexes create a specific challenge in addressing

functionality of these regulatory machines. Currently there is limited information

about enzyme mechanism, the changes that they catalyze in chromatin structure,

and how this relates to their function. Moreover, it is unclear why chromatin

remodeling enzymes exist as large multi-subunit complexes, varying from 8-15

subunits, yet a single ATPase subunit is able to carry out the main remodeling

activities (Langst G and PB Becker J Cell Science 2001, Kingston RE and GJ

Narlikar Genes Dev. 1999, Wang HB and Y Zhang Nucleic Acids Res 2001). To

address this latter point and to elucidate general principles of multi-subunit

machines, we will explore the mechanistic and regulatory functions of the non-

catalytic subunits of the hSwi/Snf and the counterpart yRSC complexes, which are

abundant, essential complexes in humans and budding yeast, respectively.

Composition of Chromatin Remodeling Complexes

3



A. Families of ATP-dependent Chromatin Remodelers

ATP-dependent Chromatin Remodeling Complexes are defined by the ATPase

subunit, which has homology to the super family 2 (SF2) of DEAD/H-box nucleic-

acid stimulated ATPases. SF2 super family members include DNA- and RNA-

dependent translocases . The catalytic subunit of chromatin remodelers hydrolyzes

ATP to mediate changes in nucleosome structure (Langst G and PB Becker J Cell

Science 2001, Kingston RE and GJ Narlikar Genes Dev. 1999, Wang HB and Y

Zhang Nucleic Acids Res 2001). Thus far, there are four major subfamilies of SF2

remodeling complexes: SWI/SNF, ISWI, MI-2, and INO80. These subfamilies are

defined by three key features, (1) ATPase homology, (2) subunit composition, and

(3) presence or absence of additional structural motifs in the ATPases. Briefly, the

SWI/SNF subfamily contains the bromodomain, an acetyl-lysine recognition motif

and the HAS domain, which mediates association with actin and actin-related

proteins (ARPs). The ISWI subfamily includes SANT and SLIDE domains, which

regulate histone tail and linker DNA binding, respectively. Another subfamily, MI-2,

contains chromodomains, methylation recognition motifs. Lastly, the INO80

subfamily contains the HAS domain alone (Sif S. JCB 2004, Morrison AJ and Shen

X. Nature MCB 2009). Importantly, each of these remodeling complexes serves a

distinct role within the nucleus. Greater understanding of the mechanistic

parameters of these machines will help us to understand why these complexes have

specialized biological functions.
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Mechanistically, subfamilies of ATP-dependent chromatin remodelers have

some similarities in ATP-utilization but vast differences in substrate utilization.

Remodelers display similar rates of ATP-hydrolysis (Vmax ~ 1000 ATP/min) when

utilizing normal chromatin as a substrate (reviewed in Boyer LA et al 2000). The

substitution of different substrates, such as octamers, naked DNA, or nucleosomes

without linker DNA or histone tails, for each of the remodelers may modulate their

activity. For example, ISWI requires the presence of the H4 N-terminal tail for

maximal activity (Clapier CR et al. MCB 2001, Clapier CR et al. Nucleic Acids Res

2002, Dang W et al. MCB 2006). In contrast, hSWI/SNF is able to efficiently remodel

tailless nucleosomes (Guyon JR et al. MCB 1999). Mi-2, a CHD family member, is

highly stimulated with core nucleosomes, lacking free DNA, and much less with

naked DNA. Altogether, these data reveal that, despite some conserved intrinsic

properties, the mechanistic characteristics of chromatin remodeling complexes can

vary extensively between subfamilies. Each of these mechanistic parameters

presents an interesting possibility for regulation of enzyme activity and biological

function.

B. SWI/SNF Complexes: Defining Components and Functionality

In Sacchromyces Cerevisiae, also known as budding yeast, the first chromatin

remodeling complex, SWI/SNF, was identified in screens for transcriptional gene

regulators involved in mating-type switching and sucrose fermentation pathways

(Winston and Carlson 1992). In yeast, this 12-subunit remodeling complex is the
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Figure 2. RSC Remodeling Complex
The RSC complex is displayed with the
conserved (orange) and the additional non-
catalytic subunits (yellow). The catalytic
subunit (green) is Sth1. Essential subunits
are indicated (*).

less abundant complex of two SWI/SNF

complexes. RSC, a 15-subunit complex,

which “remodels the structure of chromatin,” is

the other SWI/SNF remodeling complex with

distinguishing properties, being both abundant

and essential for mitotic growth (Cairns et al.

1996). Despite these functional differences,

the RSC complex shares two identical and

minimally four subunits of homology with the

ySWI/SNF complex (Cairns BR et al. Mol Cell 1998, Wang W. Curr. Top. Microbiol.

Immunol. 2003). Specifically, actin-related proteins, Arp7/Swp61/Rsc11 and

Arp9/Swp59/Rsc12, are shared between the ySWI/SNF and RSC complexes,

respectively. The RSC subunits, Rsc8, Rsc6, Sfh1, and Sth1, the ATPase, are

homologous to Swi3, Swp73, Snf5, and Swi2/Snf2, in ySWI/SNF. Together, these

two remodelers have served as great model systems to understand the biochemical

parameters of remodeling complexes, in general, and unique features of the

SWI/SNF subfamily of remodelers.

Presence of two SWI/SNF subclass members is conserved in eukaryotic species.

Between yeast and humans, the comparison between complexes has been more

extensively explored than yeast with Drosophila. In humans, analygous to ySWI/SNF

and RSC is the BAF and PBAF complexes, respectively (reviewed in L. Mohrmann

et al. Biochimica et Biophysica Acta 2005). Similar to ySwi2/Snf2 and Sth1 are the
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hBRM (human Brahma) and BRG1 (Brahma-Related Gene 1) ATPase subunits in

humans. One of the defining structural features between subclass members is the

presence of a unique subunit. The ySWI/SNF subfamily contains Swi1, known as

BAF250 in humans (Dallas PB et al MCB 2000, Nie Z et al. MCB 2000, Collins RT et

al. EMBO J. 1999, Kal AJ et al. Genes Dev. 2000). Distintively, the RSC-type

subfamily in humans contains Polybromo/BAF180, which is structurally related to

Rsc1, Rsc2, and Rsc4 (Wang W, Microbiol. Immunol. 2003, Mohrmann L. et al. MCB

2004, Xue Y et al. PNAS 2000).

Furthermore, the RSC-type subfamily of SWI/SNF remodelers is further

subdivided with two complex versions in both humans and yeast. In RSC,

differentiating the two complexes, one complex contains Rsc1, while the other

contains Rsc2, and each have distinct properties (Cairns BR et al. Mol. Cell 1999,

Yukawa M et al. FEMS Yeast Res. 2002). In Drosophila and humans, the functional

diversification of SWI/SNF remodelers is also conserved (Mohrmann L. et al. MCB

2004, Mohrmann L. and CP Verrijzer Biochim Biophys Acta 2005). Altogether, the

subdivision of SWI/SNF remodelers is not only conserved in eukaryotes, the

presence of analogous subunits in yeast and humans presents yeast complexes as

a great model system to explore biochemical and genetically functional differences

between complexes.

C. Complex compositions of hSwi/Snf and yRSC
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The SWI/SNF family of complexes each has 8 or more subunits and each

complex contains a DNA-dependent ATPase homologous to prototypical yeast

Swi2/Snf2 subunit (Cairns BR Cell 1996, Mohrmann L and CP Verrijzar Biochim

Biophys Acta. 2005, Muchardt C and M Yaniv JMB 1999, Peterson CL Current Opin

Genet Dev. 1996, Peterson CL and JL Workman Current Opin Genet Dev. 2000). All

Swi/Snf-family remodeling complexes contain a set of conserved proteins (Table 1)

and additionally contain four or more different subunits.

SWI/SNF enzyme

complexes participate in

the plethora of cellular

functions. In addition to

transcription, SWI/SNF

enzymes participate in cell-cycle regulation, specifically exit from G1, S and M

phases (Cairns BR Cell 1996, Andrews BJ and I Herskowitz Cell 1989, Cao Y et al.

MCB 1997, Zraly CB et al. Dev Biol 2003, Triech I and M Carlson MCB 1997). These

complexes also play a role in loading cohesion onto DNA (Dirscherl SS and JE

Krebs Biochem Cell Biol 2004, Huang J et al. Cell Cycle 2005, Huang J and BC

Laurent Cell Cycle 2004, Huang J, JM Hsu, and BC Laurent Mol. Cell 2004, Baetz

KK et al. Mol Cell Biol 2004). Highlighting the central roles played by these

complexes in gene regulation, mutations in various conserved subunits are

associated with tumor formation in a variety of cancers (Wang HB and Y Zhang

Nucleic Acids Res 2001, Garcia-Pedrero JM et al. JBC 2006, Nagl, NG, Jr. et al.

Table 1. Conserved SWI/SNF Subunits*

S. Cerevisiae Drosophila H. Sapiens
ySwi/ Snf RSC dSWI/SNF hSWI/SNF
SWI2/SNF2 STH1 Brahma BRG1, hBRM

SWI3 RSC8 BAP155 BAF155, BAF170
SNF5 SFH1 SNR1 INI1

SWP73 RSC6 BAP60 BAF60a, 60b, 60c
ARP7, ARP9 ARP7, ARP9 BAP55 BAF53

*For references, please see text.
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Cancer Res. 2006, Roberts CW et al. Cancer Cell 2002, Trouche D. et al. PNAS

1997, Muchardt C. and M. Yaniv. Semin Cell Dev. Biol 1999, Pavelic, K and K. Gall-

Troselj J. Mol. Med. 2001, Decristofaro MF et al. J. Cell Physiol 2001, Roberts CW

et al. PNAS 2000, Banine F. et al. Cancer Res 2005).

Thus far, studies have suggested that the conserved subunits can regulate

complex function in two major ways: (1) modulation of biochemical activities and (2)

specification of complex participation in biological processes, such as transcription

vs. recombination, repair, or replication. With this proposal, detailed studies on the

enzyme mechanism and specification of biological function are needed to

understand how these multi-subunit complexes function as a unit within the cell.

Enzymatic Activities of SWI/SNF complexes

A. Alterations of Histone-DNA and Histone-Histone Interactions

The biochemical activities of SWI/SNF imply that SWI/SNF impacts transcription

in vivo by altering histone-DNA contacts. SWI/SNF complexes seem to generate at

least three types of products, nucleosomes containing stable loops of DNA exposed

on the surface of the histone octamer, nucleosomes with altered octamer positions

and dinucleosome-like species. The formation of loops would be important for

exposing DNA in chromatin regions where there is limited room to slide the histone

octamer. In addition, SWI/SNF has been shown to transfer the histone octamer to

acceptor DNA and exchange H2A/H2B dimers between nucleosomes. Previous

work suggests that hSWI/SNF generates multiple remodeled products from the
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Figure 3. SWI/SNF remodeled products
SWI/SNF uses the energy from ATP hydrolysis to create a variety of
remodeled products, including transferred octamers, DNA loops,
altered nucleosome positions, exchanged histone dimers, and
dinucleosome-like species.

collapse of at least one intermediate that has disrupted histone-DNA contacts

(Narlikar GJ et al. Mol Cell 2001) (Fig.3). The data further suggest that hSWI/SNF

continuously inter-

converts the

different products

via this

intermediate (inter-

conversion is not

shown in Fig. 3 for

clarity) (Narlikar

GJ et al. Mol Cell

2001). The

intermediate could collapse to generate DNA loops or nucleosomes with altered

positions. The dinucleosome-like species could then result from association of two

remodeled nucleosomes. The central catalytic subunit of the hSWI/SNF complex,

Brg1, is able to carry out most of the above remodeling activities, in the absence of

the non-catalytic subunits (Langst G. and PB Becker J. Cell Sci. 2001, Kingston RE

and GJ Narlikar Genes Dev. 1999, Wang HB and Y Zhang Nucleic Acids Res. 2001,

Phelan ML et al. Mol. Cell 1999). These data raise questions about the functional

roles of the additional subunits.

B. Utilization of ATP
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SWI/SNF complexes play crucial roles in the regulation of several genes, as well

as, in the cell cycle-based regulation of chromosome structure. Yet, how these

complexes remodel chromatin is far from understood. These complexes represent a

new class of molecular machines that couple the chemical energy of ATP hydrolysis

to catalyzing a conformational change in chromatin. For all identified ATP-dependent

chromatin remodeling complexes, the central catalytic subunit is both necessary and

sufficient for ATP hydrolysis and nuclesome remodeling (Langst G. and PB Becker

J. Cell Sci. 2001, Kingston RE and GJ Narlikar Genes Dev. 1999, Wang HB and Y

Zhang Nucleic Acids Res. 2001, Phelan ML et al. Mol. Cell 1999).  In hSWI/SNF, the

central catalytic subunit, Brg1, is the only subunit shown to hydrolyze ATP, as well

as, remodel nucleosomes. Thus far, it is the best-studied system for exploring how

chemical energy from ATP hydrolysis is converted to force-driven alterations in

nucleosome structure.

C. Mechanistic Requirements of Non-Catalytic Subunits

Aside from the central ATPase, which is critical for complex remodeling activity,

several non-catalytic conserved subunits and associated structural motifs have

critical roles regarding regulation of the biochemical activities of the complex. In the

case of hSWI/SNF, the conserved subunits, INI1, BAF155 and BAF170 have been

shown enhance the ability of BRG1 to introduce supercoils into closed circular

arrays under limiting Brg1 concentrations (Phelan ML et al Cell 1999). The BAFs

have SANT domains, which have been implicated in recognizing N-terminal histone

11



tails. These subunits also contain SWIRM domains, which have demonstrated DNA

binding properties (Da G et al. PNAS 2006, Qian C et al. NSMB 2005). Additionally,

the INI1 subunit has been shown to bind to supercoiled plasmid DNA (Morozov A et

al. PNAS 1998). Moreover, studies of the yeast RSC complex revealed a

requirement for ARP7 and ARP9, which associate via Sth1ʼs HSA domain, for full

ATPase activity of the complex (Szerlong H. et al NSMB 2008). Together, these

studies reveal that conserved non-catalytic subunits can have critical roles in

regulating the biochemical properties of the complex. An important area for

investigation, addressed in Chapter 1, will be to identify how these and other non-

catalytic subunits regulate parameters of the remodeling reaction and ATP-

utilization.

Biological Functions of Remodeling Complexes and Their Subunits

In addition to regulation of biochemical activities, several non-catalytic

subunits have been implicated in distinct biological processes and not others,

suggesting that some non-catalytic subunits help to specify complexes to different

functionalities in the cell. Using functional genetics in yeast, members of the RSC

complex have identified roles in different biological processes, especially

transcription, but also recombination, replication, sister chromatid cohesion, and

repair.

A. Transcription

12



As discussed above, SWI/SNF family members were first identified in screens for

suppression of gene expression defects (Andrews BJ and I Herskowitz Cell 1989,

Winston and Carlson 1992, Cairns BR et al. Cell 1996, Peterson CL Curr. Opin.

Genet. Dev. 1996). The role of chromatin remodeling complexes in transcription has

been studied the most. In yeast, studies of SWI/SNF and RSC have provided

information about global requirements for gene regulation.

The 12-subunit SWI/SNF complex, which is less abundant, at 100 - 200 copies

per cell, and non-essential, is required for proper expression of 5% of S. cerevisiae

genes in rich growth medium (Cairns BR et al. Cell 1996, Ghaemmaghami S. et al.

Nature 2003, Holstege FC et al. Cell 1998, Sudarsanam P et al. PNAS 2000). While

probably not an exhaustive list of ySWI/SNF-dependent genes, this result

underscores that additional chromatin remodeling activities may have crucial roles

for gene expression. Furthermore, ANC1/TAF30/TFG/TAF14 is a subunit of

SWI/SNF, and also a functional component of transcriptional protein complexes,

TFIID and TFIIF, which assemble in the transcription pre-initiation complex (Cairns

BR et al. MCB 1996).

RSC, the second yeast SWI/SNF-type complex with two isoforms, contains

debatably 15 -17 subunits, is about 10-fold more abundant in the cell than SWI/SNF

(Cairns BR et al. Cell 1996). Depletion of Sth1, the catalytic subunit, causes

deregulation of ~40% of all yeast open reading frame mRNAs, emphasizing the

critical role for the complex in transcription (JFA van Vugt J. et al. Biochim Biophys

13



Acta 2007). Moreover, the gene classes, which RSC regulate, have particular

importance for yeast growth, including histones, nucleolar RNAs, the nitrogen

discrimination pathway, non-fermentative carbohydrate metabolism, and

mitochondrial function (Ng HH et al. Genes Dev 2002). Additionally, the RSC

subunit, Rsc4, also physically interacts with Rpb5, a subunit shared with RNA

polymerase I, II, and III (Soutourina J et al. MCB 2006). Moreover, a transcriptional

role for RSC is supported by the interaction between Sth1 and several general

transciption factors, including Spt15/Tbp1, the TATA box binding factor, Taf14, and

the TFIIH-associated Met18/Mms19 factor (Sanders SL et al. MCB 2002, Kabani M

et al. Biochem Biophys Res 2005). RSC also stimulates passage of RNA

polymerase II through a nucleosome. This process is stimulated by SAGA and

NuA4, which may be due to recruitment by histone acetylation (Carey M et al. Mol

Cell 2006). Altogether, these studies reveal the particular dependence on the RSC-

subclass of SWI/SNF remodelers in transcriptional regulation.

RSC and ySWI/SNF clearly have distinct sets of genes, which they regulate.

Each remodeler likely works with a specific set of transcriptional activators, given

that they cannot substitute for each other during transcription mediated by particular

activators (reviewed in Wang W. Curr Top Microbiol Immunol. 2003). These data

highlight the point that subunit composition directs the association of each SWI/SNF

subfamily with sequence-specific transcriptional activators.  Therefore, it will be

revealing to determine which subunits of these distinct remodeling complexes help

recruit SWI/SNF complexes to gene promoters.
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B. Replication and Cohesion

DNA replication, which occurs during S-phase of the cell cycle, is a critical

component for successful cell duplication and inheritance of genetic information.

Coupled with replication, chromosomes must be physically linked by a cohesion ring,

a process known as, sister chromatid cohesion, to ensure correct distribution

between two daughter cells during mitosis (reviewed in Uhlmann F. Exp Cell Res

2004). While the ISWI class and more recently the INO80 class of chromatin

remodelers, are highly associated with replication, several studies also implicate the

SWI/SNF class of remodelers in DNA replication (reviewed in Falbo KB and X Shen

J Cell Biochem 2006, Morrison AJ and X Shen. Nat Mol Cell Bio. 2009).

Both SWI/SNF family members have been implicated in distinct regulation steps

of DNA replication and cohesion loading. Using a yeast minichromosome assay,

ySWI/SNF was shown to be required for replication inititation (Flanagan and

Peterson, 1999). RSC is required for sister chromatid cohesion along chromosome

arms (Huang J et al. Mol Cell 2004). RSC also genetically and physically interacts

with kinetochore components, which mediate attachment of replicated sister

chromatids to mitotic spindle machinery (Tsuchiya E et al. Nucleic Acids 1998, Hsu J

et al. MCB 2003). Moreover, a set of Sth1 interactors includes Smc1, Smc3, Mcd1,

and Scc3, which are involved in chromosome cohesion and double strand break

repair (JFA van Vugt J. et al. Biochimica et Biophysica Acta 2007). Altogether, these

data suggest an important role for RSC in replication and sister chromatid cohesion,
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however pathway and mechanistic information is lacking. It will be interesting to

explore how RSC is involved in these processes.

C. Repair and Recombination

Several chromatin remodeling complexes have been implicated in DNA repair

processes, mainly the INO80 and SWR1 complexes (reviewed in Morrison AJ and X

Shen Nat Mol Cell Bio 2009). Exposure to a variety of genotoxic agents poses a

threat to genome integrity. Cells have developed a diverse set of repair pathways to

deal with these diverse lesions, including double strand break repair mechanisms

and nucleotide excision repair (NER), which removes helix-distorting lesions (Zhang

L et al. Biochem Cell Biol. 2009).

The predominant mechanisms of double strand break (DSB) repair in eukaryotes

are non-homologous end joining (NHEJ) and homologous recombination (HR).

Briefly, in NHEJ, the ends of a DSB are reunited without sequence homology to the

break-site, in a manner dependent on dsDNA end-binding KU heterodimer, DNA

ligase IV, and a cofactor (Critchlow SE and SP Jackson. Trends Biochem Sci 1998,

Valerie K and LP Povirk. Oncogene 2003). In HR, mediated by the conserved

RAD52 epistasis group, damaged chromosome ends locate an intact undamaged

homology sequence, which is copied to repair the DSB (Symington LS. Microbiol

Mol Bio Rev 2002). Lastly, recombinational repair, while a less utilized pathway,

involves 5ʼ end strand resection, followed by single-stranded DNA recognition and

strand invasion, replication, and ligation.
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In addition to interaction with cohesion components, which are targeted to DNA

break sites, both SWI/SNF family members, RSC and ySWI/SNF complexes, have

been implicated in directly facilitating DNA repair. Studies with DNA damaging

agents and a plasmid-based repair assay revealed damage sensitivity of rsc1, rsc2,

snf5, and snf2 mutants, as well as, defects in HR and single strand annealing (SSA),

revealing direct function in DNA DSB repair (Bennett et al. Nat Genetics 2001, Chai

B et al. Genes Dev 2005). Also, RSC30 and RSC8 are also required for efficient

NHEJ repair (Shim EY et al. MCB 2005). Both RSC and ySWI/SNF associate with a

double strand break (DSB) site with different kinetics (Chai B et al. Genes Dev

2005), RSC associating early and ySWI/SNF later in repair.

Subsequent studies have revealed early and late functions for RSC components

at the break site. Rsc2 is needed for activation of the Rad53-dependent DNA

damage checkpoint, as well as, cohesinʼs association with break sites (Liang B et al.

Curr Biol 2007). Not only RSC2, but also STH1 are needed for damage-induced

changes in chromatin structure surrounding a break site, facilitating both

phosphorylation of H2A and recruitment of repair components (Shim EY et al. MCB

2007, Liang B et al. Curr Biol 2007). These data suggest that the RSC complex is

somehow an early sensor of DSBs. RSC1 also has reported roles in directing H2A

phosphorylation and repair (Kent NA et al. JBC 2007), suggesting that these early

RSC-specific roles are not restricted to the RSC2-subdivision of RSC complexes.

Additionally, reports reveal a requirement for RSC in recombinational repair events

post-synapsis, which is the critical stage following strand invasion and resolution of
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Holliday intermediates where DNA ligation completes the repair of the DSB (Chai B

et al. Genes Dev 2005). These reports highlight the critical role of the RSC

chromatin remodeling complex in a variety of repair and recombinational-repair

pathways, both at early and late stages.

The ySWI/SNF complex has distinct roles from RSC in DNA repair functions. In

double strand break repair, it binds to a DNA break site later than RSC, at a time

similar to that of Rad52p and Rad54p HR repair enzymes (Sugawara N et al. Mol

Cell 2003, Wolner B et al. Mol Cell 2003, Miyazaki T et al. EMBO J. 2004). SNF5 is

essential for the strand invasion step of HR (Chai B et al. Genes Dev 2005). Swi/Snf

is also required for the DNA damage-induced transcriptional (DUN) response

(Sharma VM et al. Genes Dev. 2003). Moreover, studies reveal that SWI/SNF

stimulates nucleotide excision repair, in vitro and in vivo, and physically associates

with the Rad4-Rad23 heterodimer, which plays a crucial role in role in NER

recognition (Gaillard H et al. JBC 2003, Gong F et al. NSMB 2006). Altogether, both

SWI/SNF complexes in yeast, ySWI/SNF and RSC, have distinct functions to

facilitate DNA repair and recombinational-repair pathways.

Clearly, studies have identified a wide-array of critical biological functions for

the various families of chromatin remodeling complexes, especially the SWI/SNF

family, which is reviewed here. Despite these characterizations, several important

questions remain. Including, how do these ATP-dependent machines function within

these distinct biological pathways; how are the biochemical activities of each

complex critical to these biological functionalities; and how are the enzymes directed
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to participate in one biological process versus another. This last question, addressed

in Chapter 2, is one that presents an interesting challenge as we have limited

existing paradigms for this regulation.
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Chapter 2:

Regulation of the Biochemical Activity of the SWI/SNF Complex by

Conserved Non-Catalytic Subunits

Unpublished Data
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Background/Significance:

The compaction of eukaryotic DNA into chromatin creates barriers for every

nuclear process. Several enzymatic complexes alter chromatin structure and

regulate access to the DNA. Some of these complexes use the energy of ATP

hydrolysis to directly alter histone-DNA contacts. Others covalently modify the

histones to generate different combinations of modifications. These patterns are

thought to act as signals for the binding of specific proteins that then promote

additional changes in chromatin structure.

We, however, understand little about these enzymesʼ mechanisms, the

changes that they catalyze in chromatin structure, and how this relates to their

function. For ATP-dependent chromatin remodeling complexes, the central catalytic

subunit is alone able to carry out most remodeling functions (Langst G. and PB

Becker J. Cell Sci. 2001, Kingston RE and GJ Narlikar Genes Dev. 1999, Wang HB

and Y Zhang Nucleic Acids Res. 2001, Phelan ML et al. Mol. Cell 1999). Therefore,

it is not clear why chromatin remodeling must be facilitated by multi-subunit

complexes and not simply by one protein. To address this latter point and to

elucidate general principles of multi-subunit machines, I have explored the

mechanistic function(s) of the conserved non-catalytic subunits of the hSwi/Snf

complex, an abundant, essential complex that is well-characterized in the field.

Briefly, in the absence of additional subunits, the ATPase of the hSWI/SNF

complex, Brg1, is able to carry out remodeling activities, repositioning DNA along the

surface of the histone octamer, hydrolyzing ATP, generating nucleosomes with
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stable loops of DNA exposed on the surface of the histone octamer, and more. The

mechanistic studies elaborated below reveal that the additional subunits of the

complex have a mechanistic role to enhance the behavior of the Brg1 enzyme. In

two simple models, the additional subunits could be stabilizing the active

conformation of Brg1 or they could be enhancing enzyme participation in discrete

steps of remodeling and substrate recognition. I also provide preliminary data, using

ADP as a competitive inhibitor, that the additional subunits enhance discrete steps of

remodeling. Our data is the first quantitative dissection of the effects of the non-

catalytic subunits on the enzymatic parameters of SWI/SNF ATPases. It provides

the first evidence that non-catalytic subunits do enhance the enzymeʼs ability to

recognize nucleosomes and ATP and also appears to have differential discrimination

between ATP states.

A previous study of the conserved hSWI/SNF subunits, Ini1, Baf155, and Baf170,

revealed that these subunits enhance the Brg1ʼs ability to introduce supercoils into

closed circular arrays under limiting Brg1 concentrations (Phelan ML et al Cell

1999). This minimal SWI/SNF complex was reconstituted and used to explore the

role of these non-catalytic subunits in mechanistic enhancement.

Results:

Comparison of Reaction Parameters of hSWI/SNF and Brg1
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Figure 2. Thermodynamic framework for
substrate binding

Substrates, nucleosomes and ATP, bind in
a mutually-independent manner to
chromatin remodeling enzymes (blue),
forming a tertiary complex, E-N-ATP.

Using the tools of mechanistic enzymology, I have explored how the non-

catalytic subunits of a major remodeling complex in humans, hSWI/SNF, modulate

the mechanism of the central catalytic subunit, Brg1. To determine which reaction

steps are modulated by

the non-catalytic

subunits, the reaction

parameters of the entire

hSWI/SNF complex are

compared with those of

its central ATPase subunit, Brg1. There are three major steps in a remodeling event,

substrate binding, catalysis, and product release (Fig. 1).  Previous studies with

chromatin remodeling enzymes revealed

that ATP and nucleosome binding are

independent and not ordered events (Fig. 2).

Using the framework depicted in figure 1, I

hypothesize that if there are mechanistic

roles, the additional hSWI/SNF subunits may

modulate nucleosome or ATP binding, the

maximal rate of remodeling, the rates or

products of individual steps in chromatin

remodeling, or the efficiency of ATP usage.
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ATP

Figure 3. KM
ATP for hSWI/SNF and Brg1

Using saturating enzyme concentration with respect to
nucleosomes, ATP was varied between 0-2mM, yielding
KM values for hSWI/SNF and Brg1. Observed rates (kobs)
were normalized to kmax (min-1) for each complex.

To compare the binding and catalysis parameters of hSWI/SNF, purified from

HeLa cells, and baculovirus-expressed Brg1, a restriction enzyme accessibility

(REA) assay was employed, generating kinetic values for each remodeling

parameter (Narlikar GJ et al. Mol Cell 2001). Briefly, as a function of nucleosome

remodeling, an occluded restriction enzyme site will become site exposed, making it

available for restriction enzyme cleavage. The rate of restriction enzyme cleavage

reflects the overall rate of remodeling since restriction enzyme cleavage is faster

than the remodeling rates (Narlikar GJ et al. Mol Cell 2001).

To measure the Michaelis-Menton constants, KM, for the chromatin

remodeling enzymes, I used

radiolabeled nucleosomes with

the 601 DNA positioning

sequence (Thastrom A. et al

JMB 1999), providing a well-

positioned nucleosome

sequence. The DNA sequence

has a length of 202 bp and a

Pst I restriction site at 50 bp

from one end of the sequence

DNA. Using these nucleosomes,

I first explored whether the non-

catalytic subunits could alter the KM
ATP (Fig. 2). ATP was varied between 0 - 2mM.
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Remodeling rates for hSWI/SNF or Brg1 bound with radiolabeled nucleosomes were

monitored by REA, as previously described (Narlikar GJ et al. Mol Cell 2001). The

data, presented in figure 3, displays that the complex has a 10x lower KM
ATP, 33 ± 5

µM, than Brg1, 330 µM. This data suggests that the additional subunits of the

complex do enhance the mechanistic behavior of the Brg1 enzyme.

To determine whether the hSWI/SNF complex also displays a difference from

Brg1 in utilizing nucleosomes as a substrate, the KM
Nucl was another reaction

parameter that was compared. Interestingly, hSWI/SNF complex has a 7x lower

KM
Nucl, 28 ± 6 nM, compared with Brg1, 4 nM. Preliminarily, in conjunction with the

KM
ATP data, this data confirms that the non-catalytic subunits of the complex do have

mechanistic roles. The kmax
remodel for hSwi/Snf is similar to what is reported for Brg1,

which makes it unlikely that the difference in KM is due to differences in specific

activity.

ADP Inhibition of hSWI/SNF and Brg1

The enhancement of Brg1 utilization for both ATP and nucleosomes in the

context of the entire SWI/SNF complex presented two models for mechanistic

enhancement. The effects can be most simply explained if the remaining subunits

help BRG1 fold into a more active conformation. One prediction from this model is

that if the overall Brg1 active site conformation is enhanced, utilization of all

substrates that bind this active site would be similarly enhanced. The alternative
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model is the non-catalytic subunits of the complex enhance discrete remodeling

steps and properties of the enzyme. In this model, Brg1 would utilize individual

substrates distinctly, perhaps biasing the mechanistic and biological properties of the

complex. To distinguish between these models, we measured the affinity for ADP.

If the non-catalytic subunits were altering the overall conformation of Brg1,

binding of ADP would increase the same order of magnitude as ATP. To assay ADP

binding, I similarly employed the REA assay with hSWI/SNF, in the presence of 10

µM ATP, which is sub-

saturating for the enzyme.

ADP concentration was

varied between  0 – 2 mM,

resulting in KI
ADP of 60 µM,

which is not 10-fold lower

than that reported for Brg1, 90 µM (Narlikar GJ et al. Mol. Cell 2001), ruling out

Model 1. Importantly, the measured value for the KM
ATP for Brg1 in this study is

similar to values reported for Brg1 in this previous study, suggesting that the specific

activity of my purified Brg1 is similar to that of earlier reports and making

comparisons to these reports possible. Altogether, these data, which are

summarized in Table 1, reveal that the non-catalytic subunits not only have

mechanistic roles but also have specialization functions, including discrimination

between nucleotide analogs. It will be interesting to explore how additional

Table 1: Reaction parameters for Brg1 and hSWI/SNF

Parameter Brg1 SWI/SNF
Ratio

[Brg1/complex]

kmax
remodel(min-1)

0.1 + 0.01
** 0.15 + 0.05 0.7

KM
Nucl (nM) 28 ± 6 4 7

KM
ATP(µM) 330 * 33 ± 5 10

KI
ADP(µM) 90 ** 60 1.5

* Data obtained in this study and reflects previous results (**).
**Brg1 data extracted from Narlikar GJ. Molecular Cell (2001)
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1    2    3
Brg1
Baf-170
Baf-155

INI1

Figure 2. SWI/SNF subcomplexes
Figure 4.  SWI/SNF Subcomplexes
Reconstituted complexes were
separated on 10%-acrylamide SDS
gels and stained with SYPRO Red

nucleotide analogs bind, as it may reveal crucial properties of the active site of

SWI/SNF remodelers.

Reconstitution and Characterization of minimal hSWI/SNF Complexes

We have identified critical mechanistic roles for non-catalytic subunits within

the SWI/SNF, including enhanced affinity for substrates and possibly differential

binding of different ATP states. To further dissect how non-catalytic subunits

modulate enzyme behavior, we aimed to identify a minimal complex that would

recapitulate these functionalities. In previous studies, a few conserved non-catalytic

subunits have been implicated in modulating Brg1 function. Specificially, the

subunits, Baf155, Baf170, and Ini1, have been shown to enhance Brg1ʼs ability to

introduce supercoils into closed circular arrays (Phelan ML et al Cell 1999). Given

this data, these conserved subunits are good candidates for mechanistic

enhancement of Brg1 activity.

In order to generate a minimal SWI/SNF complex,

containing Brg1, Baf155, Baf170, and Ini1, a baculovirus

expression system was utilized. We took advantage of

recombinant baculovirus expression and purification

from Sf9 cells, allowing for complex reconstitution.

Briefly, flag-tagged and untagged single subunits

were expressed in Sf9 cells and then nuclear extracts containing different
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combinations of subunits were mixed. Complexes were first purified over an affinity

column, based on Flag-tag on Brg1. The complexes went through an additional

purification step over a glycerol gradient (Fig. 4). Stoichiometry of the complexes

matches previous reconstitutions (Phelan ML et al Cell 1999, Fan HY et al Mol. Cell

2003). Two recombinant sub-complexes were successfully reconstituted, Brg1-

Baf170 (lane 2) and Brg1-Baf155-Baf170-Ini1 (lane 3).

To determine whether the Baf subunits and Ini1 provide mechanistic

enhancement, the reaction parameters of Brg1 were compared with the

reconstituted sub-complex containing Baf155, Baf170, and Ini1. In initial

experiments, the sub-complex, containing Brg1, Baf170, Baf155, and Ini1, displays a

~7-fold lower Km for nucleosomes relative to BRG1, suggesting that most of the

effect on the  KM for nucleosomes, as seen with the whole SWI/SNF complex, may

be due to these three conserved subunits, BAF155, BAF170 and INI1.

DISCUSSION:

Previous work has revealed that Brg1, as well as, other chromatin remodeling

ATPase subunits are able to carry out many of the remodeling activities of the entire

chromatin remodeling complex (Langst G and PB Becker J Cell Science 2001,

Kingston RE and GJ Narlikar Genes Dev. 1999, Wang HB and Y Zhang Nucleic

Acids Res 2001). The data highlighted the need to understand the role of the non-

catalytic subunits. In this study, I provide the first mechanistic insight into roles of the
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non-catalytic subunits of the hSWI/SNF complex, comparing the reaction parameters

of hSWI/SNF complex with Brg1. Specifically, I provide data that the additional non-

catalytic subunits enhance substrate recognition and surprisingly, discrimination

between nucleotide states. Additionally, to explore which non-catalytic subunits

provide mechanistic enhancement to Brg1, I have reconstituted hSWI/SNF

subcomplexes, which will serve as a useful tool to identify critical conserved non-

catalytic subunits for hSWI/SNF mechanistic and biological functionalities.

Mechanistic Enhancement of Brg1

A comparison of the reaction parameters for the entire SWI/SNF complex with

those for Brg1 has revealed that there are quantitative mechanistic differences. I

have found that the SWI/SNF complex has a ~10x lower KM for ATP and

nucleosomes than Brg1. Previously, it has been determined that for Brg1, the KM for

ATP is equivalent to a KD (Narlikar GJ et al. Mol Cell 2001, Fan HY et al. Mol. Cell

2003). It is still not known for the SWI/SNF complex whether the KM is equivalent to

a KD. Therefore, the lower values for the complex could arise if SWI/SNF binds ATP

or nucleosomes more strongly, assuming KM is equal to a KD, or if there is a change

in the rate-limiting step that now makes the KM smaller or greater than the KD. If for

the SWI/SNF complex, the KM is smaller than the KD for these substrates, that would

suggest that the lower KM values reported here reflect a slower rate of product

dissociation. If KM is now greater than the KD for the SWI/SNF complex, that would

mean substrate binding is rate-limiting, and every time these substrates bound, they
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would immediately be transformed to products. Distinguishing between these

possibilities will be an important step in understanding how non-catalytic subunits

modulate the central catalytic ATPase, Brg1.

Our previous work suggests that for the BRG1 catalyzed reaction, binding of

nucleosomes or ATP is not rate-limiting under sub-saturating BRG1 conditions.

Further, release of remodeled products or ADP and Pi is also not rate-limiting under

saturating BRG1 conditions (Narlikar GJ et al. Mol Cell 2001, Fan HY et al. Mol. Cell

2003). In my study with 601 nucleosome sequences, I measured the maximal rate of

remodeling, kmax
remodel, for hSWI/SNF and found that this rate is similar to what is

reported for Brg1 and hSWI/SNF previously with the TPT nucleosome sequence. If

the KM is equivalent to a KD for the complex, that would mean that the lowered KM

values for nucleosomes and ATP reflect enhanced affinities for these substrates and

that some step related to the actual remodeling event is similarly rate-limiting for the

complex. This value for the kmax
remodel would then reflect the slowest step in the

reaction.

Distinguishing between Nucleotide Co-factors

The fact that both the KM values for ATP and nucleosome are ~10-fold lower

for the entire SWI/SNF complex relative to Brg1 but the kmax
remodel values are the

same, suggested two models for mechanistic roles for the non-catalytic subunits.

The first model is that the additional subunits alter discrete mechanistic properties of
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the enzyme. The second and simpler model is that the remaining subunits help Brg1

fold into a more active conformation. If this second model is true, binding affinity of

ADP would also increase the same order of magnitude as ATP, ten-fold. We find,

however, that SWI/SNF binds ADP with similar affinities as Brg1, with a ratio of 1.5

to 1. This suggests that the other conserved subunits may induce localized

conformational changes in specific parts of the active site and may help distinguish

between nucleotide states.

Studies with various nucleotide analogs with other motor proteins, such as

helicases, have provided a wealth of information about the nucleotide active site and

conformational changes during catalysis. Correlating studies about how non-catalytic

subunits help discriminate between nucleotide states combined with detailed studies

of conformational changes within Brg1ʼs active site, will provide a deeper

understanding of how nucleotide cues drive these ATP-dependent machines.

A Minimal hSWI/SNF Complex

Given our data, it is clear that the non-catalytic subunits of hSWI/SNF

complex do provide mechanistic enhancement of Brg1. To further dissect which non-

catalytic subunits are responsible for this enhancement, we aimed to reconstitute

minimal SWI/SNF complex that would recapitulate our mechanistic data with

hSWI/SNF complex. To do so, three conserved subunits, Baf155, Baf170, and Ini1,

which are reported to enhance Brg1ʼs plasmid-supercoiling activity, in vitro, were

used. The study reported an activity level that is comparable to that of the entire
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SWI/SNF complex (Phelan ML et al. Mol Cell 1999), providing these subunits as

important first candidates to analyze. With a dissection of some reaction parameters

that are modulated by the non-catalytic subunits within the SWI/SNF complex, we

aimed to uncover whether these subunits are responsible for the mechanistic

enhancement.

Two largely homogenous sub-complexes, Brg1-Baf170 and Brg1-Baf155-

Baf170-Ini1, were successfully reconstituted. From the reconstitution experiments,

we are the first to report on Baf170 directly interacting with Brg1, in a one-to-one

stoichiometry. It is unclear if this is a functional complex as activity for this complex

has not been quantitatively determined. These reconstitution experiments proved

challenging, largely due to the misfolding and aggregation effects of the Brg1

protein. The reconstituted Brg1-Baf155-Baf170-Ini1 complex, with equal

stoichiometries of Brg1 and Baf170, but sub-stoichiometric Baf155 and Ini1,

displayed a lower ~7-fold lower KM for nucleosomes relative to Brg1. This suggests

that most of the effect on the KM for nucleosomes seen with the entire SWI/SNF

complex may be due to the three conserved non-catalytic subunits, Baf155, Baf170,

and Ini1. It will be interesting to determine whether this sub-complex recapitulates

mechanistic enhancement of the additional reaction parameters, such as kmax
remodel,

KM
ATP, and KI

ADP, compared between hSWI/SNF and Brg1.

Importantly, mutations in the core subunits of hSWI/SNF, in addition to the

catalytic subunit, BRG1, are associated with various cancers and developmental

defects, suggesting that these subunits play important biological roles. Complete
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loss of BRG1 in mice results in embryonic lethality and Brg1 heterozygous mice

develop carcinomas (Bultman S et al. Mol Cell 2000, Bultman S et al. Oncogene

2008). Interestingly, null mutations of Baf155/Baf170 homologs cause early

embryonic lethality and severe defects in brain development (Furukawa K. et al. J

Cell Sci. 2003, Margalit A. et al. Novartis Found. Symp., 2005). Moreover, mutations

in the fly homolog of BAF170/BAF155 cause homeotic transformations and defects

in oogenesis and segmentation (Wang X et al. Hybridoma (Larchmt) 2005, Crosby

MA et al. MCB 1999). Mutations in the INI1 subunit are associated with different

types of pediatric tumors. Interactions between INI1 and leukemogenic translocation

products of the ALL-1 gene have been suggested to disrupt normal regulation of

hSWI/SNF activity (Roberts CW et al. Cancer Cell 2002, Decristofara MF et al. J Cell

Physiol 2001, Roberts CW et al. PNAS 2000, Betz BL et al. Oncogene 2002).

Altogether, these studies highlight the critical function of not only the central

ATPase, but also some of these conserved non-catalytic subunits. This emphasizes

the importance of understanding the mechanistic roles of these subunits. It will bring

us closer to understanding how mechanistic regulation of enzymatic activity is critical

to biological function in vivo.

Materials and Methods:

Purification of Brg1 and hSWI/SNF Complexes
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Human SWI/SNF complexes were affinity purified from HeLa cell extracts.

Brg1 was affinity purified from Sf9 cells using a baculovirus expression system.

Purifications were performed and analyzed, as previously detailed (Narlikar GJ et al.

Mol Cell 2001, Fan HY et al Mol Cell 45).

Nucleosome Reconstitution

Mononucleosomes were assembled on DNA containing an in-vitro selected

601 nucleosome positioning sequence, generating a single nucleosome position.

The DNA, which was amplified by PCR, was end-labeled with 32P, as previously

described (Narlikar GJ et al. Mol Cell. 2001). Xenopus histones were recombinantly

expressed and purified in bacteria. Nucleosomes were assembled using salt-

gradient dialysis (Luger K et al. Methods Enzy. 1999, Dyer PN et al. Methods Enzy.

2004).

Remodeling and ATPase Assays

For all restriction enzyme accessibility assays, a 202bp DNA length was end-

labeled with 32P for nucleosome assembly with a Pst I site at 50bp in from one end

of the DNA. Restriction enzyme accessibility assays were performed as described

previously (Narlikar GJ et al. Mol Cell 2001) using 0.4 units µl-1 Pst I and 3 mM

MgCl2. The Michaelis constant for ATP was derived using 1 nM nucleosomes,

varying ATP from 0 – 2 mM. The Michaelis constant for nucleosomes was derived

using 0.2 nM nucleosomes and 2 mM ATP, varying hSWI/SNF (2 MDa) from 0 – 30
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ng/µl. For competitive inhibition studies for hSWI/SNF, a saturating concentration of

ATP, 10 µM, was used, with ADP varied from 20 µM – 2 mM in a 20 µl reaction

volume.

ATP hydrolysis was measured, using TLC-based assays to separate cleaved

γ-32P-phosphate from un-cleaved γ-32P-[ATP]. Data was analyzed and quantified, as

described (Narlikar GJ et al. Mol Cell 2001). ATPase assays were performed using

15 – 35 nM enzymes (Flag-Brg1 or Flag-Brg1-Baf155-Baf170-HA-Ini1) in 16%

glycerol, .032% (v/v) Nonidet P40, 60 mM NaCl using 3 mM MgCl2 and 20 µM ATP

(1:10 γ-32P-[ATP]:ATP). Nucleosomes used to stimulate the enzyme were

assembled with the 601 positioning sequence with 45 bp of extranucleosomal DNA.

Reconstitution of Minimal hSWI/SNF Complexes

Flag-tagged Brg1, HA-tagged Ini1, and untagged Baf155 and Baf170 were

expressed in Sf9 cells using a baculovirus expression system, as previously

described (Phelan ML et al. Mol Cell 1999). We then mix nuclear extracts containing

different combinations of subunits and purify the complexes, first over a M2-affinity

column (Sigma-Aldrich) and then over a 15 – 45% (w/v) glycerol gradient. The

stoichiometry matches previous reconstitutions (Phelan ML et al. Mol Cell 1999, Fan

HY et al. Mol Cell 2005). Proteins were resolved on 10% (w/v) SDS-acrylamide gels

and stained with SYPRO Red (Invitrogen).
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Chapter 3

Maintenance of Rsc4 Acetylation is Required for Resistance to

Replication Stress
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Abstract

ATP-dependent chromatin remodeling complexes are crucial for regulating all

nuclear processes, including transcription, recombination, replication, and repair

processes. A long-standing question is what are the mechanisms to direct

specification of these multi-purpose machines. RSC, an essential remodeling

complex, in budding yeast, provides a good model system to address this

question. Previous studies have identified Rsc4, a tandem bromodomain

containing subunit of the RSC remodeling complex, as a Gcn5 acetylation target.

However, the biological and mechanistic role of this acetylation mark has

remained unknown. Here, we show that the acetylation does not alter the

catalytic efficiency or the ability to recognize acetylated nucleosomes. Instead,

we find that maintenance of Rsc4 acetylation levels via the interaction with a

neighboring bromodomain, BD1, is critical for resistance to DNA damage.

Synthetic genetic analysis using an acetylation point mutant, rsc4 K25R, reveals

an important interaction with INO80, a known mediator of damage tolerance and

replication stress responses. In the absence of a core INO80 component, rsc4

K25R mutants display delayed S-phase progression in the presence of MMS.

These results suggest Rsc4 participates in responses to replication stress and

that the single acetylation mark regulates this participation. Our work provides a

new paradigm for the role of non-histone acetylation marks by demonstrating that

such marks can regulate biological activity of a remodeling complex without
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affecting its core enzymatic activity. Further, these results point to a new role for

bromodomains in maintaining the acetylation level of their target.

Introduction

DNA packaging into chromatin creates a complex regulatory substrate for

controlling nuclear processes, including transcription, replication, repair and

recombination.  Regulation of DNA accessibility within chromatin is achieved

primarily by the combined action of ATP-dependent chromatin remodeling

complexes and histone modifying enzymes. ATP dependent chromatin

remodeling complexes non-covalently change chromatin conformation using the

energy of ATP. In contrast, histone-modifying enzymes introduce covalent post-

translational modifications (PTMs), such as acetylation, phosphorylation, and

methylation at specific locations. These either directly affect chromatin

conformation or act as a signal for the recruitment of adaptor proteins

(Kouzarides T. Cell 2007, Dyson MH et al. Front Biosci. 2001, de la Cruz X. et al.

Bioessays 2005).

Interestingly, subunits of ATP-dependent chromatin remodeling complexes

contain modules to recognize specific chemical modifications. These modules

help coordinate the actions of remodeling complexes and histone-modifying

enzymes. This phenomenon has been best studied in the context of histone

acetylation, which is recognized by modules called bromodomains. Present in the
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SWI/SNF family of remodelers, bromodomains facilitate recruitment of these

complexes to acetylated nucleosomes to enable gene activation.

Recent results have added an intriguing new dimension to the coordination

between chromatin remodeling complexes and acetyl transferases (KATs) by

showing that Rsc4, an essential subunit of the major budding yeast SWI/SNF

remodeling complex, RSC, is acetylated by Gcn5, the prototypical yeast histone

acetyltransferase. The main histone substrate of GCN5 is histone H3 and recent

work has identified non-histone substrates, in addition to Rsc4. However,

compared to our understanding of the functional consequence of histone

acetylation, the functional consequences of acetylating non-histone substrates

are not well understood.  In the context of RSC, the crystal structure of the

individual Rsc4 subunit revealed that the acetylation mark is bound in cis by one

the subunitʼs tandem bromodomains, BD1 (VanDemark AP, et al. Mol Cell 2007).

The biological role served by the Rsc4 acetylation mark, however, is still

unknown. The fact that chromatin remodeling enzymes such as RSC exist in

multi-subunit complexes and participate in multiple nuclear processes raises the

possibility that modulation of subunit composition or activity by PTMs could help

regulate the participation of these complexes in different nuclear processes.

Indeed, in the context of phosphorylation, these marks have been shown to

regulate remodeler function at multiple levels including direct effects on

remodeling activity, effects on complex levels, and roles in specifying a particular
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biological function. However, how acetylation marks regulate the function of

remodeling complexes is not yet understood.

To dissect the functional role of the single acetylation mark on Rsc4, AcK25, a

combination of biochemical and genetic studies were used. Acetylation of Rsc4,

present in the context of the RSC complex, does not affect complex integrity,

catalytic activity, or the ability to recognize acetylated nucleosomes. To

systematically examine the biological role of Rsc4 acetylation, we took

advantage of the fact that single point mutations, though conferring weak

phenotypes by themselves, can in combination with mutations in other known

proteins, reveal the pathways in which the mutated residues participate. Global

genetic analysis revealed a connection between Rsc4 K25 and the DNA damage

response. Overall, our in vivo results suggest that the acetylation mark plays a

key role in the resistance to DNA damage, in a manner that is dependent on its

interaction with BD1. Lower acetylation levels directly correlate with increased

damage sensitivity. Furthermore, we find that Rsc4 acetylation acts in parallel

with INO80, a known remodeling complex involved in DNA damage responses,

to promote S-phase progression in the context of replication stress.

Substantial previous work has demonstrated that the RSC complex has

important roles, beyond transcription, in both, DNA replication and different DNA

repair pathways. At the same time, more recent work has shown a strong role for
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GCN5 acetyltransferase activity in the regulation of DNA replication. Our results

thus raise the possibility that acetylation of Rsc4 by Gcn5 helps

regulate/coordinate the DNA replication and DNA repair roles of RSC.

Results

Acetylation of the RSC complex does not alter remodeling activity or substrate

specificity

Recent work has identified Rsc4 as a non-histone acetylation target of

Gcn5, in vitro and in vivo (VanDemark AP, et al. Mol Cell 2007). However, the

functional role of the acetylation has remained elusive. Previous cross-linking

studies with the RSC complex have revealed that Rsc4 contacts the nucleosome

surface during the course of the remodeling reaction. Moreover, studies with

acetylated nucleosomes by Gcn5-containing SAGA complex, revealed that RSC

preferentially remodels H3-acetylated nucleosomes. Together, these previous

observations raised the possibility that the acetylation of Rsc4 regulates the

enzymatic properties of the RSC complex.

To explore whether acetylation affects the activity of the RSC complex,

tandem affinity purification was used to extract RSC complexes from WT and

rsc4 K25R strains based on the RSC2-TAP tag.  We confirmed the absence of
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acetylation in the mutant complex, using a dual-antibody western (Fig. 1b).

Purification revealed that the acetylation of the RSC complex is not required for

complex integrity or stoichiometry (Fig. 1a and Supp. Fig. 3). Mass spectrometry

of this mutant complex did not detect additional acetylated peptides (data not

shown). To compare the biochemical properties of the acetylated WT and rsc4

K25R mutant complexes, we first explored the extent of acetylation on the WT

RSC complex. Previous studies have revealed that Gcn5 requires two auxillary

subunits, Ada2 and Ada3, for histone H3 acetylation within nucleosomes

(Balasubramanian R. et al. JBC 2002)). Using this minimal SAGA complex

(mSAGA) in the presence or absence of acetyl CoA, we compared the

acetylation of gcn5Δ RSC complex to that of the WT RSC complex (Supp. Fig.

1a). The acetylation level of the gcn5D RSC complex approached and did not

exceed that of the RSC complex purified from a WT strain, suggesting that the

majority of RSC is acetylated in vivo. Consistent with this observation, addition of

mSAGA and acetyl CoA to a purified RSC complex from WT cells did not result

in an increased acetylation signal (data not shown). Additionally, we find that in

the absence of auxillary subunits, Gcn5 is sufficient to acetylate Rsc4 within the

RSC complex, in vitro (Supp. Fig. 1b). This result is consistent with a recent

report that ada2Δ strains contain acetylated RSC (Choi JK Mol Cell Bio 2008). In

contrast, Gcn5 by itself is highly inefficient in acetylating nucleosomal H3 tails.

These differences suggest that Rsc4ʼs N-terminus may be more accessible for

acetylation, than the N-terminus of nucleosomal histone H3.
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RSC contains 8 out of 15 of all bromodomains, in S. cerevisiae. Previous

studies, exploring both binding and catalytic effects, reveal that RSC

preferentially binds H3-acetylated nucleosomes over unacetylated nucleosomes

(Ferreira H et al. JMB 2007, Somers J and T Owen-Hughes Nucleic Acids

Research 2009, Hassan AH et al. Biochem J 2007). Additionally, it has been

shown that the interaction between the acetylated Rsc4 N-terminus and its

neighboring bromodomain, BD1, reduces the ability of the adjacent

bromodomain, BD2, to bind H3 tail peptides acetylated at K14 (VanDemark AP,

et al. Mol Cell 2007). These observations suggest an attractive model in which

occupancy of BD1 by the acetylated Rsc4 N-terminus reduces the affinity of BD2,

and thereby of the whole RSC complex, for acetylated nucleosomes.

To test the above model, we took advantage of the RSC complexes from

WT and rsc4 K25R mutant strains, as these provided highly acetylated and

unacetylated complexes, respectively, for comparison. To measure the functional

preference of RSC for acetylated compared with non-acetylated nucleosomes,

we adopted a competitive remodeling assay. In this assay, equal concentrations

of acetylated and unacetylated nucleosomes were added in excess to RSC (Fig.

1c and 1d). Nucleosomal H3 histones were pre-acetylated using the mSAGA

enzyme, previously characterized as having the same enzymatic activity and

specificity as the SAGA complex (Balasubramanian R. et al. JBC 2002).

Completion of the in vitro acetylation reaction was monitored using histone down-

shift assays and western blots (Supp. Fig. 1c and data not shown). Both, the WT
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and mutant RSC complexes showed a small preference for Core+78

nucleosomes over Core+55 nucleosomes, ~1.1 fold and 1.2 fold for acetylated

and mutant RSC, respectively (Fig. 1c and 1d). Despite this slight preference, the

acetylated Core+55 nucleosomes were significantly preferred over unacetylated

Core+78 nucleosomes by both types of RSC complexes, 2.91±1.34 and

2.94±0.34 fold, respectively, for acetylated and mutant RSC (Fig. 1d). This

results in an overall ~3.5 fold preference for mSAGA- acetylated nucleosomes.

Importantly, this preference is consistent with previously reported binding studies

with the WT RSC complex and H3-acetylated peptides (Hassan AH et al.

Biochem J. 2007) and nuclesomes (Ferreira H. et al. JMB 2007, Carey M. et al.

Mol. Cell 2006). Together, the above results reveal that the absence of

acetylation on Rsc4 does not increase the preference of the RSC complex for

SAGA-acetylated nucleosomes.

To distinguish effects on binding from effects on remodeling activity, we

determined whether the acetylation state of RSC affects the rate of remodeling

when RSC is in excess and saturating over nucleosomes . Both the WT and

mutant complex display similar maximal rates of remodeling for both

unacetylated and acetylated nucleosomes (data not shown). Together, the above

data suggest that the acetylation state of the RSC does not modulate its core

biochemical properties or its specificity for SAGA acetylated nucleosomes.
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Presence of Rsc4 acetylation is necessary for resistance to DNA damage

The lack of a direct effect on RSC activity suggested that acetylation could

play more of a bio-regulatory role. To investigate such a role, we took a genome-

wide approach to reveal chromatin-associated genetic interactions that, in

combination with the rsc4 K25R mutation, would reduce or increase cell growth.

The epistatic analysis revealed interactions with INO80 and SWR1 complexes,

which both have been implicated in DNA damage response pathways (Fig 2a). In

addition to the rsc4 K25R allele, two other previously characterized RSC4 alleles

were scored: a double bromodomain point mutant, rsc4-2, and the C-terminal

deletion mutant, rsc4_Δ4 (Fig. 2c and 2e, Kasten M. et al. EMBO J. 2004,

Soutourina J. et al. MCB 2006). The correlation of correlation coefficients for

genetic interactions with the double bromodomain point mutant, was more similar

with rsc4 K25R than that for the C-terminal deletion mutant (Fig. 2e). These

results suggest that many of the pathways, in which the K25 acetylation mark

participate, are distinct from that of the Rsc4 C-terminus.

Given the strong genetic interactions with DNA damage response

functions, as well as, transcriptional roles, we assayed whether rsc4 K25R and

rsc4-2 displayed growth sensitivity in the presence of methyl methanesulfonate

(MMS), which causes single and double stranded breaks and replication stress.

Both mutants displayed a dose-dependent MMS sensitivity, in comparison with

rad9Δ, a critical DNA damage checkpoint component (Fig. 2d and 2f). These
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results indicated a role for the Rsc4 acetylation mark in resistance to DNA

damage. The sensitivity of DNA damage does not seem to arise from large

defects in the transcription of specific gene sets, as assayed by a microarray

analysis, comparing the WT and rsc4 K25R strains in the presence of MMS

(Supp. Fig. 2). The lack of a large transcriptional effect is further consistent with

the Rsc4 K25Ac mark acting in different pathways than the Rsc4 C-terminus,

which mediates association with RNA polymerase I, II, and III.

Synthetic interaction between RSC acetylation and the INO80 complex

The EMAP analysis had further revealed a strong synthetic interaction

between the Rsc4 K25 and components of the INO80 complex (Fig. 2a). INO80

has been shown to play important roles in DNA damage and replication. We,

therefore, wondered whether a reduction of INO80 function could uncover a

larger role for the Rsc4 acetylation mark in resistance to DNA damage. To test

this hypothesis, we investigated the MMS sensitivity of the rsc4 K25R mutation in

the absence of either Ies3 or Nhp10, two previously studied subunits of the

INO80 complex. While in the absence of IES3, we observed only a subtle

increase in the MMS sensitivity of the rsc4 K25R mutant, in the absence of

NHP10, we observed a very large increase in MMS sensitivity (Fig. 2f and 3c).

These results are consistent with previous observations that Nhp10 is required

for Ies3 association in the INO80 complex (Shen X. et al. Mol Cell 2003). Nhp10

is also required for INO80 association with γ-H2AX, the modified histone that
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signals damaged DNA. Ies3 is dispensable for this interaction (Morrison AJ et al.

Cell 2004). The above results then suggest that, in the absence of complete

INO80 function, the Rsc4 acetylation mark plays a major role in resistance to

DNA damage.

Rsc4 BD1 Function is required for maintenance of acetylation and resistance to

DNA damage in vivo

Since rsc4 K25R, which lacks acetylation, and rsc4-2 display similar

sensitivities to damaging agents, we asked whether the MMS sensitivity that we

observe is correlated with the acetylation state of these mutants. To determine

the acetylation level of the Rsc4 alleles, we used a quantitative dual-antibody

western and compared the level of Rsc4 acetylation relative to the level of the

Rsc2 subunit of the RSC complex. Using whole cell extracts of the RSC2-TAP

strains, the anti-TAP antibody detected endogenous levels of Rsc2 and the anti-

AcK antibody detected Rsc4 acetylation. Interestingly, in the double

bromodomain point mutant, rsc4-2, Rsc4 acetylation is reduced to 52% of Rsc4

acetylation levels in WT cells (Fig. 3a and 3b). To separate the effects of BD1

from that of BD2, we separated the mutations rsc4 L120P from rsc4 Y275H (Fig.

3a). The BD1 mutant, rsc4 L120P, has Rsc4 acetylation levels that are 45% of

WT similar to those  observed for rsc4-2 (Fig. 3a and 3b). In contrast, the BD2
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mutant, rsc4 Y275H, does not show reduced RSC acetylation. These results

suggest BD1, but not BD2, helps maintain the level of Rsc4 acetylation in vivo.

To explore whether the acetylation levels of Rsc4 are important for resistance

to DNA damage, each of the RSC4 mutants was tested for MMS sensitivity. Both

rsc4-2 and rsc4 L120P, which have approximately half the level of Rsc4

acetylation in vivo, displayed a milder, but noticeable, MMS sensitivity compared

with rsc4 K25R (Fig. 3c-i). These data suggest that maintenance of high Rsc4

acetylation by an interaction with BD1 is critical for resistance to DNA damage.

To further test this model, we explored whether the rsc4 K25R synthetic

MMS sensitivity, in the absence of INO80 function, depends on the Rsc4

acetylation level. Consistent with the model, the rsc4 L120P and rsc4-2 mutants,

with dampened but not absent acetylation, displayed a milder synthetic MMS

sensitivity in an nhp10Δ or ies3Δ background compared to double mutants

completely lacking Rsc4 acetylation (Fig. 3c). These data strongly support the

idea that the presence of high Rsc4 acetylation is critical for an appropriate

resistance to DNA damage.

Rsc4 acetylation is required for S-phase progression in the presence of

replication stress

MMS, an alkylating agent, causes both replication fork stalling, inducing

the intra-S checkpoint, as well as, single and double strand breaks, inducing the
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G2/M DNA damage checkpoint. To distinguish between which stage of the cell

cycle the Rsc4 acetylation mark might participates in, we took advantage of new

information about Rsc4 acetylation and the role of BD1 in maintaining the

acetylation level of this mark, in vivo. Specifically, to heighten the phenotypic

sensitivity of the rsc4 K25R point mutant, we combined this mutation with rsc4-2,

which behaves like rsc4 L120P in all of the above assays. We subjected this

triple mutant to E-MAP analysis to uncover new epistatic interactions. The EMAP

analysis revealed interactions with components of many different nuclear

pathways, including cohesion, DNA repair pathways, DNA damage responses,

DNA replication, transcription, and histone exchange, which are previously

characterized RSC functions (Fig. 2b). However, with the exception of

transcription, this is the first specific connection between Rsc4 and these

biological functions. Moreover, the synthetic interaction of this triple mutant with

the INO80 and SWR1 complexes were maintained, emphasizing the importance

of these interactions (Fig. 2a and 2b). Interestingly, the E-MAP revealed new

roles for Rsc4, specifically in DNA replication, repair, histone exchange, and DNA

damage response pathways.

To further explore the role of Rsc4 acetylation, we investigated the

interaction with the INO80 complex, which is an important player in replication

progression in the presence of DNA damage. We, therefore, next investigated
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whether, in the absence of the INO80 component, NHP10, Rsc4 acetylation is

necessary in the context of replication stress.

Specifically, we explored in the context of DNA damage whether nhp10Δ

rsc4 K25R, has any cell cycle-related defects (Fig. 4a, b, c). To directly

determine whether there is a delay in S-phase in the context of DNA damage,

single and double mutants were G1-arrested and released into the cell cycle in

the presence of 0.03% MMS. Single mutants, rsc4 K25R or nhp10Δ, progress

like WT cells in the presence of MMS. However, the double mutant has a

delayed progression through S-phase evident at the 75 min time-point after

release from the G1-arrest (Fig. 4a). Budding indexes reveal that the delay is not

due to a defect in entry into S-phase (Fig. 4c) These data suggest a role for Rsc4

acetylation in promoting S-phase progression in the presence of replication

stress.

We also tested sensitivity of these mutants to hydroxyurea (HU), a potent

inhibitor of ribonucleotide reductase inhibitor, reducing the level of free dNTPs

necessary for DNA synthesis. While the rsc4 K25R single mutant did not show

any HU sensitivity and the nhp10Δ single mutant showed a mild HU sensitivity,

the double mutant, nhp10Δ rsc4 K25R showed a large sensitivity to 0.15M and

0.2M HU (Fig. 5d). The rsc4 K25R ies3Δ double mutants did not display a

significant HU sensitivity over that of ies3Δ, emphasizing a more critical role for

NHP10 in the replication functions associated with INO80 (Fig. 4d). Altogether,
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these results suggested Rsc4 acetylation has a role in tolerance to DNA damage

during replication.

Discussion

Substantial previous work has elucidated the regulatory roles of the

diverse post-translational modifications found on histones. Comparatively less is

known about the biological roles of modifications to chromatin remodeling

enzymes. Here we have investigated the role of a recently discovered acetylation

mark on the essential SWI/SNF family member in budding yeast, RSC. We find

that acetylation of the Rsc4 subunit of RSC plays a key role in resistance to DNA

damage, particularly during replication. The role of the acetylation mark depends

on  recognition, in cis, by one of its own bromodomains. Moreover, the

bromodomain, BD1, is required for maintenance of high Rsc4 acetylation in vivo,

suggesting a new role for bromodomains in protecting their targets from being

acted on by other factors.

The existing paradigms for the effects of PTMs on chromatin remodeling

complexes are few and are derived for phosphorylation marks. These include

direct effects on enzymatic activity, as observed for human SWI/SNF (Sif S et al.

Genes Dev. 1998), and effects on DNA damage checkpoint responses as

observed for the INO80 complex (Morrison AJ et al. Cell 2007). The work here

reveals a functional role for acetylation of a remodeling complex that does not

directly affect its core enzymatic activity but rather affects its ability to participate
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in conferring resistance to DNA damage. This work extends the types of PTMs

that regulate remodeler function and the known roles of such PTMs. The results

also point to a new role for Rsc4 in resistance to DNA damage. Below we

discuss the bio-regulatory implications of these findings.

Novel Function for Bromodomains

We find that the acetylation mark on the RSC complex does not modulate

its basic remodeling activity, nor the ability to recognize SAGA-acetylated

nucleosomes. Our data instead suggest that a key role of the acetylation mark is

to regulate sensitivity to DNA damage. We find that DNA damage sensitivity is

correlated with reduced acetylation levels. Previous work has shown that the

K25Ac mark interacts with BD1 of Rsc4, in cis, and that occupancy of the second

bromodomain in the tandem bromodomains, BD2, reduces the affinity of BD1 for

K25Ac. Our results suggest that a the BD1-K25 Ac interaction is key for

resistance to DNA damage and lead to a new model for the role of this

interaction and how it might be regulated. We hypothesize that the BD1-K25Ac

interaction may serve to protect the acetyl mark from further regulation. Transient

occupancy of BD2 by an acetylated histone residue during DNA damage or

replication may promote transient “flipping out” of the K25Ac residue. The “out”

state of the residue could then act as a signal for other events associated with

DNA damage or replication. However, a K25 residue that is more in the “out “
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state, as simulated by the BD1 mutation, may lead to deficiencies in the

subsequent signaling cascade.

Roles for RSC Acetylation

Interestingly, the single acetylation mark on Rsc4 shows synthetic

interactions with components of the INO80 complex that are directly involved in

the recognition and repair of double strand breaks as well as in the regulation of

replication fork progression. Specifically, the strong synthetic interaction with

nhp10Δ in MMS and the reports of NHP10 involvement in responses to

replication stress, lead us to examine replication roles for RSC acetylation. Our

results revealed that the acetylation state of Rsc4 plays a key role in regulating

S-phase during replication stress. Given the numerous roles of RSC and INO80

in DNA response pathways, further work will be needed to address the roles of

acetylated RSC and INO80 remodelers in the context of these pathways.

Additionally, we found that the rsc4 K25R single mutant is alone sensitive to

MMS, but not HU. Therefore, in addition to an S-phase role, Rsc4 acetylation

may have additional roles in general DNA repair pathways outside of S-phase.

Gcn5 Regulation of DNA Replication
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Recent studies have suggested that Gcn5, the HAT that acetylates Rsc4,

is an important positive regulator of DNA replication. Not only has it been

localized to origins of replication (Espinosa MC et al. PLoS One 2010), Gcn5 has

also been shown to acetylate key histone lysines involved in promoting

nucleosome re-assembly following fork progression (Burgess J et al. Mol Cell

2010). Moreover, key histone acetylation targets of Gcn5 are important for origin

regulation during replication (Unnikrishnan A. et al. 2010 NSMB). One tantalizing

possibility is that there is a replication-specific histone mark, which is specifically

recognized by BD2. When bound by BD2, the mark, serving as a signal for

completion of DNA replication, could then regulate RSC by promoting the “out”

state of Rsc4ʼs N-terminus. This “out” state could promote the end of Rsc4ʼs role

in responding to replication stress, potentially through changes in proteins

associated with Rsc4. Such a mechanism could help ensure coordination of

replication fork progression with responses to DNA damage.

Post-translation Regulation of Chromatin Regulatory Factors

The transcription factor, p53, has served as a well-studied model system

to understand the functions of non-histone acetylation. In this case, acetylation of

p53 modulates DNA binding activity and enhances transcriptional activation

(reviewed in Spange S et al. JBCB 2009) While the consequences of acetylation

on the function of remodeling complexes have, to date, not been elucidated, the
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effects of phospohrylation have been better studied. During mitosis, human

SWI/SNF is phosphorylated and thisinhibits its remodeling activity. It is thought

that such a mechanism could allow for global repression of chromatin remodeling

during mitosis (Sif S. et al. Genes and Dev 1998). Upon exposure to DNA

damage, yeast INO80 is phosphorylated on the Ies4 subunit, in a Mec1/Tel1

dependent manner (Morrison AJ et al Cell 2007). The phosphorylation regulates

Rad53 phosphorylation and DNA damage checkpoint responses. Whether and

how this phosphorylation alters the biochemical activity of INO80 is not known.

Our work provides a new paradigm for the role of acetylation marks for regulating

remodeler function without affecting core enzymatic properties. It raises the

possibility that the presence vs. absence of acetylation of a remodeling complex

may provide a general means for specifying remodeler function within a specific

biological pathway.

Materials and Methods

Media, Genetic Methods, Strains, and Plasmids

Standard procedures were used for media preparation, transformations,

integrations, sporulation, and tetrad analysis. All strains are derivatives of the

s288C background and were constructed using BY4742 (Mat Alpha) or BY4741

(Mat A). Strain genotypes are listed in Table 1.
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Detailed plasmid information is available upon request. The Stratagene Quick

Change methodology was used for all site-directed mutagenesis of plasmids,

bearing RSC4 and various alleles, and these were fully sequenced.

Plasmid Shuffle of RSC4 Alleles

Strains harboring RSC4 [URA3] or rsc4 K25R [URA3] plasmids (Table 1), were

transformed with pRS315 plasmids, containing appropriate RSC4 alleles, using

standard lithium-acetate transformation procedures (Gietz RD and RH Schiestl

Nature Protocols 2007). LEU2 expressing yeast transformants were counter-

selected on synthetic complete media containing 1 mg/ml 5-fluoroorotic acid

(Boeke JD et al. Methods Enzymol. 1987). Confirmed Ura- Leu+ yeast strains

were stored as pools of 5 or more isogenic colonies.

Protein Purification

RSC Complexes were purified from yeast whole-cell extracts, as previously

described (Cairns BR et al. Cell 1996). RSC2 Complexes were purified from

YGN258, YGN259, and YGN482, containing RSC4, rsc4 K25R, and rsc4 L120P,

respectively, expressed on a plasmid (Table 1).  RSC1/2 Complexes were

extracted from either GCN5 (YGN29) and gcn5Δ (YGN30) strains, containing

TAP-tagged Rsc4. Purified complexes were resolved on SDS-10% (w/v)

acrylamide gels and stained with SYPRO Red (Invitrogen, Carlsbad, CA).
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Quantification and stoichiometry traces were generated using ImageQuant

software (GE Healthcare, Piscataway, NJ).

Xenopus histones, H2A, H2B, H3, and H4, were purified and assembled into

nucleosomes using salt dialysis, as previously described (Luger K et al. Methods

Enzymology 1999). Stoichiometric ratios of histones were confirmed using

SYPRO red staining (Invitrogen, Carlsbad, CA).

Protein Extraction and Dual-Antibody Western

Yeast whole cell extracts were collected at 4oC, using mid-log phase cultures,

pelleted using centrifugation (2-3,000 rpm). The equivalent of 6 OD (optical

density) units of yeast cells were washed with ddH20. Pellets were re-suspended

in 1ml ddH20.  Cells were lysed by the addition of 2N NaOH/β-mercaptoethanol

(300 µl: 22.5µl 14.3M β-mercaptoethanol: 277.5µl 2N NaOH) for 30 min, followed

by the addition of 300 ml 55% (v/v) TCA. Precipitated proteins were pelleted at

max speed for 20 min. Pellets were acetone-washed and re-suspended in HU

buffer (200mM phosphate buffer, pH6.8, 8M Urea, 5% (w/v) SDS, 1mM EDTA,

bromophenol blue, 100mM DTT) and boiled < 70oC.

For western analysis, proteins were resolved on NuPAGE 3-8% Tris-Acetate gels

(Invitrogen, Carlsbad, CA) and transferred to PVDF membrane (Immobilon),

which were then blocked in Odyssey blocking buffer (LI-COR, Lincoln, NE),
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diluted 1:1 in 1X PBS. RSC proteins and post-translational modifications, were

detected as previously described (VanDeMark AP et al. Mol Cell 2007), using the

anti-Ac-K-103 antibody (Cell Signaling, Danvers, MA) and anti-TAP antibody

(Thermo Scientific, Franklin, MA). Infrared-conjugated secondary antibodies,

anti-rabbit IR680 and anti-mouse IR800 (LI-COR, Lincoln, NE), were

simultaneously incubated with the membrane for quantitative dual-antibody

results. Infrared signal values were extracted using Odyssey Application software

v 2.1.12. IR800/IR680 values represent ratios of Rsc4 acetylation (IR800) within

the RSC complex (IR680). For comparison, relative ratios of Rsc4 acetylation

were determined by dividing values for allelic strains by that of the RSC4-

expressing (WT) strain. Standard deviations were determined from triplicate and

separate measurements.

Acetyltransferase Assays and Histone Down-Shift Assays

Plasmid to express His-Gcn5, pRET3a-HisTrxNyGcn5, and purified mini-SAGA

complex were generously supplied by the Tan laboratory. His-Gcn5 protein was

expressed and purified from E. coli, as previously described (Balasubramanian R

et al. JBC 2002). Mini-SAGA complex (181750 Da) was stored in 8mM HEPES,

Na pH 7.5, 80mM NaCl, 4mM β-mercaptoethanol, 20% glycerol. Enzyme activity

and specificity were confirmed by western blot of histone and nucleosomal H3

(and H4) acetylation (data not shown).
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For histone acetyltransferase assays, including down-shift assays, which were

performed at 30oC for 1-3 hours, 12nM mSAGA enzyme in H100 buffer

(Balasubramanian R et al. JBC 2002), 500nM nucleosomes (601 seq + 55 bp)

were pre-incubated for 5 min in HAT buffer [50 mM NaCl, 5% (v/v) Glycerol,

50mM Tris-Cl, pH 7.5, 1mM DTT, 0.1mM EDTA]. Therefore, the final reaction

conditions were 60mM NaCl, 11% (v/v) glycerol, 0.02% Nonidet P40 (Sigma-

Aldrich, St. Louis, MO), 55mM Tris-Cl, pH 7.5, 0.5mM β-mercaptoethanol, 1mM

DTT, 0.1mM EDTA. 50 µl reactions were performed in the presence or absence

of 10 mM acetyl-coenzyme A (1:5 volume) and incubated for time-points

indicated. Reactions were terminated at 150 minutes with the addition of 5X SDS

Laemmli loading buffer and boiled for 5 minutes before resolving on 15% SDS-

acrylamide gels. For histone down-shift assays, gels were stained with SYPRO

Red to ensure equal levels of protein were loaded and to visualize down-shifted

histone H3 bands.  For western analysis, proteins were transferred to PVDF

membrane (see above) and probed for site-specific H3 acetylation (data not

shown).

For RSC acetyltransferase assays, 107nM mSAGA was pre-incubated for 5

minutes at 30oC with 39nM purified RSC complex in acetyltransferase buffer .

Reactions were incubated for the time points indicated the presence or absence

of 800 µM acetyl-coenzyme A (Sigma/Fluka, > 96%, St. Louis, MO). Reactions

were terminated, using 5X SDS Laemmli loading buffer and boiled for 5 minutes
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before resolving on 10% SDS-acrylamide gels.

Restriction Enzyme Accessibility Assay and Competitive Remodeling Assay

Nucleosomes were assembled using a 601 positioning sequence, modified to

contain a PstI site 55 bp from one end (Yang JG et al. NSMB 2006). Templates

included 55 bp or 78 bp of extranucleosomal DNA length (Fig. 1). We have

adopted the nomenclature of 601 + 55 bp and 601 + 78 bp, respectively, for

these templates. Following salt dialysis and glycerol gradient ultracentrifugation

in the presence of 0.1% Nonidet P40 (Sigma-Aldrich, St. Louis, MO), nuclesomes

were quantified using SYBR Gold (Invitrogen, Carlsbad, CA), as previously

described (Yang JG et al. NSMB 2006).

Restriction enzyme accessibility assays were performed at 30oC in RSC reaction

buffer [47mM NaCl, 7% (v/v) glycerol, 0.04% (v/v) Nonidet-40, 11.9mM Tris, pH

7.5, 3mM Mg2+]. All reactions were pre-incubated for 5 minutes at 30oC, initiated

by the addition of nucleosomes, and performed in the presence of 0.4 units µl-1

Pst I. Saturating enzyme conditions included 25nM RSC combined with 10nM

nucleosomes, in the presence or absence of 2mM ATP- MgCl2. For limiting

enzyme conditions, including direct competition between acetylated and non-

acetylated nucleosomes, 5nM RSC with 40nM nucleosomes, which is below the

KD for RSC, was incubated for the time indicated, in the presence or absence of

2mM ATP- MgCl2. To ensure histone acetylation reactions were quenched before
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use in subsequent remodeling assays, 601 + 55bp nuclesomes in HAT assays, in

the presence or absence of acetyl coenzyme A, were combined in equal volume

with 20 µM coenzyme A and with unacetylated 601 + 78bp nucleosomes (1:1:1

volume). Additionally, 20% glycerol gradient buffer with 0.05% Nonidet P40 was

added to the mix (1:1:1:2 volume). Reactions were quenched, processed, and

analyzed as described (Narlikar GJ et al. Mol Cell. 2001). Samples were

prepared in 15% glycerol and loaded on 0.5x TBE non-denaturing 15% (v/v)

polyacrylamide gels, which were ran at 100V (constant) at 4oC for 12-14 hours

and scanned on the Typhoon Variable Mode Imager.

E-MAP Analysis

E-MAP experiments and scoring of genetic interactions (S-score) were

performed as previously described (Collins et al 2007, 2006; Schuldiner et al.,

2005; Morrison AJ et al. Cell 2007). Query strains were generated by

transformation of a rsc4Δ::NAT/RSC4 diploid strain (YGN167) with pRS316

plasmids encoding the different Rsc4 proteins under study. The Rsc4 query

strains were crossed against a target library consisting of 368 single gene

deletion strains for genes involved in various aspects of chromosome biology.

Strains were sporulated, dissected, and genotyped, using conventional

techniques (Guthrie C. and GR Fink. Meth Enzym. 2002). Genetic interaction

scores (S-score) for the RSC4 mutant strains were normalized relative to a strain

carrying a wild type version of the protein. The list of gene deletions included in
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the target array as well as all individual S-scores are provided in supplementary

information.

Pathway analysis

The genetic interaction scores (S-scores) of an Rsc4 mutant strain against the

target library defines a phenotypic profile (or phenotypic vector). It was previously

shown that genes with highly correlated (i.e. similar) phenotypic vectors are

typically functionally related (Collins et al 2007).  The correlation between the

phenotypic vectors of Rsc4 mutants and the phenotypic vectors of deletion

strains previously screened against this same library was calculated (Collins et al

2007). The final functional interaction score between Rsc4 mutants and other

genes was quantified as a combination of the S-score and the correlation score.

The interaction score was defined as: abs(Z-scoreS)+Z-scoreCCs,  where, Z-

scoreS is the z-score normalized value of the S-score and the Z-scoreCCs  is the

z-score normalized value of the correlation coefficient.

The functional interaction score defined above was used to search for

significant interactions between the Rsc4 mutants with pre-defined functional

“modules” (i.e. pathways or protein complexes). A functional module was defined

here as a protein complex (Guldener, U. et al 2006) or a Gene Ontology process

group (Ashburner, M. et al. 2000).  The mean functional interaction score

between a Rsc4 mutant and each module was calculated and the probability of

observing a similar or higher mean score was determined based on random
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sampling of an equal number of genes. Rsc4 mutant associations with functional

modules having a p-value less than 0.005 were defined as significant.

DNA Damage Sensitivity

Cycling yeast cells were grown overnight to saturation. Cells were  diluted in

sterile water to OD600 of 0.6. 10-fold serial dilutions in sterile water were

performed with all strains. Yeast cells at different dilutions were then pinned onto

YPD agar plates containing different concentration of drugs: 0.005-0.02 % (v/v)

Methylmethane sulfonate (MMS) and 0.1 - 0.2 M Hydroxyurea (HU). Digital

images were taken after 2-4 days of incubation at 30oC.

Flow Cytometry Analysis and Budding Indexes

Cells were grown in YPD at 30oC overnight to mid-log phase. For G1 arrests

(>90% un-budded cells), BAR1+ cells were treated with 100 µM alpha factor

every hour for three hours (> 95% purity, AnaSpec, Fremont, CA). For release

from alpha-factor arrest, cells were washed twice with YPD, using centrifigation,

and re-suspended in appropriate media. All samples were fixed in a final

concentration of 70% (v/v) ethanol and stained with 1 µM Sytox Green (Molecular

Probes, Eugene, OR), as described previously (Haase and Lew, 1997). DNA

content analysis was performed using a BD FACScan flow cytometer and Cell

Quest software (BD Biosciences).
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For budding indices, cells were fixed in 10% (v/v) formaldehyde (Fisher Scientific,

Fair Lawn, NJ) and sonicated. Analysis was performed as previously described

(Oshiro G et al. MCB 1999).
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Figure 1. Acetylated and unAcetylated RSC complexes have a similar 
  preference for H3-acetylated nucleosomes
a. TAP puri�ed RSC complexes based on tagged Rsc2 subunit. Complex was 
quanti�ed based on Sth1 intensity (*). Stoichiometry was determined based on 
Rsc4 intensity (**) relative to Sth1 (*). b. Dual-antibody western with WT (acetylated) 
and rsc4 K25R (unacetylated) RSC complexes. 60nM (lanes 1 and 3) and 30nM (lanes 2 
and 4) RSC complexes were loaded. IR680 (red) secondary antibody recognizes anti-
TAP antibody. IR800 (green) antibody recognizes anti-AcK antibody. c. Reaction 
scheme for competitive remodeling assay. Representative SYBR Gold-stained gel for 
proteinase K -treated unacetylated nucleosome mixture, 147 + 78 bp (S1) with 147 + 
55 bp (S2), for WT (Acetylated) RSC. Substrates and products are labeled with S and P,  
respectively. Lane 1 - 0.5 min; Lane 2 - 15 min; Lane 3 - 60 min; Lane 4 - 145 min;  Lane 
5 - 240 min. d. Ratios of remodeling rates are given by (dS/S)/dt for unacetylated or
 acetylated 147 + 55 bp divided by that for unacetylated 147 + 78 bp nucleoesomes. 

Figure 1, Chapter 3
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a.

b.

Figure 2. Rsc4 Acetylation and Bromodomain function are required for 
  resistance to DNA Damage
a. Pathway analysis of E-MAP synthetic genetic interactions. Strongest interactions 
to complexes (yellow) and biological processes (blue) are displayed for the rsc4 K25R 
mutant (p < 0.005). b. Analysis as in a for rsc4-2 K25R mutant (p < 0.0001). c. Location 
of Rsc4 mutations used in E-MAP studies. d. Serial growth assays on YPAD and YPAD 
with varying MMS concentrations. Cells were diluted to OD600 = 0.6 and pinned onto
 agar plates containing drugs. Images were captured 48-72 hours after 30C incubation. 
e. S-score values for rsc4 K25R (y-axis) genome interactions are correlated with that of 
rsc4-2 and rsc4 C-term (x-axis) mutants. f. Synthetic interaction between Rsc4 K25 and 
INO80 complex components, IES3 and NHP10. Serial growth assays performed as in d. 

Figure 2, Chapter 3
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Figure 3. BD1 is required for maintenance of Rsc4 acetylation in vivo and 
  DNA damage resistance
a. Mutation of BD1 (L120P) is su�cient to reduce the Rsc4 acetylation in vivo. 
Location of Rsc4 mutations used in assays is provided. Dual-antibody western with 
yeast whole cell extracts. IR680 (red) secondary antibody detects anti-TAP antibody 
for Rsc2-TAP. IR800 (green) secondary antibody detects anti-AcK antibody, which 
selectively recognizes Rsc4 acetylation.  b. Quanti�cation of in vivo Rsc4 acetylation 
levels relative to RSC complex levels. Average IR800/IR680 ratios are given with 
standard deviations for n = 3 independent experiments. c. Rsc4 K25R- and L120P-
containing mutants display dose-dependent MMS synthetic interactions with INO80 
components. Serial growth assays performed as in Figure 2c.

Figure 3, Chapter 3
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Figure 4. Requirement for Rsc4 acetylation in the context of Replication 
  Stress
a. The double mutant, rsc4 K25R nhp10Δ, has delayed S-phase progression in the 
presence of MMS. Mid-log phase cultures were arrested in G1 with alpha factor 
and released into 0.03% MMS. Samples were �xed in 70% EtOH. DNA content, 
where N is the copy number, was visualized based on SYBR green staining. 
Cytometry data was collected and analyzed using Cell Quest and Matlab software. 
b. Representative cytometry pro�les for mid-log (asynchronous) cultures used in a. 
c. Budding indices for cells arrested in alpha factor and released into 0.03% MMS, 
as in a. Cells with a bud diameter less than 50% that of the mother cell were scored 
as small-budded cells, whereas those with a bud diameter greater than 50% that of 
the mother cell were scored as large-budded cells. Averages values of n = 3 
independent experiments with standard deviations are given. d. Rsc4 K25Ac and 
NHP10 are synthetically required for growth in the presence of HU. Serial growth 
assays were performed as in Figure 2d, with various HU concentrations. 

Figure 4, Chapter 3
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Supp. Figure 1. Acetyltransferase Assays 
a. RSC puri�ed from WT cells is highly acetylated. Level of acetylation of RSC, 
puri�ed from WT cells, is compared with RSC puri�ed from gcn5Δ yeast strain, 
acetylated in these assays. Acetyltransferase (AcT) reactions were performed 
with mSAGA (Gcn5, Ada2, Ada3) His- Gcn5 alone, in the presence of acetyl 
coenzyme A and RSC (gcn5Δ).  b. Gcn5 is su�cient for RSC acetylation, in vitro. 
Acetyltransferase (AcT) reactions were performed as in a, substituting His- Gcn5 
for the AcT enzyme in the presence of acetyl coenzyme A and RSC (gcn5Δ). 
c. Nucleosomal H3 histones are fully acetylated by mSAGA.  Reactions were 
performed at 30C in the absence or presence of acetyl coenzyme A for 40 
minutes (lanes 1 and 3) or 150 minutes (lanes 2 and 4). Histones were resolved 
in denaturing 15% acrylamide gels. 
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a.

Supp Figure 2.  RSC acetylation is not required for 
   MMS-induced genome expression 
   changes
a. Cycling WT or rsc4 K25R yeast cells were incubated for 
indicated time points in the presence of MMS. Up- and 
down- regulated genes are indicated by blue or yellow, 
respectively.

Supp. Figure 2, Chapter 3
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Supp. Figure 3. RSC complexes with reduced acetylation 
   have similar complex stoichiometry
a. RSC complexes, puri�ed from Rsc2-TAP yeast strains, were 
analyzed on 10% SDS-acrylamide gels. RSC complexes 
containing Rsc4, rsc4 K25R, or rsc4 L120P, were compared. 
Proteins were visualized using SyproRed stain and quanti�ed 
using Image Quant software. Stoichiometries were determined 
based on the ratio of Rsc4 (**) to Sth1 (*).

Rsc4 mutation K25R
L120P

__

Rsc4:Sth1 0.376 0.379 0.292

*
**

Supp. Figure 3, Chapter 3
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Chapter 4

Concluding Remarks
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ATP-dependent chromatin remodeling complexes use the energy from ATP

hydrolysis to catalyze changes in nuclear structure. The central ATPase subunits are

sufficient for catalyzing remodeling activities, raising the question about the roles of

the non-catalytic subunits (reviewed in Chapters 1 and 2). Additionally, these

remodeler complexes regulate all DNA-dependent nuclear processes, including

transcription, replication, repair, and recombination (reviewed in Chapter 1), leaving

a remaining question about how are complexes directed to participate in these

processes. In this dissertation, these two outstanding questions were addressed. In

Chapter 2, the mechanistic functions of non-catalytic subunits of the hSWI/SNF

complex were dissected. In Chapter 3, how a chromatin remodeling complex may be

specified to an individual biological process was explored, following a novel post-

translational modification to RSC, the hSWI/SNF homolog in budding yeast. These

studies provide new insight into the biochemical and functional regulation of the

catalytic subunit.

The data presented in Chapter 1 of this dissertation provides the first

mechanistic dissection of the role of the non-catalytic subunits. Overall, these

studies revealed that the non-catalytic subunits do mechanistically alter the reaction

parameters of the catalytic subunit. Comparison of the hSWI/SNF complex and the

single ATPase, Brg1, reveals that the presence of the non-catalytic subunits lower

the KM values for both ATP and nucleosomes about 10-fold, suggesting that the
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complex could be enhancing affinity for substrates (if KM = KD). Additionally,

measurement of the KI for ADP for hSWI/SNF revealed a similar affinity as that

published for Brg1 (1:1.5). These data reveal that the non-catalytic subunits are not

simply modulating overall active site conformation, making all substrates easier to

bind, but rather are helping to enhance discrete attributes of the active site.

Moreover, this preliminary study suggests that the non-catalytic subunits can help

the ATPase distinguish between nucleotide analogs, making it a more efficient

enzyme. These data have significant implications for the mechanistic understanding

of chromatin remodeling machines. Identifying and understanding the biochemical

properties of the catalytic subunit that are tightly regulated by complex composition,

will help reveal how complexes are able to efficiently catalyze conformation changes

in nucleosome structure in vivo.

Additionally, in Chapter 1, two minimal hSWI/SNF complexes were

reconstituted, in vitro, including a 2-mer complex, Brg1-Baf170, and a 4-mer

complex, Brg1-Baf155-Baf170-Ini1. Comparison of 4-mer complex with Brg1

revealed a lower KM for nucleosomes, similar to that of the entire hSWI/SNF

complex, possibility reflecting enhanced affinity for this substrate. This data provides

supporting evidence that these conserved non-catalytic subunits are responsible for

mechanistic enhancement of the catalytic subunit. Furthermore, reconstitution of a

Brg1-Baf170 complex, provided the first evidence that these two subunits directly

interact, whereas previous pull-down assays only suggested association. The

methodology supplied here will provide a useful tool to further dissect how subunits
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interact in the context of the complex, providing a physical picture for complex

assembly.

Future studies are needed to clarify the roles of the non-catalytic subunits.

Specifically, comparison of these reaction parameters, determination of the rate

limiting step for the complexes, and studies with nucleotide analogs, such as AMP-

PNP, will reveal what attributes of the active site are distinctly modulated by the non-

catalytic subunits. Determining which reaction parameters are modulated by the

Baf155, Baf170, and Ini1 subunits will reveal whether these subunits are sufficient to

recapitulate the enhancement of the entire hSWI/SNF complex. If they are sufficient,

this could explain both the high conservation of these subunits from yeast to

mammals, as well as, why mutations in these subunits in humans have been

correlated, like Brg1, to tumor formation and metastasis.

In Chapter 2, the functional role of Rsc4 acetylation within the RSC complex

was explored, revealing bio-regulatory characteristics of the non-catalytic subunits.

Rsc4ʼs N-terminal acetylation was found to be necessary for cellular DNA damage

resistance, while not required for normal cellular growth, providing the first evidence

that the acetylation and this subunit can regulate remodeler biological functionality.

Moreover, additional studies reveal that the interaction with BD1 is required for

maintenance of Rsc4ʼs high level of acetylation in vivo and DNA damage resistance,

suggesting a new role for bromodomains. Traditionally, these motifs are considered

binding and recognition motifs for acetylation targets, serving to mediate transient
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protein-protein interactions. The work presented in this dissertation extends the

regulatory functionality of bromodomains; not only can they function to mediate

transient protein-protein interactions, but also, they can serve to maintain an

acetylation state. The data presented here suggests that maintenance of this

acetylation state that is critical for DNA damage resistance.

Furthermore, mechanistic roles for the acetylation were explored and we find

that acetylation does not modulate the core enzymatic properties of the complex,

including the ability to recognize H3-acetylated nucleosomes. This is an important

observation, as one previous study of a post-translational mark, phosphorylation, on

the hSWI/SNF complex, demonstrated regulation of both biochemical remodeling

activity and biological functionality. Therefore, the data presented in Chapter 2 is the

first characterization of a post-translational modification to a remodeler that does not

impact core biochemical properties of the enzyme but, rather, in vivo function.

Lastly, analysis of a synthetic interaction with INO80 complex revealed new

roles for RSC in replication stress pathways. Significantly, Rsc4 acetylation is

synthetically required, in the absence of Nhp10, for cell cycle progression in the

context of replication stress. This is the first evidence that not only is the Rsc4

subunit and the RSC complex important for responses to replication stress, but also

that a single acetylation mark on the remodeling complex can participate in a distinct

biological process. Recently, Gcn5, the acetyltransferase, which is necessary and

sufficient for RSC acetylation, has been implicated in replication control. It acetylates

H3 histones, impacting post-replicative chromatin reassembly (Burgess RJ et al. Cell
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2010). It also acetylates key factors involved in the initiation of DNA replication

(Paolinelli R. et al. NSMB 2009). Given these roles for Gcn5 both pre- and post-

replication, it will be interesting to explore further the roles of RSC acetylation within

replication and DNA damage pathways.

In conclusion, the work presented in this dissertation, provides mechanistic

and bio-regulatory roles for the non-catalytic subunits of remodeling complexes. Not

only can non-catalytic subunits alter properties of the enzyme active site, promoting

a more robust and efficient remodeling machine, but also they can help specify

remodeling complexes to participate in particular biological functions.
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Appendix A

Reagents for Baculovirus Expression of SWI/SNF Subunits

SWI/SNF Subunit Expression
Plasmid #

Antibodies used for
Analytical Purposes

Flag-Brg1 1306 Anti-Flag M2 (Sigma, #F3165)

Ha-Ini1 1230 Anti-HA (Covance, clone
16B12, #MMS-101R)

Baf155 1228 Anti-Baf155 (Santa Cruz, #SC-
10756)

Baf170 1227 Anti-Baf170 (Santa Cruz, #SC-
10757)
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Appendix B

Synthetic Interactions in the presence of Hydroxyurea

Background/Significance:

We find that in the absence of NHP10, Rsc4 acetylation is required for

progression through S-phase in the presence of MMS, an alkylating agent

causing stalled replication forks and single and double strand breaks. This

suggests an important role for this acetylation mark in the context of

replication stress (Chapter 3, Fig. 4d).

To follow up on this observation, all mutants with reduced levels of

Rsc4 acetylation were scored for growth in the absence of either IES3 or

NHP10 in the context of MMS and HU, a potent ribonucleotide reductase

inhibitor. By inhibiting or slowing down DNA replication with these agents, the

aim was to confirm whether RSC acetylation is critical for response to

replication stress.

Results and Discussion:

Comparing the interactions of the Rsc4 alleles with IES3 and NHP10

revealed interesting hints into the function of the Rsc4 K25 acetylation site

and both bromodomains. First in the presence of MMS, the level of Rsc4

acetylation for the individual Rsc4 alleles correlates with the level of synthetic
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Figure 1. Synthetic Interaction between Rsc4 alleles and INO80 components in MMS
Serial growth assays on YPAD and YPAD with varying MMS concentrations. Cells were
diluted to OD600 = 0.6 and pinned onto agar plates containing drugs. Images were captured
48-72 hours after 30C incubation.

sickness with nhp10Δ. Specifically, rsc4 K25R, which has no acetylation in

vivo, has the strongest synthetic interaction with nhp10Δ, while rsc4 L120P or

rsc4-2, mutants with reduced levels of acetylation, have a weaker but

noticeable synthetic sensitivity. Importantly, rsc4 L120P and rsc4-2, which

both have a two-fold reduction in acetylation in vivo, display the same

synthetic sickness in the absence of NHP10.

When the genetic interactions with IES3 are compared, however, these

mutants display different synthetic interactions. The three Rsc4 mutants, rsc4

K25R, rsc4 L120P, and rsc4-2, each display synthetic MMS sensitivity in the

absence of IES3, confirming the importance of the acetylation level with
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Figure 2. Synthetic Interaction between Rsc4 alleles and INO80 components in HU
Serial growth assays on YPAD and YPAD with varying HU concentrations, performed as in
Figure 1.

absence of INO80 function. While the difference is small, rsc4-2 behaves

more like rsc4 K25R in the absence of IES3, displaying a stronger synthetic

sensitivity than rsc4 L120P. This suggests that that in the absence of IES3

function, but not in the absence of NHP10, BD2 has a role in resistance to

MMS-induced DNA damage.

To explore these hypotheses, synthetic genetic interactions were

analyzed in the presence of hydroxyurea, a replication-specific DNA

damaging agent. Interestingly, in the absence of IES3, the BD2 mutant, rsc4

Y275H, displays a strong synthetic interaction. This says that BD2

functionality is important for resistance to replication stress, albeit in the
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absence of INO80 function. It is unclear why the rsc4 Y275H displays

synthetic lethality with ies3Δ in HU, while rsc4 K25R and rsc4-2 do not display

this lethality. Perhaps, the synthetic lethality has more to do with distinct BD2

function(s) than the level of Rsc4 acetylation.

Adding complexity to the analysis is the comparison of these mutants

with rsc4-2 ies3Δ. The mutant, rsc4-2, contains both the L120P and Y275H

mutations. However, the rsc4-2 is not synthetic sensitive with ies3Δ in HU, as

is rsc4 Y275H ies3Δ. Therefore, the rsc4 Y275H synthetic lethality with ies3Δ

is rescued by the absence of BD1 function. These data support the idea that

the functionalities of the two bromodomains are linked. BD2ʼs role, which is

redundant with IES3, is only relevant if BD1 is functional, perhaps binding

Rsc4 acetylation. It would be interesting to see if rsc4 K25R rescues rsc4

Y275H synthetic lethality with ies3Δ, like that of rsc4 L120P.

Interestingly, Rsc4ʼs BD2 has been reported to antagonize the activity

of BD1, in vitro, whereas, BD1 cannot bind when BD2 is bound by a target

acetylated peptide, and vice versa (VanDemark AP, et al. Mol Cell 2007).

Perhaps the in vitro activity is connected to a signaling functionality that is

coordinated between these two bromodomains in vivo. One model for the rsc4

Y275H ies3Δ synthetic growth in HU, is perhaps in the absence of Rsc4 BD2

and IES3 function, the persistence of Rsc4 acetylation via the interaction with
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BD1 is toxic to cells. This interaction is what needs to be tightly regulated in

order for cells to overcome the damage impeding replication progression.

Importantly, comparison of growth in the absence of NHP10 in HU with

that in MMS, echoes earlier findings that rsc4 K25R is the most synthetic with

nhp10Δ. What is different is that the rsc4-2, rsc4 L120P, and rsc4 Y25H

mutants display the same level of synthetic sensitivity with nhp10D, and not

varying degrees of sensitivity. This means one or a combination of the

following. Maintenance of high Rsc4 acetylation is not simply required in the

absence of NHP10 function. Alternatively, the acetylation is required and

NHP10 directly or indirectly regulates Rsc4ʼs acetylation level, making the

level in these three mutants the same. Further analysis of Rsc4 acetylation

levels in nhp10Δ and ies3Δ backgrounds will bring clarity to these outstanding

questions.
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