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ABSTRACT

The Conaway lab previously identified and purifeduman ATP-dependent chromatin
remodeling complex with similarity to trg&accharomyces cerevisiae INO80 complex (65) and
demonstrated that it is composed of (i) a Snf2 kaii Pase (hIno80) related in sequence to the
S cerevisiae Ino80 ATPase, (ii) 7 additional evolutionarily s@mved subunits orthologous to
yeast INO80 complex subunits, and (iii) 6 appasemtétazoan-specific subunits. In the first
part of my thesis, we present evidence that theamulRO80 complex is composed of three
modules that assemble with three distinct domainiseohino80 ATPase. These modules include
(i) one that is composed of the N-terminus of th@80 protein and all of the metazoan-specific
subunits and is not required for ATP-dependenteaasddme remodeling, (ii) a second that is
composed of the hino80 HSA/PTH domain, the actiated proteins Arp4 and Arp8, and the
GLI-Kruppel family transcription factor YY1, andifia third that is composed of the hino80
Snf2 ATPase domain, the les2 and les6 proteinsA&#et+ ATPases Tip49a and Tip49b, and

the actin-related protein Arp5. Through purificatiand characterization of hINO80 complex
subassemblies, we demonstrate that ATP-dependel@asome remodeling by the hINO80
complex is catalyzed by a core complex compriseti@hlno80 protein HSA/PTH and Snf2
ATPase domains acting in concert with YY1 and thenplete set of its evolutionarily conserved

subunits.

In the follow-up chapter, we seek to define theuregnent for assembling core subunits les2,
les6, Arp5, Tip49a and Tip49b, and distinguishrthanctional contribution to INO80 chromatin
remodeling process. We obtained evidence that ffea&e insertion regions of INO80 family
ATPases are necessary and sufficient for assemdilliiog the five ATPase-associating subunits

les2, les6, Arp5, Tip49a and Tip49b. The missingolusion of this insertion module correlates



with loss or gain of nucleosome binding capacityhef INO80 subcomplexes, suggesting they
contribute to nucleosome binding. Consistent whik hypothesis, the subcomplexes missing the
insertion module were not able to bind to nucleosotinus they were deficient in nucleosome-
stimulated ATPase and ATP dependent nucleosomed&mg activities. Within the insertion
module, les6 and Arp5 form a heterodimer, and ariailly dependent for assembly into

INO8O0. The heterodimer is dispensable for INO80TAse activity, but is required for the
optimal nucleosome remodeling, presumably viaotsigbution in nucleosome binding. On the
contrary, les2 assembles independently of the Aegb-dimer, and is absolutely required for the
catalytic activities of the INO80 complex, whilesgensable for the binding affinity to
nucleosomes. Our studies described in this thbgd kght on the structure and function of the

human INO80 chromatin remodeling complex.



ACKNOWLEDGEMENTS

To reach this chapter of my graduate study andif@yllcan not express enough gratitude to my
mentors, Drs. Joan and Ronald Conaways. Firsi,dhaly made it all possible by letting me join
the Conaway lab, and embark on the research of muN@80. Moreover, throughout my
training in the lab, they opened the doors and simawhe way to the wonderful world of protein
science and biochemistry. Joan, who | initially imeer transcription lecture t6'year IGPBS
students, introduced me the history of the trapsion field and made me re-live those days and
nights of experimental effort by Joan and Ron tedtto the purification and identification of
general transcription factors for the eukaryotamscription system. Ron, though not heavily
involved in teaching duties, kept giving me impatteessons that essentially shaped my way of
thinking of molecular biology. He shared with me kirong belief in the power of vitro well-
defined biochemical approaches and their poteatiatribution to medicine and biology. He
also taught me his “smart” strategies of identifyinteresting projects, and how to prioritize

them.

| have to say Joan and Ron’s way of mentoringngi amazing, because they seldom tell you
what you should or should not do, and never pangelr at your naiveness and mistake. Instead,
they patiently lead and teach with their own exampl “silently” demonstrating to us their
enthusiasm toward science, honest and rigoroudatdin evaluating science, and hardworking
ethics in weekends and holidays. To me, all ofdhee contagious. As a result, | have been
quietly transformed from a green newbie (only eglewnt to a western robot) to a trained
biochemistry phD who is capable of designing amidoating controlled biochemistry
experiments, and interpret results in a rigorous @utious way. Additionally, | was allowed to

freely explore and mature in a research environmghbut much pressure and worries, so that |



can test my ideas, follow my heart and interestd,@rry out my research projects with all the
support and freedom that | need in the world. Momgortantly, at the moment of finishing my
study, | still appreciate and believe in hard wdhe beauty and power of mechanistic studies

and biochemistry.

Besides talking about their science, you can mopbi do without appreciating how great of
people Joan and Ron really are. They treat peoplerespect, generosity, kindness, humor and
great deal of fairness. During my darker and stodanys of my graduate studies, Joan and Ron
lent me unconditional supports; whenever | madiyredly mistakes in the lab, the bad ink has
always been embraced and diluted by their smildsramense tolerance. | think that my
learning from them on how to be a responsible, Bhr@end independently functioning individual

is another huge part of the wealth that | inherftech my tenure in the Conaway lab.

My graduate school studies started and end witth paimctuated by interactions with my
wonderful graduate committee. Beside Dr. Joan Cayalr. Aron Fenton is the co-chair, who
taught me metabolism in my IGPBS module 1 clasenTbr. Kenneth Peterson, Dr. Joseph
Fontes, Dr. Joe Lutkenhaus, together with Joang wex lecturers in the IGPBS module 2
molecular biology course, which was one of my féeor| appreciate their teaching both in the
classrooms, and their continued input and supparty comprehensive exam, every one of my
committee meetings, the dissertation writing, andfimal defense. Special thanks go to Joan
and Joe for their critical revision of my thesids@, | want to thank Dr. Philippe Prochasson, the
ex-member of the committee, for help and suggestthuring our meetings as well. Their
professionalism and helpful contributions are thesothat | will always be thankful, which

keeps up the belief that working hard can alwayg heu reach your destination.

vi



Last but not the least, | want to thank the IGPB&m@m of Kansas University Medical Center
for the opportunity that allowed me to come to andsue my study in the U.S.; | want to thank
Stowers Institute for Medical Research and alldhtstanding core facilities for making my
research possible, and the department of Biochgnaatl Molecular Biology @ KUMC for
seminars and supports. Also, I, myself, am and rogkws in debt to help from all Conaway lab
members, past and present, especially Drs. Yong&hdingji Jin, Dr. Dotan Sela, and Dr.
Aaron Gottschalk. In addition, my lovely wife, Mengng Li, has been offering me great

support, courage and positivity along in my sunng aot so bright days.

| am ready to turn to a new chapter of my caredrld®, but these thank you and cherished

memories will always be there deep in my heart.

Lu Chen

2013-09-18

vii



TABLE OF CONTENTS

CHAPTER I.INTRODUCTION AND LITERATURE REVIEW........ccocoiininineneneeeeeens 1
Nucleosome is the basic unit of the chromatin $tmec...............ccooeeeeieiiiiiiiiiiiiiiiinns 1
Nucleosomes inhibit aCCESS 10 DNA ... ... e e 5
Nucleosome and its modification play a regulatafg in nuclear transactions............ 6
The history and logic of chromatin remodeling..............ccceeiiiiiiiiiieeee 9
Structural Characteristics of SWI/SNF2-like ATPaSBIOr ............ccoevvvviiiiiiiiiiinnnnee. 12
Subfamilies in Snf2-like chromatin remodeling fasta...........c..cccceeeeeeiiiiiiieienen 16.

SWI/SNF family remodeling factors...........occeeeveviiiiiiiiiiie e 16
ISWI family remodeling facCtors ..........oovvieeeeiiiieeeecrs e 18
CHD family remodeling factors ............oovveeeieiiiiieeiicrr e 18
INOS8O family remodeling factors........ooooiieeeeei e 19
Mechanisms of chromatin remodeling .........ccooeeuuiiiiiii s 21
Combinatorial Assembly of chromatin remodeling Ct8RPS ..........ccovvvvvvivieiiiiinnennnn. 25

CHAPTER II. METHODS TO GENERATE AND CHARACTERIZE HUMAN INO80

CHROMATIN REMODELING COMPLEXESAND SUBCOMPLEXES.........ccccecvrennene. 28
1) Generation and culture of HEK293 stable cebsiexpressing full length or mutant
versions of FLAG epitope-tagged Ino80 or other ING8bunits...............cccvvvvvnneee. 33
2) siRNA-mediated knockdown of INO80 subunits itiscexpressing another FLAG-tagged
INOBO SUDUNIL. ... eeemm et a e e e e e e e e 36
3) Preparation of NUCIear XIracCtS..........ccceeer i 38
4) Immunoaffinity purification of the human INO80mplexes or subcomplexes. .... 41
5) Biochemical assays for analyzing activitiesNOIBO or INO80 subcomplexes..... 44

a. ATP-dependent nucleosome remodeling assay...ccccee.cceevvvvvvveeeeveiivnnnnnnnnnn. 44
b. Mononucleosome DINAING ASSAY ............oummmmmeeerrrnnniiiiiiieeeeeeeereeeeeeeennnnn. 51
c. DNA- and nucleosome- dependent ATPase ASSAY..........cuuvrrrreiiiiieeeeeeennn 52

CHAPTER I11. SUBUNIT ORGANIZATION OF THE HUMAN INO80 CHROMATIN

REMODELING COMPLEX ....iiiiiiiiiiieiesie sttt sttt s sneeneens 67
Defining the architecture of the human INO80 chromemodeling complex ......... 71
Evolutionarily conserved INO80 core complexes ga@lATP-dependent chromatin
remodeling ACHVITY ......ccooe i e 76
Phosphorylation and regulation of the human INOBOC...............coevviiiiiiiiiiiineennn. 81

CHAPTER IV. CHARACTERIZATION OF THE ORGANIZATION AND FUNCTIONS
OF CORE SUBUNITSOF THE HUMAN INO80 CHROMATIN REMODELING
COMPLEX .o bbb e e b r s 98

The Ino80 family specific insertion region can dietassembly of all the subunits that
associate with the snf2-like ATPase domain. .....cccc..uvveiiiiiieiiiieeeieeeeeeeeeiiiiiees 105

viii



Structural integrity of the Ino80 insertion is raeal for assembly of ATPase-binding subunits
les2, 1es6, Arp5, and TiPA9a/Dh. ............ s eseieeeeeeeeeeeeeeeeeeeare e s 109

les6 and Arp5 can interact, and are mutually depenibr their association with Ino80;
whereas, les2 assembles with Ino80 independentlyeolies6-Arp5 heterodimer. ... 113

The intact Ino80 insertion in concert with lesx8eArp5, and Tip49a/b are collectively
required for the nucleosome binding, remodeling AmBase activities of the INO80

(00] 0] 0] 13 (S PR UPPPPPPPPPPRN 117
The contribution of les2, les6, and Arp5 to thelaasome remodeling process of INO80
........................................................................................................................... 124
CHAPTER V. DISCUSSION....couiiiiiesiiniesiesiesiesieeeeee sttt sse st st s b s s sseeneenes 134
Modular organization of the human INO80 chromaé@imodeling complex............. 134
The Helical Domain 2 (HD2; Protrusion2) region nd80 is important for the activities of the
(00 101 0] 1= GOSN 137
Insertion regions of INO8O0 family snf2 like ATPadieect subunit assembly........... 141
Organization of the insertion Module.........ccooiiiiiiiiiiiii e, 142
Ino80 insertion region recruits a module of submtiiat supports nucleosome binding144
Arps and HSA domain in nucleosome remodeling ce.....coovvvviiiiiiiiiiiiieeeeeeeeee, 145
les2 and les6 as bona fide components of INO80 EX@S..............ccevvvvvenciieenennn. 148
CHAPTER VI. REFERENCES.........coo ottt s 150



TABLE OF FIGURES

Figure 1 Nucleosome COre PartiCle StrUCTUMN . commee.vvvreeiiiee e e e eeeeeee e 3
Figure 2. The nucleosome, fundamental particldefaukaryotic chromosome. ................... 4....
Figure 3. Post-translational modifications of humaigleosomal histones.............cccccevvvueee. 7
Figure 4. Conserved blocks contribute to distiree8tructural features of Snf2 family proteins.15
Figure 5. Remodeler Families, defined by their AJ&Ra.............cceeeiiiiiiiiiiiiiii e, 16
Figure 6. Combinatorial Assembly of Chromatin Regoity Complexes...........ccccevvvvvvvnnnnns 27..
Figure 7. Flow chart of the method Chapter...........coooooi i 33
Figure 8. Diagram showing the two strategies ueageherate INO80 subcomplexes that contain
A SUDSEL OF SUDUNITS. ..ot e e e e e e e e e e e e e e e e e s e e aaanees 59
Figure 9. Nucleosome remodeling and binding aoéisiof INO80 and INO80 subcomplexes. 61
Figure 10. DNA- and nucleosome-dependent ATPASB/8SS........ccuvuvviriruiiiiiinneee e e s 64
Figure 11. Schematic diagram showing the domaiaroggtion of the hino80 ATPase and
hINo80 mutants used iN thiS ChAPLET ... 72
Figure 12. Modular organization of the hINO80 coaxol.............ouuuiiiiiiiiiiiii e 74
Figure 13. Nucleosome remodeling activities of hBO@omplex and hINO80 complex
SUDASSEMBIIES. ..o 78
Figure 14. DNA-dependent ATPase activity associatigid wild type hINO80 complexes and
hINO80 complex sSubasSEMBIIES. ............viceeeeemee e e e 80
Figure 15. Modulation of DNA-dependent ATPase atstilsy the hino80 CTD............eeevennnnnn. 81
Figure 16. Ino80 CTD region negatively regulatesPase activity of INO80 complexes......... 83
Figure 17. Human Ino80 CTD can be phosphorylateenagurified from nuclear extracts of
HEKZ293 CEIIS. ..ottt e e e e e e e e e e e e e e e e et ee e et bbb as 85
Figure 18. The hypo-phosphorylated Ino80 CTD is lefsa potent ATPase inhibitor ............... 86
Figure 19. De-phosphorylated INO80 complexes areeraotive in DNA- and nucleosome-
StIMUIALEA ATPASE GSSAYS. ...iiiiivieeeeertceemmmmnsearseeeeaeeeeeeeeteeeeeerrttrnnn e aaaaaaeeaaeeeeees 88
Figure 20. Identification of novel phosphorylatisites on IN080 CTD ...........ceeeeeeevvvvvvvaneee. 90
Figure 21. Cell cycle specific phosphorylation geobf purified INO80 complexes or Ino80

3 I SRR TP PP 93
Figure 22. A predicted triangle brace region of8@@ccounts for majority of the inhibitory
effect 0N INOBO ATPASE ACHVILIES .......uuuteeeerieiiiiiiiiiiree et beeenne e as 97
Figure 23. Schematic representation of the IAdBATPase derivatives carrying insertion
L0101 7= U1 o] o - SO OOPPPPPPPPPPPPRR 107
Figure 24. Subunit composition of INO80 complexed NOBQN subcomplexes carrying

1 ISTeT Lo T 0 0 U £= 14 0] PSP 108
Figure 25. Basis of design for Ina8N insertion deletion mutants............ccccccvvvviiiviiicnnnn. 111
Figure 26. Subunit composition INO&N subcomplexs with depleted INO80 core subunits
targeted DY SIRNAS ... e er e e e e e e e e e e e e e er e 114
Figure 27. les6, but not Tip49a and/or Tip49b,riates with Arp5 in a heterologous insect cell
EXPIESSION SYSTEIM L.ttt ettt ettt e e e e e e e e e aaaaaaeeeaeeeeeeeeeeseennnnnnn s 116



Figure 28. INOBQAN BRGins subcomplexes exhibited compromised nuol@esremodeling

ACTIVITIES ..ottt oottt ettt e e e e e oo e e e e e e e e et e e e e ae e ettt et e et bbnb b a e e e e e e aaaaas 119
Figure 29. Nucleosome binding ability of INO80 dege on the Ino80 family insertions and
ASSOCIALING SUDUNITS ...t e e e e e e e e e e e e e e e e e e e e e ee e e e rebnnn s 120
Figure 30. The Ino80 ATPase insertion and its aaing subunits are required for optimal
nucleosome stimulated ATPase activity of INOBO CEXES............cvvvvvviiiiiiiieieeee e 121
Figure 31. Ino80 ATPase insertion-binding subumisept les2, are important for INO80

(LU Tod =0 X0 4T o] 1 o {1 oV [ 123
Figure 32. les2, but not les6 and Arpb, is absolutxjuired for the ATPase activity of INO80
........................................................................................................................................... 126
Figure 33. les2, les6 and Arp5 are required forogptamal INO80 chromatin remodeling activity
........................................................................................................................................... 128
Figure 34. Ino80 insertion module is critical faetINO80 nucleosome sliding activity ......... 130
Figure 35. les6 and Arp5 are critical for nucleosdsmding and chromatin remodeling activities
OF INOBID ...ttt ettt ettt e e e e e e e bbb bbbttt e et et et e e e e e aeeaeaaas 133
Figure 36. A summary of the modularity of INO80 @matin remodeling complexes............. 135
Figure 37. Modeling of human Ino80 structure basedebrafish Rad54.......................... 139
Figure 38. A proposed model explaining the stmattand functional relationship of INO80

(o0 (ST o] 0 o1 £ PP PT 145

Xi



Chapter I. Introduction and literature review

Nucleosome is the basic unit of the chromatin structure

The existence of histones was first recognized riwe a century ago by Kossel et al.
(73) in 1884. Histones were initially identified asiversal components of eukaryotic
chromosomes with a mass level very similar to tfidhe DNA; therefore, histones at
that time were reckoned as candidate for carrigh@fgenetic material. Subsequently,
histones were thought to exist in diverse formgstivere considered as a good candidate
for regulating gene expression. The proposed diyersowever, turned out to be an
artifact of the histone purification procedure. kigplt was used to extract histones from
thymus tissue, whose abundant proteases can rekgjhade histones into different
“forms”. The degradation problem was circumventdtewacid extraction was
appliedand 5 types of histones, namely H3, H4, H22B, and H1, were evident (102).
People then realized that histones are among tis¢ ewolutionarily conserved, invariant
proteins. Meanwhile, histones were notoriously harstudy due to their sticky nature —
they bind to DNA and one another avidly, and foiggragates. Histones were then

regarded as passive coating material of DNAs.

A major breakthrough in understanding the orgagizirinciples of histones came from
Kornberget al. (72), who observed that a periodic pattern of B0®f DNA repeats was
obtained by nuclease digestion of the chromatirablivers(58, 91), providing the first
evidence supporting the model that the nucleosartigei basic repeating unit of the
chromatin structure. In addition, histone proteungjer mild extraction condition, were
cleanly separated into two groups, H3/H4, and HZBH133). Through combining the

results of equilibirum ultracentrifugation and cheah cross-linking analyses, Kornberg



et al. (72) proposed the histone octamer model, in whidlicleosome is composed of an
H3/H4 tetramer, and two H2A/H2B dimers. The obseoveof a repeated histone
octamers was then supported by electron microscoge of particles corresponding to

the repeating nucleosome structure (93).

A high-resolution structure of the nucleosome phatas solved by Lugex al. (84),
validating the nucleosome model. This importantigtdemonstrated the globular nature
of histone octamers and detailed interactions batvestones and DNA, which locate to
the phosphodiester backbones of the inner surfaitee dNA superhelix (Figure 1).
Notably, no contact with the bases of DNA was obsgr suggesting histone-DNA
interactions lack DNA sequence specificity, promglia mechanistic explanation for the
observation that a histone octamer can packageteseany given piece of DNA. In
addition, the basic amino-terminal tails of allgte histones pass through the DNA
superhelix without structural hindrance and protrodtward from the histone octamer.
These unstructured histone tails are highly flexdohd carry rich information in the form
of reversible chemical modifications. The spectfienbination of various post-
translational modifications on the histone tailsates various nucleosomal interfaces,
enabling downstream interaction with wide varietgloromatin proteins, ranging from

neighboring histones to other regulatory enzymes.



Figure 1 Nucleosome core particle structure.

The nucleosome is the fundamental repeating unit of chromatin. Both its internal and higher-order
structures are crucial to the functioning of DNA in the nucleus. This structure contains 147 base pairs of
DNA and two copies of each of the four core histone proteins: ribbon traces for the DNA phosphodiester
backbones (brown and turquoise) and eight histone proteins (blue: H3; green: H4; yellow: H2A; red: H2B)
Figure adapted from Luger, K et al..

The first level of chromatin compaction is the argation of the nucleosome structure.
Native chromatin has been shown to appear as 1deamis-on-a-string by electron
microscopy under conditions of low ionic strengdd). With the addition of salt,
chromatin array appears to become more compaatesedhble fiber-like structures with
a diameter of approximately 30 nm (110). This 30atmomatin fiber constitutes the
second level of chromatin compaction. A furtherellesf chromatin and DNA
compaction can be attained in the metaphase chammeg-igure 2)How nucleosomes
are arranged in the chromatin fiber is still a hotbated question. Most models suggest
the 30 nm fiber is made of a helical assembly sifiag of zigzagging nucleosomes (39).
Among many contributors to higher order chromatmgpaction, histone H1, also called

the linker histone, promotes coiling or folding3f nm chromatin fibers (105). In



addition, histone tails can form contacts with hégring nucleosomes, thus promoting
higher order compaction of chromatin fibers. Indesegporting evidence from the
aforementioned crystal structure of the nucleosbyneugeret al. suggests H4 tails may
contact a patch on the H2A-H2B dimer of the neighitgpnucleosome. Conceivably,
posttranslational modification of the histone tais either facilitate or abolish these
inter-nucleosomal interactions; thereby modulathmyorganization and accessibility of

chromatin for other chromatin-templated transai(i?8).

——_polli

Figure 2. The nucleosome, fundamental particle of the eukaryotic chromosome.

Schematic shows the coiling of DNA around a set of eight histones in the nucleosome, the further coiling
in condensed (transcriptionally inactive) chromatin, and uncoiling for interaction with the RNA pol Il
transcription machinery.



Nucleosomes inhibit access to DNA

The wrapping of DNA around histone octamers occluae face of the DNA double

helix and was initially hypothesized to interferghwmany nuclear transactions,

including transcription, replication, DNA damag@ae and recombination. Indeed, early
work showed that packaging promoter sequencesnwitteosomes inhibits transcription
initiation events by both bacterial and eukary®&NA polymeraseg vitro (80). A

similar inhibitory effect on transcriptioim vivo was also evident from genetic
experiments in yeast (53). These and other obsenslied to the model that histones

and nucleosomes in general repress transcription.

Two mechanisms have been proposed to contributariscription repression by
chromatin structure: (i) at the level of a chromdiiber, histone tails interactions play a
vital role in establishing the higher order arctiitge of chromatin, and posttranslational
modifications on histone tails regulate this pra¢é€s) at the level of single nucleosome,
the contacts between the histone fold domain and pbdse a hindrance for the basal
transcription machinery to access the DNA basgxaslly at key promoter and/or
enhancer sequences. Condensation of the chrontamniiay be relieved by an increase
in histone acetylation level catalyzed by histooetgtransferases (HATs), and be re-
established by the counteracting histone deacatgterases (HDACSs). On the other
hand, the hindrance pose by interactions within@deosome core particle can be
counteracted by a family of enzymes, namely ATPedéent chromatin remodeling

factors, which will be the main focus of this tresiork.



Nucleosome and its modification play a regulatory role in nuclear
transactions

The discovery of various combinations of histonelifications and their correlation with
transcriptional outcome has provided evidence ppstt a regulatory role of
nucleosomes for gene expression. Acetylation otiplallysine residues in the histone
tails is associated with active transcription. Adbhially, heterochromatic regions of the
genome lack acetylation and are constitutivelytiwmador transcription. Moreover,
substitution of H4 lysines with un-acetylatableianges abolished the expression of a
group of inducible genes (8). Finally, many prewliyudentified transcriptional

coactivators, such as SAGA and CBP/p300, actualtyain HAT activity.

The connection between histone acetylation anddtrgstion is further supported by the
finding that histone deacetylation caused by HDA®&S repress transcription (123).
Several corepressor complexes have been showrsseg®HDAC activity, such as
Rpd3, and HDACL1. Arguing that histone deaceylatmseaare sufficient to confer
transcription repression, yeast and mammalian RpdB$e directly fused with a
heterologous DNA-binding domain and can sufficigmtlediate transcription repression,
which is sensitive to inhibitors of histone deatatgs. In the physiological setting, all
HDACSs identified so far reside in large multi-prioteomplexes with other non-catalytic

subunits playing an essential role in regulating &mgeting HDAC activity.

Besides acetylation, histone globular domains aitsl @&re subject to a wide variety of
posttranslational modifications, which include mydtion of arginine (R) and lysine (K)
residues; acetylation, ubiquitination, sumolatiang ADP-ribosylation; and

phosphorylation of serines (S) and threonines Eigure 3). Much evidence has



suggested a correlative relationship between cetygies of modification and the
transcriptional outcome of the underlying gene.itranscription is usually associated
with acetylation of multiple residues in H3 and t#éd with di- or tri-methylation of H3
at lysine 4 position; heterochromatic and intergeagions of the genome often are
transcriptionally inactive and are commonly assedavith H3 K9 methylation and H3
K27 methylation (74).
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Figure 3. Post-translational modifications of human nucleosomal histones

The modifications include acetylation (ac), methylation (me), phosphorylation (ph) and
ubiquitination (ub1). Most of the known histone modifications occur on the N-terminal tails of
histones, with some exceptions including ubiquitination of the C-terminal tails of H2A and H2B
and acetylation and methylation of the globular domain of H3 at K56 and K79, respectively.
Globular domains of each core histone are represented as colored ovals. Figure adapted from
Bhaumik et al. (7)

Specific histone modification patterns annotatentteazoan genome and holds
predicative power for transcriptional outcome tenaflg and spatially. Silenced, but

developmental poised, genes have shown to be edrfoin a specific modification



pattern of overlapping H3K4 methylation and H3K2&thylation in their promoter
nucleosomes, the so-called bivalent domains (6dlithwhally, H3K4 mono methylation
and H3K27 acetylation have been identified as ted@minant modifications deposited
at nucleosomes flanking enhancer elements, andbesse successfully used as a key

signature to isolate enhancer sequences at a genml@ecale (20).

The complexity in the type and combination of higtanodifications resembles a
“histone code” that may define functional statestofomatin and regulate various
chromatin-templated transactions. The detailed iew@isims by which cells may interpret
this histone code are subjects under intense ilgatisin. Two non-mutually exclusive
models have been proposed: the first “direct modegcribes the scenario that histone
modification may directly affect chromatin condet@a and decondensation, as
mentioned above in the case of acetylation on héstails. Mechanistically, the addition
of an acetate group reduces the positive chargfeedi/sine side chain, thus attenuating
the favorable interactions between basic histongeprs and the negative charge of DNA
(118, 119, 131). Histone phosphorylation would seas another example of the direct
model (1). A second “reader-effector” model progb®t various histone modifications
are “read” by effector proteins carrying specigcognition pockets, facilitating
downstream biological events via the recruitmerdtabilization of other chromatin
remodeling and/or modifying complexes (e.g. HATBACLCS), or general transcription
machineries (RNA polymerases, general transcrigaotors)(114). Biochemical and
biophysical methods have uncovered a wide rangeoofular protein domains that
specifically recognize histone modifications in aywthat is dependent on both

modification state and position within a histonetpm. Histone tails carry a rich



combination of posttranslational modifications,atneg endless possibilities to be
recognized by downstream effector proteins. ThusJifications of histones may provide
an integrative platform, permitting chromatin coey#s to receive information from

upstream signaling cascades (24).

The history and logic of chromatin remodeling

As introduced earlier, nucleosome packagagse is inhibitory to transcription,
presumably because it blocks the access of the trasacription apparatus and activator
proteins to DNA. However, at actively transcribeshgscis regulatory DNA sequences,
such as promoters and enhancers, have been repmiiechypersensitive to nuclease
digestion and are likely to be devoid of nucleosssigggesting a requirement for an
active mechanism by which nucleosome structureoasdpancy in key regions of the

eukaryotic genome can be controlled and regulated.

The most well studied histone modifications soafi@ those that occur on the amino
terminal tails of histones. As introduced previgusilistone tail modifications play
important roles in regulating higher order chromatiganization and in recruiting
downstream effectors, but they are less likelyaweha major impact on nucleosome core
structure, since the tails protrude away from thie @article, and do not contribute

directly to any histone core-DNA interaction.

An understanding of mechanisms responsible forrobimgy nucleosome occupancy
began to emerge with the discovery of ATP-dependerdmatin remodeling factors as
essential regulators of chromatin structure ance gepression. The first chromatin

remodeling factor identified was the yeast SWI/SMmplex (swich/aicrose



nonfermermentable). The realization of the functiom gfroup of genes encoding
subunits of SWI/SNF complexes was initially obscliog the fact that multiple
phenotypic traits were observed when these genesmweatagenized in several screens
conducted in the budding yeasts. These diversegiyyees include the inability to
undergo mating-type switching (51); increase theéatmn rate of mitochondrial genes
(45); and defects in sugar fermentation (88). Tist évidence to suggest that these
swi/snf genes may affect gene transcriptioa altering chromatin structure came from
the work by Hirschormt al. (59). First, these authors observed that thestrgotional
defects in strains lacking these swi/snf genesdcbalsuppressed by genetically deleting
one of the two sets of genes encoding histone HRAHZB; second, in two swi/snf
mutants, they observed an altered nuclease diggséitbern of the SUC2 promoter,
suggestive of a change in chromatin structure.dlteeged chromatin structure could be
rescued by reducing expression of H2A-H2B, butupain inhibiting specific

transcription initiation from the SUC2 promoter tmtating its TATA box.

Laurentet al. and Cairngt al.. provided evidence that several of the SWI/SN¥egins
physically associate with each other during immueojpitation and chromatographic
separation, including SWI1/ADR6, SWI2/SNF2, SWIBIFS, and SNF6 (19, 76). This
multi-subunit complex, referred to as the SWI/SMplex, was the first chromatin
remodeling complex to be identified. Yeast SWI/Sédimplexes were subsequently
shown to be required for transcription by DNA-sfiecactivator proteins, including
yeast GAL4 and the glucocorticoid receptor expréssegeast (100, 145). A mechanistic
explanation was provided by Cadeal. (30), who showed that the binding of GAL4 to

nucleosomal DNA could be dramatically enhanced W{/SNF complexes in a reaction
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that depends on ATP hydrolysis and the presentieeafatalytically active SWI2
subunit. Moreover, SNF2, SNF5, and SNF6 were fdorfee sufficient to activate
transcription when tethered to DNA by fusing withexA DNA binding domain (75).
Therefore, the SWI/SNF remodeling complex was psepddo be generally a
transcriptional coactivator complex that can aiter structure of promoter chromatin in
an ATP-dependent way, thus facilitating activitdsequence-specific transactivators

and the RNA transcription machinery.

The SWI/SNF chromatin remodeling complex is evolodirily conserved, with
homologous subunits having been identified in mgpgcies, from yeast to flies, plants,
and mammals. Supporting the role of the SWI/SNBmtatin remodeling complex as a
transcription coactivator, tHerosophila homolog of SWI2/SNF2, Brahma (BRM), was
identified in a screen for genes that suppresbdlaly segmentation defects caused by
polycomb mutations (70). Such suppressor genes designated trithorax group genes,
among which are other chromatin remodeling facterg. ISWI), and histone modifying
proteins (e.g. trithorax/MLL). It is known that neced expression of the Hox gene locus
can lead to the kind of homeotic transformationrtgpe that was evident in BRM
mutants, suggesting BRM plays a role in maintainimgproper expression of Hox
genes. Proteins encoded by the Polycomb grouprefsgeere demonstrated to co-
associate and assemble into multi-protein complkres/n as PRC1 and PRC2, which
are well known gene repressors capable of modglaistone modification and
chromatin structure (120). Therefore, BRM and otifeomatin remodeling factor can
antagonize the silencing effect by well-known chatim modulators, strengthening the

idea that they regulate gene expression via madglahromatin structure. Subsequently,
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it was observed that the BRM complex (i) was asgedi with regions of actively
transcribed regions that were not bound by polycgnolip proteins and (ii) was required

for the association of RNA polymerase Il with saliy gland chromosomes (3).

Structural Characteristics of SWI/SNF2-like ATPase motor

The yeast SWI2/SNF2 gene encodes a protein thanmlogous to other ATP-
dependent DNA and/or RNA helicases (77). Helicasesbe subdivided into 6 helicase-
like superfamilies (SF1-SF6) on the basis of prymsaquence similarity. SF1 and SF2
share sequence similarity in their common corectvis comprised of two RecA-like
domains (124), whereas SF3-SF6 are ring-forming&sts. The budding yeast Snf2
protein and proteins with similar primary sequehaee been categorized as members of

the SF2 superfamily (43).

The two RecA-like domains of SF2 helicases are eaamprised of 7 short but ordered
helicase motifs, designated motifs I, Ia, II, IV, V, and VI (49), which adopt a bi-
lobular structural fold with a central opening tla$ its active site (Figure 4, model built
based on the published crystal structure of zedird®iad54A [pdb 1Z31 (127)]). Motif |
contains the “Walker A” motif and is responsible binding of the triphosphate tail of
ATP (99); Motif la forms the edge of a shallow gveaacross the surface of the protein
and may be involved in binding to DNA; Motif Il tte DEAD box motif (111), also part
of the “Walker B” motif, and has been implicatedbinding of Md"*, which is required
for ATP hydrolysis by both DNA and RNA helicase$)IMotif Il functions as a
hydrolysis sensor, and is likely involved in theipbng of ATP hydrolysis to helicase
activity (99); Motif IV forms the linkage betweehd two RecA like domains, running

underneath and then forming a part of the ATP Inigdite. Motifs V and VI contribute

12



both to the sides of the ATP binding site and donmaterface and could be important for
regulating the helicase activity of the protein4L2The collective function of the two
RecA-like domains has been proposed to orchedtaatsformation of chemical energy
released from ATP hydrolysis to mechanical forcesing the translocation of these
RecA-like helicase motors on a nucleic acid substiBhis model may represent a more

general mechanism used by many other RecA domaiaicing enzymes (144).

The inclusion of a Snf2-like motor ATPase has beelefining feature for all ATP-
dependent chromatin remodeling machineries. The reasarkable feature of the Snf2
family structure compared to other known SF2 membeg several additional structural
elements grafted onto the RecA-like core strucfbrgure 4B-F). These Snf2-specific
features comprise: 1) Two anti-parallel alpha lalprotrusions 1 and 2 (Figure 4C),
with protrusion 1 sticking out from the RecA-likerdain 1 (snf2-N), and protrusion 2
sticking out from the RecA-like domain 2 (snf2-@).A structured linker between the
two RecA-like domains (Figure 4D), which connetts two protrusions. The two helical
protrusions and the linker are all encoded withrealarged span between motif 11l and
IV (Figure 4G). 3) A triangular "brace motif* (Figri4F) is packed against protrusion 2
and encoded by sequences immediately downstreamotiff VI, the last conserved motif
of the snf2-like ATPase region. 4) A major insantgite is also located next to the
protrusion 2 (Figure 4E, 4G). The presence of imm&s of variable lengths led to the
description of Snf2 family proteins as “split” AT&s. The discontinuity of the RecA-
like ATPase domain defines itself as a bipartitmbmation of SNF2_N and Helicase_C

(43).
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Snf2-like proteins are not only ubiquitous in eykdes but also are present in eubacteria
and archaea. A homology search of the human geagaiast yeast Snf2 reveals a high
degree of homology with 26 other ATPase domain-aiontg proteins. Despite the
similarity in the core Snf2-like domain, these hum&nf2-like proteins are genetically

non-redundanin vivo, indicating they play specialized and diverse fioms (56).
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Figure 4. Conserved blocks contribute to distinctive structural features of Snf2 family proteins.

Structural components of Snf2 family proteins relevant to the conservation are illustrated on the zebrafish
Rad54A structure [pdb 1Z31(127)]. (A) Core RecA-like domains 1 and 2 including coloring of helicase
motifs (1 in green, la in blue, Il in bright red, 11l in yellow, IV in cyan, V in teal and VI in dark red). (B) Q
motif (pink). (C) Anti-parallel alpha helical protrusions 1 and 2 (red) projecting from RecA-like domains 1
and 2, respectively. (D) Linker spanning from protrusion 1 to protrusion 2 (middle blue). (E) Major
insertion region behind protrusion 2 (light green). (F) Triangular brace (magenta). (G) Schematic diagram
showing location of structural elements and helicase motifs colored as in A—F, with conserved blocks
shown as white boxes. Spans identified by Pfam profiles SNF2_N and Helicase_C are shown flanking the
major insertion site. Figure adapted form Flaus et al. (43)
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Subfamilies in Snf2-like chromatin remodeling factors

Snf2-like remodeling enzymes can be further sub@iiinto four subfamilies on the
basis of protein motifs and domains found outsidéheir RecA-like ATPase core
domain. All four utilize ATP hydrolysis to altergione-DNA contacts, and share a
similar ATPase domain. However, all four family mwmens are also specialized for a
given biological purposes and contexts, impartediigue accessory domains residing

in the core Snf2-like ATPase subunit, and alsothgoaccessory subunits.
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Figure 5. Remodeler Families, defined by their ATPase.

All remodeler families contain a SWI12/SNF2-family ATPase subunit characterized by an ATPase domain
that is split in two parts: Snf2-N (red) and Snf2-C (orange). What distinguishes each family are the unique
domains residing within, or adjacent to, the ATPase domain. Remodelers of the SWI/SNF, ISWI, and CHD
families each have a distinctive short insertion (gray) within the ATPase domain, whereas remodelers of
INO80 family contain a long insertion (yellow). Each family is further defined by distinct combinations of
flanking domains: Bromodomain (light green) and HSA (helicase-SANT) domain (dark green) for SWI/SNF
family, SANT-SLIDE module (blue) for ISWI family, tandem chromodomains (magenta) for the CHD family,
and HSA domain (dark green) for the INO80 family. Figure adapted from Clapier et al. (25).

SWI/SNF family remodeling factors
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As previously mentioned, the budding yeast Snf2gdnas the founding member of the
SWI/SNF subfamily and indeed of all Snf2 family m@sheling factors. Snf2 proteins of
this subfamily contain HSA (helicase-SANT) and pdSIA domains and a C-terminal
bromodomain. Like in many other Snf2-like remodeglfactors, the Snf2 protein
incorporates into a large multi-subunit protein pden, and serves as the catalytic
subunit of the SWI/SNF remodeling complex. A pdiactin related proteins (ARP7 and
ARP9) is present in yeast SWI/SNF complexes, wiseasdimer of actin and Arp4 (also
known as Baf53a or b) are present in higher ortho(@6). Other conserved subunits
contain additional conserved domains. For exaniB&F155/170 has SANT and
SWIRM domains, hBAF60 has a SwiB domain, and hup@pbromo subunits have

multiple bomodomains.

Close Snf2 homologues have been identified in nmaoglel organisms, and most
eukaryotes build Snf2 chromatin remodeling comptexx®und related Snf2-like
proteins, including paralogous Snf2 and Sth1l irsy&AVI/SNF and RSCdémodels the
structure of &iromatin), Brahma idrosophila melanogaster, and human BRM and
BRG1. Many of these SWI/SNF family remodeling coexgls have been shown to alter
the structure of the nucleosome and to be invoirddanscriptional regulation,
presumablyia disrupting histone-nucleosome contacts, thus heptdi either

nucleosome sliding or complete octamer removal. (82)

Homologues in higher organisms such as BRG1 and B&&\de in multi-protein
complexes with highly related components of thesy&WI/SNF complex. However,
SWI/SNF subfamily members have also been repoot@ddociate with other nuclear

proteins including histone deacetylases (HDACstdme chaperones, methyl DNA-
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binding proteins, histone methyl transferasesrétiaoblastoma (RB) tumor suppressor
protein, components of the basal transcription egipa, and cohesin. These complexes
can be recruited to specific regions of the genthmaugh interaction with sequence-

specific DNA-binding proteins or specific pattefshistone modifications (101).

ISWI family remodeling factors

The SNF2 family ATPase Iswi (Imitation &M 2) was identified initially identified in
Drosophila melanogaster based on its similarity to Snf2. Most eukaryoteseasble ISWI
remodeling machineries (called NURF, CHARAC, andFA€@mplexes) of 2 to 4
subunits. These ISWI family remodelers share gatalSWI ATPases and include other
specialized accessory subunits (29). ISWI familyPA$es are characterized by the
presence of C terminal regions that include a SAldmMain with an adjacent SLIDE
domain, which together form a nucleosome recogmntnodule that is capable of
recognizing unmodified histone tails and DNA (12pecialized subunits carry unique
domains, including a DNA-binding histone fold inHRAC, plant homeodomain (PHD)
and bromodomain in hBPTF and hACF1, and the DNAdioig motif HMGI in
dNURF301. Biochemical studies support the idealB@tl complexes reposition rather
than remove nucleosomes, thus modulating the spacia nucleosome array. Notably,
all ISWI remodeling factors require a particulagion of the histone H4 tail that is
positioned near the DNA surface and presumablytiong as an allosteric effector (27,
52). ISWI family members are reported to be invdlue various functions, including
activation or repression of transcription initiatiand elongation, DNA replication and

chromatin assembly (129).

CHD family remodeling factors
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Mouse Chdl1 (chromodomain, helicase, DNA bindingDJdrotein is the founding
member of the chromodomain-containing subfamilglaomatin remodeling enzymes
(33). The defining feature of CHD family membershe inclusion in their N-terminal
regions of two tandemly arranged chromodomains¢lwhave been demonstrated to
recognize diverse binding partners, including gnsteDNA, and RNA (13). CHD
family proteins have been purified as single subenzymes but in vertebrates can also
assemble into multi-subunit complexes. For exanthieMi-2 ATPase is a component
of NuRD (nucleosome remodeling and deacetylasept®omas, which also contain
histone deacetylases (HDACs) and methyl CpG-bindomain (MBD) proteins (34),
thus linking DNA methylation to chromatin remodejiand histone deacetylation.
Certain CHD family remodeling factors can slideeg@ct nucleosomes in a way that is
dependent on the presence of their chromodoma)s CHD family remodeling factors
have been reported to be involved in transcripglmmgation and termination,
chromosome condensation, gene repression durirgjafexdental processes, and it has
been suggested that CHD subfamily ATPases may a&sthese diverse and specific

functions via combinatorial assembly with differéaimologous subunits (11).

INO8O0 family remodeling factors

The prototypical remodeler of the INO80 subfamdythe Ino80 ATPase from budding
yeast, which was identified in a genetic screergéares involved in transcriptional
activation upon inositol starvation (40). The authof this study also observed that

Ino80 protein was present in a high molecular wesglecies in a yeast lysate, suggesting
that it may reside in a multi-protein complex. Gstent with this possibility, Shest al.

(116) purified the INO80 containing complex fromdoling yeasts and identified 14
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polypeptides other than Ino80 ATPase. Importanlig,study demonstrated that the yeast
INO8O0 was able to catalyze ATP-dependent nucleoshiaieg activity, DNA-

stimulated ATPase activity, and to separate DNArgts in a primer-displacement assay,
making the INO80 complex the only known Snf2 famgynodeling complex so far to

exhibit helicase activityn vitro.

Subsequently, the Conaway lab purified and defthedsubunit composition of human
INO80-like chromatin remodeling complexes from huncall lines. Together with
reports on INO80 complexes identifiedDmosophila melanogaster (71), it is apparent
that INO80 complexes contain a subset of 9 subtiméiisis evolutionarily conserved in
all eukaryotes. Among these are the snf2-like InaB8@ase, actin, actin-related proteins
Arp4, Arp5, and Arp8, AAAATPases RvB1 and RvB2, les2, and les6. In addition
these conserved core subunits, yeast INO80 andmiM@30 complexes each include a
collection of species-specific subunits, includyegst specific subunits: TATA-binding-
protein-associated factor 14 (Tafl14), high mobijtgup (HMG) domain- containing
non-histone protein 10 (Nhp10) and four additideal (INO Eighty Subunits) 1, 3, 4,

and 5; and metazoan-specific subunits Gli-Kruppet inger transcription factor Ying-
Yang 1 (YY1), nuclear factor related #8 (NFRKB), ubiquitin protease UCH37,
forkhead domain associated (FHA) domain-contaiMi@@RS1, pre-B cell acute
lymphoblastic leukemia fusion protein TFPT/Amidagdarotein with unknown function

FLJ20309 (INOSOD), FLJ90652 (INOSOE) (28).

The defining feature of Ino80 family remodeling Ad9es is the inclusion of a large
insertion region that is located at the major ihearsite of Snf2-like ATPases between

helicase motifs 11l and IV (Figure 4G), and thalitspthe conserved Snf2-like ATPase
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domain. INO80 family remodeling complexes are alsaracterized by the inclusion of
AAA™ ATPases RvB1 and RvB2, which resembleEheoli Holliday junction resolvase.
It is suggested that the ATPase insertion regiah®ino80 ATPase is responsible for

the assembly of RvB1 and RvB2 (Tip49a and Tip49buman INO80 complexes) (140).

Functional analyses of the INO80 complex have ssiggets involvement in multiple
processem vivo. INO8O directly occupies a large number of genotaigets in yeast,
and mutant strains display transcriptional defééfs 116). In human cells, INO80 also
contributes to transcriptional regulation of atstesome genes regulated by the
transcription factor YY1, which is tightly asso@dtwith human INO80. Whether human
INO80 has a more general function remains to bergeted. In addition, mutations in
INO80 complex subunits render yeast cells sensitM@NA damaging agents and lead
to defects in multiple repair pathways (18, 87,)132d knocking down INO80 subunits
lead to DNA repair defects in human cells as wE39). Mutation of genes encoding
INO8O subunits also interferes with efficient preggion of replication forks during DNA

synthesis and with maintenance of telomere strad@s, 135, 146).

Mechanisms of chromatin remodeling

The electrostatic interactions underlying DNA-higtaassociation collectively are strong
and stable, energetically disfavoring spontaneowsapping. However, mechanistic
studies of a variety of remodeling complexes hawwiged insight into how ATP-
dependent chromatin remodeling complexes can aaaligruption of these DNA-
histone interactions in order to promote nucleosshaéng, and histone exchange

vitro. Initially, a twist diffusion model was proposed,which DNA twists around

nucleosomes to accommodate the gain of base paitodihe action of chromatin
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remodelelers. The DNA twist is then propagateduglothe rest of DNA: histone
contacts, leading to the relative movement of DMéuad nucleosomes. However, this
model was rejected on the basis that large impeatsrte DNA twisting, such as biotin
crosslinks and DNA hairpins, produced no defectunleosome sliding (2, 122). The
twist diffusion model was then replaced by a “l@epapture” model, which argues for
the generation of a DNA loop created by an altéopalogical state of DNA induced
upon engagement of ISWI family remodeling complexesucleosomal substrate (122).
A subsequent release of the binding of nucleos@h& by the remodeler would then
drive the movement of DNA loop over the histoneaawtr, thereby contributing to

nucleosome movement on DNA.

The mechanistic basis for DNA loop/wave can be &xgld as a byproduct of the
translocation process by chromatin remodeling cexgs. In the case of budding yeast
SWI/SNF, Sahat al. proposed that the Sthl ATPase binds to a fixesitipn on the
nucleosome, from which it utilizes its translocasévity to break histone-DNA contacts,
and propagates a directional wave of the freed RKAINd the octamer (107). In
addition, DNA footprinting and crosslinking expeents have placed the Snf2-like
ATPase at a site of weak DNA-histone contact, whargonal strain might be tolerated
for propagation of the loop (113). Moreover, elentmicrographic reconstitution of the
full RSC and SWI/SNF complexes suggest that thesmdeling machineries form a
multi-lobed C-shaped structure that cradles théemsome in a central cavity with its
DNA entry and exit points exposed (21, 32, 78).ukng that neither DNA loop/bulging
from the octamer surface nor DNA twisting could lexp the basis of chromatin

remodeling, Lorclet al.. (81) provided evidence that binding of the ydSC
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remodeling complex to a nucleosome in the absehad B can release DNA from
octamer surface, and initiate DNA translocatiorbsaguently, ATP binding by the Snf2
ATPase kick starts the translocation, and the Aydrdlysis completes and resets the
cycle. Therefore, the authors proposed the modelthie binding energy of the chromatin
remodeling complexes to nucleosomes is sufficiemtisrupt DNA-histone contacts,
presumably by affecting histone octamer confornmaéind through extensive interaction

with nucleosomal DNA.

In contrast to SWI/SNF, ISWI family chromatin renetidg complexes make fewer
contacts with the nucleosome and extra-nucleos®Na&, which is required for ISWI-
nucleosome binding (31, 46, 68). These complexas dinucleosome as a dimer, and
facilitate the bi-directional processive translamatof DNA (9, 103). This notion is
consistent with the observations that ISWI remadptiomplexes can measure the length
of the linker DNAs and evenly position the nuclemsoin the center of a piece of DNA
of sufficient length; thereby, functioning as adpg factor for nucleosome arrays (142).
Mechanistically speaking, as a single remodeling?A3e Sthl alone was reported to
sufficiently catalyze nucleosome sliding, ISWI dirmenay well employ a similar
remodeling strategy as larger SWI/SNF complexestatddizing DNA-histone contacts
via the substrate engagement, followed by ATP dtited conformation change and
translocation of one of the two ATP motors (47)eTifference in the stoichiometry of
ATPase motor over substrate, and the differentsiiicomposition between SWI/SNF
and ISWI family remodeling complexes may contribiat¢he functional specificatioim

vivo. Taking the aforementioned cases as examplesoraine remodeling by SWI/SNF
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complexes promotes DNA accessibility, whereas msdme spacing by ISWI facilitates

chromatin assembly, and gene silencing.

Structural and functional analysis of the remodgBnbstrate also shed light on the
biological activities of these different remodeliogmplexesn vivo. Mutagenesis

analysis has uncovered that the catalytic acts/iethe ISWI remodeler are uniquely
affected by a basic patch of residuesKRsR10) of the H4 tail (27, 52). Importantly,
acetylation of the neighboring H4K12 and K16 resglimpairs substrate recognition and
chromatin remodeling by ISWI (118). These obseoratiare consistent with the
possibility that ISWI is targeted away from chromatomains that carry H4K16
acetylation, which marks de-condensed and trartgsmmigily active chromatin regions.
Based on the structural model, the extensive ctstaw spatial converge between
SWI/SNF family remodeling complexes and their nastame substrate would seem to
exclude the binding of these complexes to a conepactiromatin structure. This agrees
with reports suggesting that H1 incorporation waamdagonize chromatin remodeling by

remodelers of different families (61, 104, 106).

In summary, bioinformatic studies uncovered stgksequence similarity among all the
Snf2-like chromatin remodeling complexes, suggesiirese ATP motors may use
similar mechanisms to participate in chromatin dwyits. Despite the sequence
similarity, these remodeling ATPases are geneticah-redundant, suggesting
specialized functions vivo. Consistent with this idea, extensive structural and
functional studies of different families of remoeledin vitro have uncovered differences
in their subunit compositions, substrate speciésitdifferential ways in regulating basal

enzymatic activity, and targeting remodeling atyiwf these complexes.
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Combinatorial Assembly of chromatin remodeling complexes

Individual Snf2 family ATPase subunits, such as BRBRM, Sth1, ISWI, SNF2h, and
Mi-w, have been shown to catalyze ATP-dependerdrohatin remodeling activity in the
absence of other accessory subunits, suggestiag KiEPase motors are intrinsically
active and possess a sufficient toolkit to breakAEmtone contacts. However, these
remodeling ATPases are genetically non-redundaggesting functional specialization
invivo. It is believed that combinatorial assembly of tbeodeling ATPases with other
accessory subunits confers biological specificitgt functionality to these remodeling

machineries.

Many chromatin remodeling complexes are evolutibypaonserved in term of their
subunit composition and biological function, sudgmsthat the Snf2-ATPase and its
particular accessory subunits may be collectivetuired for an essential biological
function, thus the formation of a protein complexatained through evolution. To form a
multi-subunit protein complex, individual subunitisthe complex form stable, protein-
protein interactions, which are usually involvedstructurally complementary surfaces
comprised of two or more subunits, held togethevdnyjous chemical attractions
including hydrogen bonding, electrostatic interaics, Van der Waals forces, and
hydrophobic interactions. The assembled complesesare often found to be resistant
to exchange with free unincorporated subunits,camdonly be dissociated under
denaturing conditions. In addition, the protein gbemes usually remain intact during
chromatographic separation. Lastly, genetic ahtatioessential subunits of a given

complex often leads to similar phenotypic changete cells and organisms. However,
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different phenotypes can arise if the chosen suilisishared with other complexes or is

only essential for a subset of functions of the plax.

Why would Snf2-like ATPases be driven evolutionatd function with other subunits in
the context of a single structural entity, rathert simply use the activities of these other
proteins in solution? One answer to this quesiesih the ability of assembled complex
to achieve rapid coupling of activities conferrgddifferent subunits. The ATP-
dependent nucleosome remodeling reaction can bsiemed as a multi-step process and
requires orchestrated activities from differentiguts, possibly including substrate
recognition, activation of snf2 ATPase, regulatidrenzyme processivity, and coupling
to other enzymatic activities. However, the probgbof related active subunits all to be
within close proximity to the substrate is sigrdgidntly lower than subunits co-associated
in a complex. Thus, active subunits of chromatmadeling complexes are selected to
assemble during the course of evolution to propigeimity for efficient coupling of

different activities.
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Figure 6. Combinatorial Assembly of Chromatin Regulatory Complexes

Shown is the predicted combinatorial diversity for the mammalian chromatin regulatory complexes: BAF
(mSWI/SNF), NuRD, ISWI, and Polycomb (the number of possible combinations is shown in parentheses in
red).(Top) Three examples of BAF complexes illustrate respelling of the chromatin remodeling word by
switching subunit composition. The subunits are depicted as interlocking pieces in which a similar shape
of the subunit denotes homology and thereby a specific position in the complex. Subunits shown in
dashed outline are inconstant components of the complexes. The depicted area of each subunit is roughly
proportional to its mass. Figure adapted from Wu et al. (138)

A second evolutionary force driving the formatidmuacromolecular complexes is the
opportunity for functional diversification affordédrough combinatorial assembly of
protein complexes. In vertebrates, subunits of wiatin remodeling complexes are often
encoded by gene families. For example, there age@s that encode for the 11
subunits of the SWI/SNF subfamily remodeling compkein vertebrates, giving a total
of 288 predicted assemblies. Indeed, individugbisos of gene families have been

found to be expressed exclusively in specific demelental stages, or cell types, and to
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play essential and non-redundant roles in orgadiswelopment and maintenance of
cellular identity (138). The expression variancéamhily members could provide
mechanistic variation leading to the functional@akzation of a specific chromatin
remodeling complex, which can contribute to chramdynamics in a given cell type or

developmental stage.

Chapter Il. Methods to generate and characterize human INO80
chromatin remodeling complexes and subcomplexes

Abstract

INO8O chromatin remodeling complexes regulate rasdene dynamics and DNA
accessibility by catalyzing ATP-dependent nucleosoemodeling (28, 41). Human
INO80 complexes consist of 14 protein subunitsudrig Ino80, a SNF2-like ATPase,
which serves both as the catalytic subunit anddtaéfold for assembly of the complexes
(28) (Figure 8A). Functions of the other subunitd ¢he mechanisms by which they
contribute to INO80's chromatin remodeling activigynain poorly understood, in part
due to the challenge of generating INO80 subassemiol human cells or heterologous
expression systems. In the method chapter ofltesid, we present a procedure that
allows purification and characterization of humAl©BO chromatin remodeling
subcomplexes that are lacking a subunit or a sufsetbunits. We stably express N-
terminal FLAG epitope tagged In0o80 cDNA in humarbeyonic kidney (HEK) 293 cell
lines using Flp-In™ recombination technology. e #vent that a subset of INO80

subunits is to be deleted, we express instead emat80s that lack the platform needed
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for assembly of those subunits. In the event aividdal subunit is to be depleted, we
transfect siRNAs targeting this subunit into an-FIp* 293 cell line stably expressing
FLAG tagged Ino80 ATPase. Nuclear extracts aregyegpusing the method of Dignam
(37), and FLAG immunoprecipitation is performecetwich protein fractions containing
Ino80 derivatives. The compositions of purified IB@subcomplexes can then be
analyzed using methods such as immunoblottingersgtaining, and mass spectrometry.
In addition, we measure activities of the puriflal©80 subcomplexes using nucleosome
binding and sliding assays and DNA- or nucleosotimetgated ATPase assays. We
examine the roles of given subsets of INO80 sulsiriity comparing activities of
smaller subcomplexes to those of the complete IN€BOplex. The methods described
in this chapter can be used to study the strucamdlfunctional properties of any

mammalian multi-subunit chromatin remodeling andlifying complexes.
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Introduction:

Evolutionarily conserved SNF2 family chromatin redebng complexes are key
regulators of chromatin organization and DNA acitelity (25). These remodeling
complexes always include a central SNF2-like ATPag®rinit, which, in some cases,
assembles with various accessory proteins and foroit-subunit macro-molecular
assemblies. To study the molecular details of th@-Aependent chromatin remodeling
process, it is important to understand the contiging of given subsets of subunits and/or
domain structures to activities of the complexeghsanalyses require (i) the generation
of highly purified mutant complexes that lack peutar protein subunits or domain
structures, and (ii) the ability to analyze thaiclkeosome remodeling and other activities

using defined molecular substrates in vitro.

Previous structure-function studies of ATP-depehdaromatin remodeling complexes
have widely focused on the yeast model systemaltigetsuperior manipulatability of

the yeast genome [see, for example, refs. (116, 125)]. Given the conservation of
subunit composition and functionality among ortlgalos remodeling complexes, studies
of the structure and function of yeast remodeliogplexes have provided important
insights into their counterparts in higher eukaggotNonetheless, appreciable species-
specific differences among remodeling complexesxdst, resulting from gain or loss of
species-specific subunits, gain or loss of spegpesific domains of conserved subunits,

and sequence variability within conserved domairaserved subunits.
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Differences between chromatin remodeling compléxg®ast and higher eukaryotes can
in principle be driven by the need for higher eyksic cells to adapt to new molecular
and cellular environments by acquiring new mode®gtilating basal remodeling
activities, new genomic targeting mechanisms, angbling additional enzymatic
activities to the ATP-dependent nucleosome remodegdrocess. Thus, understanding
how subunits of higher eukaryotic remodeling comesecontribute to the nucleosome
remodeling process is valuable, because it not simyls light on basic mechanisms of
the ATP-dependent chromatin remodeling processgdmutalso provide valuable insight
into the mechanisms by which chromatin structuiek ggne expression in higher

eukaryotes are regulated during speciation andlojevent.

Thus far, there have been only limited structural functional studies of multi-subunit
mammalian chromatin remodeling complexes, due ihtpahe difficulties in obtaining
biochemically defined chromatin remodeling compkaad subcomplexes. We have
partially circumvented these difficulties with theocedures described below, in which
we use immunoaffinity purification to prepare itt?dO80 complexes or subcomplexes
from human cells stably expressing N-terminally FiApitope tagged wild type or
mutant versions of Ino80 (23) (Figure 7). To obtatact INO80 complexes from human
cells, we use FIp-In™ recombination technologyéoeyate transgenic HEK293-Flp-
in™ cell lines stably expressing FLAG epitope tatjgBNAs encoding subunits of the
INO80 complex (65, 92, 109). Because we find thvatraexpression of INO80 subunits
can be somewhat toxic, we find it necessary tatechnd maintain clonal cell lines under

selective conditions to ensure stable transgeneessgion during the many passages
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needed for expansion of large-scale cell cultuFesobtain smaller INO80 subcomplexes
that contain only a subset of subunits, we haveessfully used two approaches (Figure
8A and 8B). In the first, we generate HEK293 FIf¥ircell lines stably expressing
mutant versions of Ino80 that lack domains requicednteraction with specific subunits
(23). Alternatively, we use siRNA-mediated knockdotw deplete the desired subunit
from cells expressing an appropriate FLAG-tagge@8R subunit. Finally, to purify the
human INO80 complexes, we use FLAG agarose basedelography (16, 17, 23, 65)
to enrich an INO80-containing fraction from nucleatracts, thereby effectively
reducing the presence of contaminating cytosoltgans in the final fraction containing

purified INO80 complexes or subcomplexes.

We conclude by describing biochemical assays tieatised to measure INO80's ATP-
dependent nucleosome sliding (Figure 9A) or bindkFigure 9B) activities and DNA- or
nucleosome-stimulated ATP hydrolysis (Figure 1) protocols described in this
chapter can be applied more generally to strucamdlfunctional analyses of other

mammalian multi-subunit chromatin remodeling andlitying complexes.
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+ binding assays dependent ATPase assay

Figure 7. Flow chart of the method chapter

Overview of procedures used to generate, purify and characterize human INO80 ATP-dependent
chromatin remodeling complexes. F, an N-terminal in-frame FLAG epitope tag; GOI, Gene-of-interest.

Procedure:

1) Generation and culture of HEK293 stable cell lines expressing full
length or mutant versions of FLAG epitope-tagged Ino80 or other
INO8O0 subunits

a. A cDNA encoding full length or mutant human Ino8WPase or another INO80
subunit is cloned into a mammalian expression vepicDNAS/FRT, Life
Technologies™) with an in-frame, N terminal FLAGtepe tag. The sequence of

the inserted cDNAs should be confirmed by DNA sequeg before proceeding.
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pcDNAS/FRT, contains an FRT recombination site #iktws Flp recombinase-
mediated insertion of the cDNA into an FRT sitédoktantegrated into a single
transcriptionally active locus in the Flp-In™ HEK28ells. Recombination
between the FRT sites in the vector and the geradriip-In™ HEK293 cells
allows rapid, targeted integration of cDNAs inte tHEK293 cell genome and
efficient generation of stable cell lines.

. To perform the transfection, Flp-In™ HEK293 celis grown in 10 cm tissue
culture dishes in a medium containing DMEM (Dulb@sdViodified Eagle
Medium, Cellgro), 5% GlutaMAX (Life Technologies™gnd 10% FBS (Fetal
Bovine Serum, SAFC®). When cells reach ~70% conflyethey are co-
transfected, using 40 ul of FUGENESG transfecti@gest (Promega), with 0.5 pug
of the appropriate pcDNAS/FRT expression vectosiplial and 9.5 pug of pOG44,
which encodes Flp recombinase. 48 hours post-gatish, cells are split at a
ratio of 1:10 into 10 cm dishes and grown in thespnce of hygromycin B (100
ug/ml, AG Scientific) for 3-4 weeks. The culture mad should be changed
whenever it begins to turn yellow (typically eveyb days).

. To identify positive clones that express suitableels of FLAG-tagged protein,
individual hygromycin B-resistant colonies are st#d and transferred to a single
well of a 24-well plate. Once the cells reach 8@%fluiency, they are harvested
in ~1 ml PBS and pelleted by centrifugation at 18@pfor 5 min. After removal
of the supernatant, the cell pellet is resuspenuéd | of SDS-PAGE sample
buffer. Half of the resuspended cell pellet is satgd to SDS page and western

blotting to monitor expression of the FLAG tagget Iprotein; the other half is
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saved for future analyses. Human Ino80 is typicakgressed at only very low
levels and hence can be difficult to detect in lyeates. Accordingly, it is often
necessary to expand clonal cell populations furtlygplating cells from a single
well of a 24 well plate into a 15cm tissue cultdreh. Once the cells have grown
to near confluency, they are resuspended in iakRBIS, transferred to a 50 ml
conical tube, and brought to a final volume of 50mth PBS. Cells are pelleted
at 1000 x g for 5 min, the supernatant removeddischrded, and cells are
resuspended in 1 ml of Lys450 buffer (20 mM Hep@©N pH7.9, 450 mM
NacCl, 0.5% TritonX-100, 10 mM KCI, 4 mM Mg&10.2mM EDTA, 10%
Glycerol, 1 mM DTT, 200 uM PMSF, and 1:1000 Signnat€ase Inhibitor
Cocktail for use with mammalian cell and tissua&ots (cat. no. P8340). [Note:
here and elsewhere, DTT, PMSF, and protease iohitaicktail should always be
added to buffers immediately before beginning gmeexnent.] FLAG-tagged
proteins can then be immuno-precipitated from #&seiiting whole cell lysate
using 20 pl of EZview ™ Red ANTI-FLAG ® M2 Affinitysel (Sigma) and
analyzed by western blotting. [For details of immoprecipitation procedure, see
section 4).] Frozen stocks of clonal cell lineswdd be prepared and stored in
liquid nitrogen until use.

. For large scale preparation of INO80 complexeds @k cultured in roller
bottles, each seeded with cells from a single neafluent 15 cm dish and
containing 200 ml DMEM, 5% GlutaMAX, and 10% cadfram (SAFC) without
hygromycin B selection. Cells are grown in 10-20erdbottles rotating at 0.2

rpm and are harvested once they reach ~70% confiuamctypically obtain ~1
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ml of packed cells from each roller bottle. To hemtcells, medium is poured off
and discarded. ~50 ml of ice cold PBS is addedcth éottle. Bottles are
manually rolled to loosen the cell monolayer. Remsjed cells are transferred to
250 ml plastic conical bottles and kept on iceteAtells have been removed,
bottles are rinsed with an additional ~50 ml of P#&8ich is then transferred
sequentially to additional bottles. When rinse 8otuis no longer clear (typically
after being used to rinse about 5 bottles), itaagferred to the 250 ml bottle.
Cells are pelleted by centrifugation at 1300 rpm1f® min in a JS-4.2 rotor in a
J6 centrifuge (Beckman-Coulter) or similar high @eipy rotor and centrifuge.
Pelleted cells are gently resuspended in PBS, awedbinto a single 250 ml

conical bottle, and kept on ice until further presiag.

2) siRNA-mediated knockdown of INO80 subunits in cells expressing
another FLAG-tagged INO80 subunit.

To obtain INO80 subcomplexes lacking a single sitbure use FLAG-

immunopurification to purify INO80 complexes froniR8lA treated cells. Here, we

describe a “reverse” siRNA (small interfering RNi#gnsfection protocol optimized for

HEK293 cells growing in 15cm dishes. The protabedcribed below is for a single 15

cm dish of cells and should be scaled up accordidgbending on the number of cells

needed. To prepare biochemically useful amountsloB0 complex from siRNA-

treated cells, we recommend scaling up to cultgres/n in 40 15 cm dishes; these will

yield approximately 2-4 ml of packed cell pellet.
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a. Prepare siRNA stock solutions. siRNAs (TARGETplh4ARTpool, Dharmacon
/ Thermo Scientific) are reconstituted to 50 pMinsiRNA resuspension buffer
(Thermo Scientific) according to the manufacturansructions.

b. Prepare a transfection cocktail containing siRNAG tansfection reagent. All
reagents should be brought to room temperaturedete. 1Ql of the 50 uM
RNAI stock solution is mixed with 32 pl Lipofectanei™ RNAIMAX (Life
Technologies™) and gently added into 4 ml of Op&EM® Reduced Serum
Medium (Life Technologies™). The mixture is thesubated at room
temperature for 30 min.

c. Prepare Flp-In™ HEK293 cells stably expressingdés&ired INO80 subunit for
transfection. While incubating the transfectionktad from step 2)-b, cells from
a single 15 cm plate grown to near confluency aash&d one time with room
temperature PBS (Cellgro). After removal of PBSIscare treated with 1 ml
TrypLE (Life Technologies™) just until they begm lift off the plate. Cells are
immediately resuspended in 10 ml of complete mediDMEM + 5%
GlutaMAX + 10% FBS), collected by centrifugation1&00 x g for 5 min at
room temperature, resuspended in ~4 ml completeumedind counted using a
haemocytometer. Finally, cells are diluted with pdete to a concentration of
~5.4 x 16/ ml.

d. To each 15 cm dish, add in order: 15 ml completeieamedium and 4 ml
transfection cocktail. Swirl gently to ensure thechum and transfection cocktail
are thoroughly mixed. Finally, add one ml of ceisgension and again swirl

gently to disperse cells uniformly.
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e. After 60 hours of culture in a 32, 5% CQ incubator, gently remove medium,

resuspend cells in ice cold PBS, and use immeglisagdrepare nuclear extracts.

3) Preparation of nuclear extracts.
Although it is possible to purify the INO80 complam either whole cell or nuclear
extracts, we have found that biochemical analy$esmplexes purified from whole cell
extracts are often confounded by the presencerafinanating activities. Accordingly,
we prefer to start our purification with nucleatrexts even though they are somewhat
more difficult to prepare. Here, we describe a pthre that we use routinely in the lab
to make nuclear extracts from cell lines. It hasrbmodified from the protocol of
Dignam (37) and can be scaled up or down deperatirthe size of starting cell pellets.
All buffers should be ice cold, and all steps sddwg performed in a cold room or on ice
if a suitable cold room is not available.
a. |solation of nuclel
i. Gently transfer cells to a suitably sized (15 on@pgraduated conical tube
and spin at 1000 x g for 10 min &C4 Remove the supernatant, and measure
the size of the packed cell pellet. 1 ml of packelis corresponds to ~ 3 x%.0
HEK293 cells.
il. Add 5 packed cell volumes of Buffer A (10 mM HepgeH, 7.9, 1.5 mM
MgCl,, 10 mM KCI and freshly added 1 mM DTT, 200 uM PM&Rkd
1:1000 Sigma Protease Inhibitor Cocktail P8340kxURpend the cell pellet by

gentle pipetting, and incubate on ice for exac@yrinutes. Pellet the cells at
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1000 x g for 10 min at°€, and remove the supernatant. If the cells aeint
and healthy, the cell pellet is expected to sweltaitwo-fold following
incubation in the hypotonic Buffer A. If cells dotswell and/or the
supernatant becomes turbid at this step, thersggopulation of cells may
have been unhealthy. Alternatively, cells may haeen handled too roughly
during harvest or resuspension steps, or they raag heen incubated too
long in Buffer A.

Resuspend the cells in two packed cell volumesufiebA, and transfer the
cell suspension to an appropriately sized Doursseié homogenizer
(Wheaton). For example, when starting with lesstBml of packed cells,
use a 7 ml homogenizer; for 2-4 ml packed cells,a145 ml homogenizer;
and for 10 or more ml of packed cells, use a 4Gonhogenizer.

Homogenize the cell suspension with the LOOSE glasfle of the Dounce
homogenizer until 90% of the cells stain positiveith 1% trypan blue. For
HEK?293 cells, this can be expected to require #rdkes of the homogenizer.
To minimize potential disruption of nuclei and shieg of chromatin during
this step, it is important to avoid introducing laubbles while homogenizing
and/or over-homogenizing. Thus, especially forlibginner, it is advisable
to check the percentage of trypan blue-positives adter each stroke of the
homogenizer.

Transfer the suspension to a 45 ml Oak Ridge Higge8 centrifuge tube and

spin at 25,000 x g for 20 min af@ in a Beckman-Coulter JA-17 or similar
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rotor. From the nuclear pellet, remove the sugamtawhich contains

cytosolic proteins or proteins that leak out of thueleus during fractionation.

b. Salt extraction of chromatin

Add Buffer C (20mM Hepes, pH 7.9, 25% Glycerol, inh1 MgCl,, 0.2 mM
EDTA, and freshly added 1 mM DTT, 200 uM PMSF, antb00 Sigma
Protease Inhibitor Cocktail P8340) to the nucleglep; use 2.5 ml Buffer C
for every 3 ml of starting packed cell volume (~1L®® cells). Using a glass
rod or a pipet, dislodge the nuclear pellet fromwhall of the tube and
transfer the entire mixture to a Dounce homogeroz@n appropriate size.
Homogenize the mixture with two strokes of a LOQ#&Stle to resuspend the
nuclei. Do not over-homogenize as this will shtbarchromatin and release
DNA into the soluble fraction.

Transfer the resuspended nuclear fraction intalkedibeaker. Choose a
beaker such that the suspension will fill the beaiet least 0.5 cm deep. To
extract nuclear proteins from chromatin or othaeolaoble structures, the salt
concentration of the suspension is gradually irswddo 0.42 M NaCl by
dropwise addition of 5 M NaCl while gently stirritige suspension with a
pipet or glass rod; once all of the 5 M NaCl hasrbadded, the solution
should become very viscous or gel-like. The voluh& M NaCl needed to
bring the solution to a final concentration of OM2\NaCl is calculated

according to the following formula:
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Volume 5 M NaCl = [initial packed cell volume + wwhe Buffer C added

in step 3-b-i] / 10.9.

ii. Carefully transfer the viscous suspension into 1@atycarbonate tubes
(Beckman cat. no. 355630) for a Beckman Type 70rbtér or 70 ml
polycarbonate bottles (Beckman cat. no. 355655a Beckman Type 45 Ti
rotor. Seal tightly with parafilm if using 10 milies or with cap assembly
(Beckman cat. no. 355623) if using 70 ml bottl&owly rock the sealed
tubes at 2C for 30min using a Nutator™,

iv. Spin the samples in a Type 45 Ti or 70.1 Ti rotwr30 min. at 40,000 rpm at
4°C.

v. Transfer the supernatant to a single plastic tulimtile. This supernatant is
the nuclear extract, and the pellet contains chtionaad other nuclear debris.
The supernatant should be a clear, non-viscousiao]wvith only a very
minimal amount of cloudy or viscous material nder thromatin pellet or
floating on top. When collecting the supernatang should take care not to
collect any of the cloudy or viscous material ndsar pellet.

vi. Divide the nuclear extract into conveniently sizdéiduots, freeze it in liquid
nitrogen, and store it at -8C. Typically, 1 ml of packed cell pellet yields 1

ml of final nuclear extract.

4) Immunoaffinity purification of the human INO80 complexes or
subcomplexes.
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We find that a single step immunopurification (1¥)ng anti-FLAG agarose is sufficient
for preparation of INO80 complexes or subcompldares degree of purity adequate for
reliable assays of their activities. The optimailaréetween the amount of starting extract
and anti-FLAG agarose depends on the concentrafitre FLAG bait protein present in
the extracts and the accessibility of the FLAG @mtand needs to be determined
empirically. We typically begin immunopurificatiomith 100 pl bed volume of anti-
FLAG agarose beads (EZview ™ Red ANTI-FLAG ® M2 iaity Gel, Sigma) and 3-14
ml of nuclear extract; the amount of extract usepleshds on the goals of the experiment
and availability of extract.

a. To thaw frozen nuclear extract, place tubes cointgithe extract on the benchtop
or roll tubes between hands until the frozen makéecomes a slurry. Then
place the tubes on ice or in the cold room unélehtract is completely thawed.

b. Transfer the thawed nuclear extract to 10 ml polysaate ultracentrifuge tubes,
and spin at 40,000 rpm for 20 min atG@in a Beckman Type 70.1 Ti rotor to
remove any precipitate that may have formed dutegreeze-thaw cycle.
Transfer the supernatant to a 15 ml conical tubgd fresh DTT, PMSF, and
Sigma Protease Inhibitor Cocktail P8340 to finalaentrations of 1 mM DTT,
200 uM PMSF, and 1:1000 Sigma Protease Inhibitak@d P8340.

c. To prepare anti-FLAG agarose for the immunopurifarg transfer 200 pl of
50% slurry of anti-FLAG agarose beads to a 1.5 mlocentrifuge tube. Pellet
the beads by centrifugation in a benchtop micradege at 8000 x g for 30 sec.

Remove the supernatant, and wash the beads byesglisg the beads in 1 ml of
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Lys450 buffer, and pellet the beads at 8000 x @3fbsec. Wash the beads two
more times.

. Resuspend the washed anti-FLAG agarose beads it 200 |11 of the nuclear
extract using a Gilson P200 or similar pipette vattip from which the end has
been cut off with a clean scalpel or razor blad#, asing the same tip, transfer
the resuspended beads to the 15 ml conical tuldaiogrg the extract. Repeat a
few times until all of the beads have been tramséeto the 15 ml tube. Incubate
the extract / bead mixture for 4 hours & 4vith slow rotation on a laboratory
rotator (such as a Glas-Col® Tube/Vial Rotator).

. Collect the FLAG agarose by centrifugation at 1&@pfor 5 min at 4C.
Resuspend in 10 ml Lys450, incubate 5 min°&t with gentle rocking on a
Nutator™. Pellet the beads at 1000 x g for 5 nidf@.

Resuspend in a small volume of Lys450 and trarisfads to a 1.5 mi
microcentrifuge tube. Continue to rinse the 15 atlical tube with small volumes
of Lys450 until all the beads have been transfetoetie microcentrifuge tube.
Spin down the beads at 8000 x g for 30 sec’@tid a microcentrifuge. Wash
three times more with 1 ml Lys450 and once with EHRBILOO buffer (10 mM
Hepes pH 7.9, 10% glycerol, 100 mM NacCl, 1.5 mM Mg0.05% TritonX-100,
and freshly added 1 mM DTT, 200 uM PMSF, and 1:18@fna Protease
Inhibitor Cocktail P8340).

. To elute bound proteins, add 200 pl EB100 buffetaming 0.25 mg/ml 1x
FLAG® Peptide (Sigma cat. no. F3290). Incubate iBCah4°C each on a

Nutator™. Pellet the beads at 8000 x g for 30 ae4°C in a microcentrifuge.
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Transfer the supernatant, which contains the elilN€BO complex, to a fresh
microcentrifuge tube. Repeat the elution four mores, and pool all the
supernatants into a single tube.

h. To remove any residual FLAG-agarose beads froneltited protein fraction,
pass the eluate through an empty Micro Bio-Spin®@tatography Column.
Concentrate the eluted protein fraction ~10-folcthgsin Amicon® Ultra
Centrifugal Filter Device (50,000 molecular weightoff).

i. Toremove the FLAG peptide, pass the concentratateip fraction through two
Zeba™ Desalting Columns (Thermo Scientific). Theifed, desalted protein
fraction should be divided into 20 pl aliquots,zea in liquid nitrogen, and stored
at -80°C.

J. The subunit composition of INO80 or INO80 subcompkecan be analyzed on
silver-stained gels or by western blotting, andrtbencentrations can be
estimated by semi-quantitative western blottingnggreparations of recombinant

INO8O subunits of known concentration as standards.

5) Biochemical assays for analyzing activities of INO80 or INO80
subcomplexes.

a. ATP-dependent nucleosomeremodeling assay
To measure ATP-dependent nucleosome remodelingtagj we incubate the
immunopurified INO80 or INO80 subcomplexes with AaRrd a
mononucleosomal substrate, which contains a smgtteosome positioned at
one end of a 216-bp’P-labeled DNA fragment. The reaction products hemt
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subjected to electrophoresis in native poly-acrytengels. The position of the

nucleosome on the 216 bp DNA affects electrophorabbility; laterally

positioned nucleosomes run faster in the gel thareroentrally positioned
nucleosomes. Since INO80 chromatin remodeling cergd preferentially move

mononucleosomes toward the center of a piece of DIMA23, 65, 130),

remodeling activity can be readily monitored by émeergence of a population of

nucleosomes that exhibit decreased electrophaorethility. At the end of the
reaction, an excess of Hela oligonucleosomes dntbsasperm or other DNA is
added to the reaction mix as competitors to renamyesubstrate-bound INO80 or

INO80 subcomplexes, since bound remodeling enzyithelange the

electrophoretic mobility of the nucleosome subst(&igure 9A).

i. To generate th&P-labeled, "601" DNA fragment, a 216 bp DNA fragmen
containing an end-positioned 601 nucleosome posiigpsequence is
amplified in a PCR reaction from pGEM-3Z-601 (83)he presence of
6000Ci/mmol f-*P] dCTP.

1. The forward and reverse primers used are:
a. 5-ACAGGATGTATATATCTGACCGTGCCTGG
b. 5-AATACTCAAG CTTGGATGCCTGCAG.
2. To amplify the “601” DNA sequence, 10 PCR reaction is set up as
follows:
i. Deionized HO, 67.5ul
ii. 10x PCR reaction buffer (Roche), D

iii. pGEM-32-601 (10 ngfl), 1 pl
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iv. Forward primer (1@um), 5ul

v. Reverse primer (10m), 5ul

vi. dNTP stock solution containing 10 mM each of trdiNIPs, 0.5

ul
vii. Roche Tag DNA Polymerase ul
viii. [a-**P] dCTP (6000 Ci/mmol, 3.3M), 10l
3. The PCR reactions are performed in a thermal cydMdrResearch, PTC

200) using the following program:

i. 1min @ 96°C

ii. 45sec @ 94C

iii. 30 sec @ 57C

iv. 60 sec @ 72C

v. Go to step ii. for another 29 cycles

vi. 7min @ 72°C

vii. Forever @ £#C

4. Reaction cleanup: to remove the unincorporatedenticles, pass the PCR

reaction product twice sequentially through NucAwWagpin columns
(Ambion®, Cat. # AM10070) following the manufacttssinstructions.
Following a successful PCR reaction, we typicaliyedt over 15,000 k
cpm read from the final eluate using a standardy&@eaiounter; otherwise

the chance is high that the PCR reaction did nokwo
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5. To ensure that the PCR reaction generated thesdgsioduct, run fl of
the reaction product in an agarose gel. If a sinr@lE6 bp DNA band is
detected by ethidium staining, proceed to the stefi; otherwise, the
PCR reaction needs to be optimized.

6. Dilute 5ul of the purified PCR product from step4 20-folddaneasure
the DNA concentration using a UV spectrophotoméiae average yield
is ~40 ngpl.

7. Measure the radioactivity ofdl product in a Scintillation counter. The
typical result is around 600,000 cpth/Estimate the labeling efficiency
by calculating the cpm/ng. A successful labelingct®n is expected to
yield ~15 k cpm/ng of 601 DNA fragment.

Nucleosomes are prepared from Hela cells and &enesf onto the labeled

601 DNA by a serial dilution method essentiallydascribed (95). 2 pmol of

¥2p_labeled 601 DNA fragment are mixed with 6 pg efaucleosomes in

50 ul of a buffer containing 1.0 M NaCl, 10 mM FHKCI, pH 8.0, 1 mM

EDTA, 0.1 mM PMSF, and 1 mM DTT. After incubation3® °C for 30

minutes, the mixture is sequentially adjusted & 0.6, and 0.4M NaCl by

dilution with 12.5 ul, 20.8 ul, and 41.6 pul, resipeely, of 10 mM Tris-HCI

(pH 8.0), 1 mM EDTA, 0.1 mM PMSF, and 1 mM DTT, kvé& 30 min

incubation at 30 °C after each dilution. Finallye tmixture is sequentially

diluted to 0.2 and 0.1 M NaCl by addition of 125gunk then 250 pl of the

same buffer containing 0.1% Nonidet P-40, 20% glyiceand 200 pg/ml
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BSA. After reconstitution, the mononucleosome suatbstcan be stored at 4

°C for up to 3 months.

iii. ATP-dependent nucleosome sliding reactions ar@pedd with ~20 nM
INO8O0 or INO80 subcomplexes, a total of ~2.8 nM rasbmes (consisting
of a mixture of mononucleosomes on ffie-labeled 601 DNA fragment and
Hela cell nucleosomes), and 1 mM ultrapure ATP (I/8$gmetrix) in buffer
containing 20 mM Hepes-NaOH (pH 7.9), 50 mM NaQmhil MgCl,, 1 mM
dithiothreitol (DTT), 0.1 mM phenylmethanesulforifdoride (PMSF), 0.1
mg/ml bovine serum albumin (BSA), 5% glycerol, @®Rlonidet P-40,
0.02% Triton X-100, in a final volume of 10 ul. dlbptimal NaCl
concentration for INO80 nucleosome remodeling &gtig ~50 mM NacCl
(data not shown), so we adjust the concentratidda@?l in each reaction to
50 mM.

1. Before setting up assays, we cast native poly-acrigle gels using the
Hoefer® system. After pouring, gels should be a#ddvto solidify for at
least 2 hours at room temperature. To preparegiesgel, mix the
following ingredients to a total volume of 40 n{6% Acrylamide/Bis
37.5:1, 0.5x TBE (45mM Tris borate, 1mM EDTA), 020ammonium
persulfate (APS), and 0.001% N,N,N",N"-tetrametthyenediamine
(TEMED))

i. Deionized H20, 32.6 ml
ii. 40% Acrylamide/Bis 37.5:1, 5 mi

iii. 10x TBE (900 mM Tris borate, 20 mM EDTA), 2 ml
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iv. (add right before pouring the gel) 10% ammoniunspkate
(APS), 0.4 ml
v. N,N,N",N’-tetramethylethylenediamine (TE MED), Orl

2. Meanwhile, in pre-chilled lubricated 1.5ml microt&fiuge tubes
(Costar®, Cat. No. 3207), combine ~20 nM INO80 oDB0
subcomplexes (estimated by comparing the amouAtpd in the purified
complexes to recombinant Arp5 of known concentrabig semi-
guantitative western blotting) with an amount of DB buffer sufficient
to give a volume of 4.7pl (contains 100 mM NacCl). Immediately freeze
down any remaining INO80-containing fractions usanigucket
containing powdered dry ice.

3. Set up a master cocktail with the rest of the idgmets, scaling up by a
factor of X (X = total number of reactions +3). Tl@mount of each
ingredient needed for a single reaction is as fato

i. Deionized HO to a final volume of 5.2pl

il. 10x Remodeling Buffer (200 mM Hepes-NaOH (pH 7002, %
NP-40, 0.2% Triton X-100, 50% Glycerol, 50 mM MgCl
mg/ml BSA) , 1l

iii. 100 mM ATP (USB/Affymetrix), 0.2ul

iv. 1M DTT, 0.01pl

v. 100 mM PMSF, 0.0l

vi. Reconstituted mononucleosome substrate from Stagi5)0.25
ul
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4. Mix well by tapping the tube or by pipetting up ath@wvn with a
Pipetman, and briefly spin the tube in a bench@pdrspinner. Dispense
5.25 pl of the cocktail to each of the reactioretubet up in the step 2.
Mix well by pipetting up and down. Start the reans by transferring
reaction tubes to a 3€ heat block and incubate for 2 hours.

5. Meanwhile, prepare "removing mix" cocktail contaigicompetitor DNA
and nucleosomes, scaling up by a factor of X (dtalthumber of
reactions + 4). The amount of each ingredient ne¢al@repare 1.5ul
removing mix for a single reaction is listed asdals:

i. Hela nucleosomes (1.5pg/ul), 0483-400 nM

ii. Sonicated salmon sperm DNAs (GE Healthcare), pl75 100
nM

ii. 1M DTT, 0.01ul

iv. 100 mM PMSF, 0.0%l

6. Terminate the reactions by adding fil®f the removing mix. Mix well,
spin down, and return the reaction tubes to th&C3heat block for 30
minutes.

7. Meanwhile, pre-run the native polyacrylamide gel@® V for 30 minute
in cold room, using 0.5x TBE as running buffer. W& a Hoefer®
vertical electrophoresis unit with a magnetic &r inside the lower

chamber to maintain constant buffer circulation.
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8. To load the sample, add 2.5 ul of loading dye dairtg 3x TBE, 30%
glycerol, 0.25% Bromophenol Blue, and 0.25% Xyl€&yanol. Mix well,
briefly spin the samples, and load onto the gelgikrading tips.

9. Run the gel at 100 V, for 30 minute in a cold roaith buffer circulation.
10.To detect the signal, transfer the gel to a stdd¢iwo sheets of Whatman
3MM filter paper. Wrap the filter paper with thel @& top using clear

plastic wrap, and then expose them to a StoragsdPloo Screen
(Molecular Dynamics) at 4 °C for the desired tirBean the screen using
a Typhoon Phosphorimager (GE Healthcare), and andhe data using

ImageQuant™ (GE Healthcare) software.

b. Mononucleosome binding assay
To assay the binding affinity of a given INO80 cdexpfor mononucleosomes,
we perform an Electrophoresis Mobility Shift Asg&MSA) using the
mononucleosomal substrates generated in Stepi5JHae reaction mixes for
binding assays are set up similarly to nucleos@meodeling assays, except the
ATP and removing mix are omitted from the reactiand samples are incubated
at 30 °C for 30 minutes. At the conclusion of theding reactions, add 2.5 pl of
loading dye to each reaction mixture, and applg t@tive polyacrylamide gel
containing 3.5% Acrylamide/Bis 37.5:1, 1% Glyce@Ebx TBE (45mM Tris
borate, 1ImM EDTA), 0.01% ammonium persulfate (AR®)Y 0.001%

N,N,N",N’-tetramethylethylenediamine (TEMED). Usidgpx TBE as running
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buffer, run the gel at 200 V for 2.5 hours in adcaom with buffer circulation.

(Figure 9B)

. DNA- and nucleosome- dependent AT Pase Assay

ATPase assays are performed i $eaction mixtures containing 20 mM Tris-
HCI (pH 7.5), 60 mM NacCl, 6.6 mM Mggl0.8 mM EDTA, 0.015% Nonidet P-
40, 2.5% glycerol, 0.1 mg/ml BSA, 1 mM DTT, 0.1 nfNMSF, 2uM ATP, 2

uCi of [0-**P] ATP (3000 Ci/mmol, PerkinElmer). For each ING&0nplex or
amount of INO80 complex to be assayed, we set nge tharallel reactions, one
containing EB100 buffer to measure DNA- or nuclensandependent ATPase,
one containing closed circular plasmid DNA (5000 g0 nM), and one
containing Hela oligonucleosomes (~185 nM) (Figud® Reactions should be
set up on ice.

1. For each reaction, combine the immunopurified IN@B8INO80
subcomplexes with an amount of EB100 buffer swgfitito give a volume
of 2.2ul in pre-chilled lubricated 1.5ml microcentrifuggbes. (The
optimal amount of INO80 complex needs to be deteeahiby titration; we
typically perform assays using 10-50 nM INO80.) lethately re-freeze
any INO80-containing fractions in powdered dry ice.

2. Set up a master cocktail, the amount of each ingneédeeded for a single
reaction is listed below. Scale up the recipe [@alisg up by a factor of
3(X+2) +1, where X = the number of INO80 preparnasito be assayed.

i. Deionized HO to a final volume of 2.4l
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il. 20x ATPase Buffer (400 mM Tris-HCI (pH 7.5), 200 nNACI,
132 mM MgC}, 16 mM EDTA, 0.3 % Nonidet P-40, 50%
glycerol, 2 mg/ml BSA, in deionized H20), 0.gb

iii. 100uM ATP (USB/Affymetrix), 0.1ul

iv. 1 M DTT, 0.005l

v. 100 mM PMSF, 0.00&l

vi. [0-*3P] ATP (3000 Ci/mmol, PerkinElmer), Ol

. Mix well.

. To prepare "sub-cocktails" containing buffer oriDNA, or nucleosomes,
dispense 2.5(X+2)l of the master cocktail into three separate tubdsl.
0.3(X+2) ul of either EB100, closed circular plasmid DNA (1.&/ul), or
Hela oligonucleosomes (1 &/ul) and mix well.

. Dispense 2.8l of the appropriate sub-cocktail to the enzymetaiming
reaction tubes set up in step 5)-c-1. Gently pgeft and down to mix;
avoid introducing bubbles.

. To start reactions, transfer the reaction tubes30 °C heat block.

. After 5, 15, 30, and 60 min of incubation, spot @.5f each reaction
mixture onto a cellulose polyethyleneimine thindaghromatography
(TLC) plate (EMD Millipore) in a straight line ag¢ést 1.5 cm away from
the bottom edge. Reaction tubes should be retumegtdiately to the 30
°C heat block so multiple time points can be takem a single tube.

After spotting, dry the TLC plates using a blow elty
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8. Develop plates in a glass chamber containing enOWjib M potassium
phosphate (pH 3.5) to allow the bottom 0.5 cm ef ThC plate to be
submerged in the solution. Cover the chamber, awdldp until the front
of the liquid phase reaches the top of the TLCgslalmmediate dry the
plates thoroughly using the blow dryer.

9. Expose the dried TLC plates to a Storage Phosptrees (Molecular
Dynamics) at room temperature. Scan the screeug asiryphoon
Phosphorimager (GE Healthcare) to quantitate theuatradioactive
ATP substrate and ADP product.

10.To calculate the amount of ATP hydrolyzed, multifitg % ATP
hydrolyzed by the amount of ATP present in thetistgireaction mixture
using the following formula: pmol ATP hydrolyzedl® pmol ATP in

starting reaction x [ADP/(ATP+ADP)]

REPRESENTATIVE RESULTS:

In Figure 7, we present a flow chart summarizirgpghocedures we use to generate,
purify, and characterize human INO80 ATP-dependarimatin remodeling complexes.
Generating human cell lines stably expressing ppitagged subunits of the INO80
complex is a key step in this procedure, as it lsatie purification of well-defined
chromatin remodeling complexes that can be testédjwarious biochemical assays.
Although it is in principle more time consuminggenerate stable cell lines than to use

transient transfection to deliver engineered cDNAs mammalian cell lines for the
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production of recombinant protein, transient trangbn suffers from several drawbacks.
First, DNA—in the form of a transiently transfected extra-chosomal vectesis short-
lived and usually cannot self-propagate duringalecycle. Second, transfection
efficiency varies greatly depending on cell typd gnowth conditions. Heterogeneous
transfection can cause a mosaic expression pattaticonfers a selective growth
advantage or disadvantage within the cell poputatibhus, transiently introduced
transgenes tend to get lost during the many cebages required to generate the large
amount of cells needed for purification of biocheatly useful amounts of protein.
Stable cell lines are most commonly generated usiethods that result in random
integration of cDNAs encoding a protein of interésdwever, randomly integrated
cDNAs can disrupt expression of endogenous gergear@nsubject to gene silencing
with multiple cell passages. For these reasongypieally introduce Ino80 cDNASs into
cells using Flp-In™ recombination technology, inigththe cDNA is stably incorporated
into a specific chromosomal location via Flp recamalse-mediated insertion into a
single FRT site stably integrated into the genof® 109). Also key to the success of
our procedure is the use of nuclear extracts astédréng material for purification of
INO80 complexes. We have found that immunopurifid®80 complexes from whole
cell extracts are often contaminated with ATPas¥@mucleosome remodeling
activities that are independent of the Ino80 ATPaseh contamination is largely

avoided when complexes are purified from nuclearaexs.

As illustrated in Figure 8, our procedures enabéegeneration of both wild type INO80

and INO80 subcomplexes that lack various subuthieseby enabling subsequent
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biochemical analyses of the contribution of thesgsmg subunits to INO80's enzymatic
activities. This figure describes two strategieshage used to define the architecture of
the INO80 complex and to generate INO80 subcompleke the first, shown in Figure
8A, we purify intact INO80 complexes through FLA&3ged versions of wild type
subunits (les2 or INO8OE). Subcomplexes can biigdithrough epitope-tagged
versions of mutant Ino80 proteins that lack indidldomains on which different sets of
subunits assemble. Using this approach, we fouaidtiie subunits shown in red
associate with the Ino80 NTD (N-terminal domainihgnits shown in blue associate
with the Ino80 HSA (Helicase SANT Associated) domaubunits shown in purple
associate with the SNF2 ATPase domain, compos&HERN and HelicC regions
(purple) separated by a long insertion region (@hithus, INO80 subcomplexes
(INO8OAN.com or INOSANAHSA.com) that lack either the subunits shown inoed
subunits shown in red and blue can be purifiedufhoFLAG-INn08@&N or FLAG-
INOBOANAHSA, respectively (23). Successful applicationhi$ approach to the
analysis of other multi-protein complexes depenug§)identification of an individual
subunit or subunit(s) that serve as scaffold(sybith other subunits assemble and (ii)
definition of specific domains or regions with whispecific subsets of subunits
assemble. The definition of such domains can hétéded by analyzing the primary
sequence of the core scaffold subunit(s) for evahatrily conserved regions or regions

that correspond to known structural domains.

It is also possible to generate subcomplexes bietieg individual subunits from cells

expressing an appropriate FLAG-tagged INO80 subimihe first example shown in
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Figure 8B, siRNA-mediated knockdown of subunit Xold¢es only X from the INO80
complex, suggesting X is not required for assemoblgny other subunits into INO80. In
the second and third examples, siRNA knockdowntbEeY or Z leads to co-depletion
of both the Y and Z subunits, suggesting Y andséamble into the INO80 complex in a
mutually dependent manner. The efficiency of siRiAdiated knockdown is quite
sensitive to cell density at the time of transfactiwe find that knockdown efficiency
decreased when transfections are performed with aetlensities other than that
recommended in the protocol. The optimal lengthroé for siRNA transfection is
variable and needs to be determined empiricallgfmh target protein, as it depends on
the stability of the target protein, the turnovaterof the targeted protein in protein

complexes, and the degree to which the proteisgsrdial for cell viability.
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Figure 8. Diagram showing the two strategies used to generate INO80 subcomplexes that contain a
subset of subunits.

(A) The Ino80 ATPase contains regions that function as modular scaffolds on which the other INO80
subunits assemble. Subunits shown in red associate with the Ino80 NTD (N-terminal domain); subunits
shown in blue associate with the Ino80 HSA (Helicase SANT Associated) domain; subunits shown in purple
associate with the SNF2 ATPase domain, composed of SNF2N and HelicC regions (purple) separated by a
long insertion region (white). Intact INO80 complexes (INO80.com) can be purified through FLAG-tagged
versions of any wild type INO80 subunit, such as FLAG-les2 or FLAG-INO8OE. INO80 subcomplexes
(INOSOAN.com or INOSOANAHSA.com) that lack either the subunits shown in red or subunits shown in red
and blue can be purified through FLAG-Ino80AN or FLAG-INO80OANAHSA, respectively (23). (B) siRNA-
mediated knockdown can be used to deplete the desired subunit (X or Y or Z) from cells expressing an
appropriate FLAG-tagged INO80 subunit (e.g. FLAG-Ino80AN). In the first example, siRNA knockdown of X
depletes only the X subunit from the INO80 complexes, suggesting subunit X assembles independent of
other subunit(s). In the the second and third examples, siRNA knockdown of either Y or Z leads to co-
depletion of both the Y and Z subunits, suggesting Y and Z assemble into the INO80 complex in a mutually
dependent manner.

In Figures 9 and 10, we show the representatiudtsesf biochemical assays used to
characterize INO8O activities, including nucleosasheing (Figure 9A) and binding
assays (Figure 9B) and DNA- or nucleosome-dependiERase assays (Figure 10). In
the experiment shown in Figure 9A, we compare thtieigy of the intact INO80
complex purified through FLAG-INOS8OE to that of 180 subcomplexes purified
through either FLAG-Ino88N or INnoBAMNAHSA; nucleosome remodeling activity is
indicated by conversion of more rapidly migratitaderally positioned nucleosomes to
more slowly migrating, centrally positioned nucleoges. To calculate the number of

nucleosomes remodeled during the reaction, wehestotiowing formula:

fmol nucleosome remodeled=

startingnucleosoms(in this protocol~ 30fmol) X { radioactity in upperband }

(radioactivity in upperband+ radioactivity in lower band)
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In the experiment shown in Figure 9B, we use ebgpttoretic mobility shift assays to
detect nucleosome binding. When nucleosomes aubated with increasing amounts of
intact INO80 complexes purified through the INO8&bunit, we see a dose-dependent
disappearance of the band corresponding to freemmheosomes and appearance of a
new "shifted" species that migrates near the tap@Qel. In contrast, when
nucleosomes are incubated with smaller complexadd been purified through
INno80AN and that lack a subset of INO80 subunits, thiteshspecies migrates more

rapidly (lanes 2-5 and 9-11).

A
FLAG IP
> Ino80 Ino80
e R AN ANAHSA
INOBO.com g §f —— | —— | |
(rel,conc) =Zz 2123412341234
mono- [ Rp—— —(_ )~ central

NUCIEOSOMES | (g e EN o0 S0 00 SOED W EDEDEIED  — lateral

free

DNA

1534967 9414121344

60



B FLAG IP

> Ino80 INOSOE Ino80
c AN AN
o
INOBo.com 9 —— | ——1 —"1
felcone} 20512 3 123831 23

— mononucleosomes
- - - }bound by INO80.com

(I X - - free mono-

nucleosomes

12345678 9101

Figure 9. Nucleosome remodeling and binding activities of INO80 and INO80 subcomplexes.

(A) INO80 nucleosome remodeling activity depends on the Ino80 HSA domain and/or associated subunits
but is independent of the Ino80 NTD and associated subunits. Nucleosome remodeling assays were
performed with FLAG-immunopurified complexes from nuclear extracts prepared from cell lines
expressing FLAG-tagged versions of wild type or mutant INO80 subunits. Intact INO80 complexes were
purified from cell lines expressing FLAG-les2 or FLAG-INO8OE; INO80 subcomplexes were purified from
cell lines expressing.FLAG-Ino80AN or FLAG-Ino80ANAHSA. The subunit composition of each INO80
complex tested is shown in Figure 8A. A relative concentration (rel. conc.) of 1 corresponds to ~10 nM
INO80 complex. (B) Nucleosome binding by the INO80 complex is independent of the Ino80 NTD and
associated subunits. Nucleosome binding assays were performed in the presence of varying amounts of
the indicated FLAG-immunopurified INO80 complex. Binding of INO80 or INO80 subcomplexes to
mononucleosomes results in the emergence of slow-migrating “super-shifted” bands corresponding to
mononucleosomes stably bound by INO80 or INO80 subcomplexes. Note that the relative mobility of the
super-shifted band is determined by the size of the complexes tested: mononucleosomes bound by intact
INO80 complexes purified through FLAG-INO8OE migrate more slowly than those bound by the smaller
FLAG-INO80AN-containing subcomplexes.

Nucleosome remodeling and binding assays shouldyshmclude a control in which
nucleosomes are incubated in buffer alone to assedsosome integrity and
electrophoretic mobility / positioning without reaheling enzyme (e.g. Figures 9A and
9B, lanes 1). To confirm that nucleosome remodebnATP-dependent, we perform

remodeling reactions in which ATP has been omitteceplaced with the nucleotide
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analog adenosine 5'-O-(3-thio) triphosphate (A3} which is bound by ATPases but
cannot be hydrolyzed; we expect to observe no aéhangucleosome position in
reactions lacking ATP or containing the non-hydralyle analog AT#S. In addition, to
confirm that ATP-dependent nucleosome remodelinedds on the catalytic activity of
the INO80 complex and not on a contaminating rernogl@ctivity, we perform assays
in the presence of INO80 complexes purified throagtatalytically inactive version of
the Ino80 ATPase containing a glutamic acid toaghite (E653Q) mutation that
prevents nucleotide hydrolysis (54). INO80 comptegesubcomplexes containing an
Ino80 EQ mutant should exhibit no nucleosome rennogl@ctivity even in the presence
of ATP. Any activity that is independent of ATP gtsis or is detected in reactions
containing Ino80 EQ mutants is likely due to contzating activity(s) and suggests that

further purification of the INO80 complex is needed

Figure 10 shows results of an assay comparing th&-[and nucleosome-activated
ATPase activities of two different INO80 subcompmsx One, INO8GN, includes an
Ino80 ATPase subunit that extends to the proteimsial C-terminus, while the other,
INO8BOANC, lacks the Ino80 C-terminal region (see diagmafigure 8). Although these
complexes are otherwise identical, the rate of Ay&rolysis (measured by conversion

of radio-labeled ATP to ADP) is greater in the prese of INO8BANC, suggesting the C-
terminus of the Ino80 ATPase may negatively regulatactivity (23). When measuring
the rate of ATP hydrolysis, it is advisable to penfi assays for varying lengths of time
and with more than one concentration of enzymentuee measurements are being taken

when product-time and dose-response curves a@ liie calculate the amount of ATP
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hydrolyzed in any given reaction, multiply the % RTydrolyzed by the amount of ATP

present in the starting reaction mixture usingftélewing formula:

radioactivity in ADP

pmol ATP hydrolyzed= pmol ATP in startingreaction X , —
radioactivty in (ATP + ADP)
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Figure 10. DNA- and nucleosome-dependent ATPase assays.

TLC (thin layer chromatography) -based ATPase assays were performed to measure the rate of ATP
hydrolysis by INO80 subcomplexes purified through FLAG-Ino80AN (AN) or FLAG-Ino80ANC (ANC) in the
presence of saturating amounts of DNA or nucleosomes. Assays were performed using two different
amounts of each complex and for three different reaction times. The more slowly migrating spots
correspond to the starting a->*P labeled ATP, and the more rapidly migrating species are the ADP reaction
products; arrows indicate the direction of solvent migration. Note there is minimal ATP hydrolysis by
either complex in the absence of either DNA or nucleosome cofactors, suggesting there is little
contamination by other ATPases or by DNA and/or nucleosomes in these preparations of purified INO80
complexes. In addition, the rate of ATP hydrolysis by both complexes is greater in the presence of
nucleosomes than DNA, suggesting the INO80 nucleosome remodeling complexes prefer nucleosomal
substrates for ATP hydrolysis.
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The interpretation of ATPase assays could, in grlacbe complicated by the fact that
INO8O0 chromatin remodeling complexes contain sdysrtential ATPases, including the
SNF2-like core ATPase In080, actin-like proteinp®rArp8, Baf53a, actin, and the
AAA+ ATPases Tip49a and Tip49b. Despite the phygcasence of multiple ATPases,
however, only complexes containing catalyticallyivaecino80 can support DNA- or
nucleosome-activated ATP hydrolysis; complexesaiairtg the catalytically inactive
E653Q (54)¥orm of Ino80 ATPase fail to exhibit any detectaBlEPase activity under
any conditions tested (23). Thus, DNA- and/or nostene- stimulated INO80 ATPase
activity is mainly contributed by the Ino80 ATPaséunit. The presence of DNA- and
nucleosome-independent ATPase activity in the @aripreparations of the INO80
complex suggests the presence of contaminatinglaelDNA, or alternatively,
contaminating non-INO80 ATPases that were not ssfaly removed during
purification. Several steps can be taken to minenntroducing unwanted DNA and/or
ATPase during the purification.

I. Increase the salt concentration (NaCl) in the lmga@ind washing steps during the
purification;

il. Decrease the ratio of FLAG agarose to cell lysatend immunopurification; the
optimal amount of FLAG-agarose should be determhetitration;

iii. ATP-dependent chaperones may remain bound to Fla®@etd proteins during
immunopurification. These can often be removedhbiuding 1 mM ATP in the

washing buffer during immunopurification;
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V. We have successfully removed contaminating DNAnmjuding benzonase
(2:2000, Novagen®, Cat. No. 70664) during incubatdextract with FLAG-agarose
beads. CAUTION: It is essential to make sure beagens removed during the
subsequent washing steps, as residual DNase wilade substrate DNA or nucleosomes

during assays for INO80 activity.

DISCUSSION:

Structural and functional studies of multi-subunammalian chromatin remodeling
complexes from higher eukaryotes have been hamgréee difficulty of preparing
biochemically useful amounts of such complexesaiairtg mutant subunits or lacking
certain subunits altogether. There are a numbgrabinical hurdles: First, genetic
manipulation in mammalian cells has been technjicdlhllenging and time-consuming.
Unlike yeast cells, whose genome can be readikgédind targeted using
recombineering techniques, the mammalian genom®ie structurally complex and
less susceptible to recombineering interventiohsisT deletion or modification of
mammalian genes in cultured cells or animals isentione consuming and requires more
specialized expertise. As a consequence, the gerecd mutant mammalian complexes
carrying structural mutations or lacking subsetsuunit(s) has been rate-limiting.
Second, biochemical reconstitution approaches ussterologous protein expression
systems are often used to generate defined muitejorassemblies. However, such
approaches become technically challenging for lege complexes, whose subunits

may need to be simultaneously expressed in prapehgmetry and/or to be assembled
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in a particular order, with help from specific cleapnes or cofactors. These problems
are especially severe in the case of the INO80 tampecause its Ino80 ATPase
subunit is particularly difficult to express in @t orE. coli cells in biochemically useful
amounts. In our studies of the INO80 chromatinodeling complex, we have been able
to circumvent some of these challenges using tla¢esfies described in this chapter, and
we anticipate these approaches should be moreajgneseful for studies of other

chromatin remodeling enzymes as well as other langkiprotein complexes.

Chapter lll. Subunit organization of the human INO80 chromatin
remodeling complex

ABSTRACT

We previously identified and purified a human ATé&pdndent chromatin remodeling
complex with similarity to thé&accharomyces cerevisiae INO80 complex (65) and
demonstrated that it is composed of (i) a Snf2 kaii Pase (hino80) related in
sequence to th& cerevisiae Ino80 ATPase, (ii) 7 additional evolutionarily canved
subunits orthologous to yeast INO80 complex sulyaitd (iii) 6 apparently metazoan-
specific subunits. In this chapter, we presend@vce that the human INO80 complex is
composed of three modules that assemble with thsti@ct domains of the hino80
ATPase. These modules include (i) one that is ca@gof the N-terminus of the hino80
protein and all of the metazoan-specific subumtsia not required for ATP-dependent

nucleosome remodeling, (ii) a second that is coregpas the hino80 HSA/PTH domain,

67



the actin-related proteins Arp4 and Arp8, and thé-Kxuppel family transcription factor
YY1, and (iii) a third that is composed of the h#0oSnf2 ATPase domain, the les2 and
les6 proteins, the AAA+ ATPases Tip49a and Tip48id the actin-related protein Arp5.
Through purification and characterization of hINQ&0nplex subassemblies, we
demonstrate that ATP-dependent nucleosome remgd&jithe hINO80 complex is
catalyzed by a core complex comprised of the hiqo®@ein HSA/PTH and Snf2
ATPase domains acting in concert with YY1 and thenplete set of its evolutionarily
conserved subunits. Taken together, our findihgsl :iew light on the structure and

function of the INO80 chromatin remodeling complex.

INTRODUCTION

The Ino80 protein is a Snf2 family ATPase evoluéioly conserved from yeast to man
(4, 5, 28). The Ino80 protein was initially idergd in the yeast Saccharomyces
cerevisiae, where it was found to function as aegral component of a multisubunit
ATP-dependent chromatin remodeling complex witlesah transcription, DNA
replication, and DNA repair (4, 28, 40, 116). Wéseguently purified the human Ino80
ATPase (hino80) and found that it is also a compboéa multisubunit ATP-dependent
chromatin remodeling complex possessing both siiida and intriguing differences
with the S. cerevisiae INO80 complex (17, 65, 143). Evidence suggests mailar to its
yeast counterpart, the human INO80 complex regailagascription as well as DNA

repair and replication processes (17, 62, 64, 88).1

The hINO80 complex shares with tBecerevisiae INO80 complex a set of 8

evolutionarily conserved subunits, including thed80 Snf2-family ATPase, the AAA+
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ATPases Tip49a and Tip49b (also called RuvBL1 andHR 2), actin-related proteins
Arp4 (also called Baf53a), Arp5, and Arp8, and lg&2 and les6 proteins; however, it
lacks obvious orthologs of the remaini@gerevisiae INO80 complex subunits Nhp10,
Taf9, lesl, les3, les4, and les5 (65). In theic@lat contains several apparently
metazoan-specific subunits, including the deubigaiing enzyme Uch37 and the less
well characterized Amida, INO80D (FLJ20309), INOS@ECDC95 or FLJ90652),
forkhead-associated (FHA) domain containing MCRS1 nuclear factor related t&
(NFRKB) proteins (65, 143). ®rosophila melanogaster INO80 complex with a
collection of subunits similar to those of the hI8@complex was recently described by
Muller and coworkers (71). Both human and DrosapiO80 complexes were found to
include the GLI-Kruppel family zinc finger transgtion factor YY1 (17, 71, 139)
(referred to as Pleiohomeotic (PHO) in flies.) Altigh YY1 and PHO were initially
thought to be metazoan-specific subunits of the8Gomplex, the recently
characterized&chizosaccharomyces pombe INO80 complex contains a GLI-Kruppel
family zinc finger protein referred to as lecl (6@hich may be orthologous to YY1 and

PHO.

As part of our effort to understand the mechanigimyswvhich the hINO80 complex
regulates chromatin structure, we wish to defireeafchitecture of the hINO80 complex
and to learn how its individual subunits contribtdets ATP-dependent nucleosome
remodeling activity. Ino80 proteins from yeast tortans share conserved Snf2-like
ATPase/helicase and Helicase-SANT-Associated/P8#-HHSA/PTH) domains

flanked by non-conserved amino- and carboxy-terhmggions (43). Previous studies
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have established that the catalytic activity of in@80 Snf2-like ATPase domain is
required for ATP-dependent nucleosome remodelinthe$. cerevisiae INO80 complex
(116). The Ino80 ATPase/helicase domain has alen peposed to provide a binding
site for the AAA+ ATPases and Arp5, based on ewdefi) that the corresponding
domain of a related Snf2-like ATPase, Swrl, bitdsAAA+ ATPases and (ii) that
binding of Arp5 toS. cerevisiae INno80 depends on the AAA+ ATPases (67, 140). The
HSA/PTH domain of cerevisiae Ino80 is also required for ATP-dependent nucleasom
remodeling and serves as a docking site for acthagtin-related proteins Arp4 and
Arp8 (117, 125)S. cerevisiae INO80 complexes lacking one or more of the actiated
proteins or the AAA+ ATPases exhibit greatly redliceicleosome remodeling activities,
suggesting these proteins either participate dyir@tnucleosome remodeling or are
required for proper assembly of active complex&s {87). We note that we have not yet
determined whether actin is a bona fide subunibehINO80 complex. Our current
evidence suggests that actin is present in our mgbkty purified preparations of the
hINO80 complex in significantly smaller amountsriibe actin-related proteins Arp4,

Arp5, and Arp8.

Although the information described above has predidseful preliminary insights into
the organization of the INO80 complex and the fiomst of some of its subunits, major
guestions remain. In particular, the architecturéhe conserved portion of INO80
complexes has not been fully defined, there isnfiarination about which domain(s) of
the hino80 protein govern assembly of the metazpatific subunits into the hINO80

complex, and, importantly, there is no informatairout the potential contributions of the
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metazoan-specific subunits to the ATP-dependeriensome remodeling activity of the

hINO80 complex.

To define further the organization of the hINO8@ngdex and to explore the
contributions of various domains of the hino80 pnotand of the evolutionarily
conserved and metazoan-specific subunits to its-ddpendent nucleosome remodeling
activity, we have carried out a systematic striesfuinction analysis of the hino80
ATPase. Our findings reveal that ATP-dependenteasdme remodelinign vitro can be
carried out by a hINO80 complex subassembly congposéne hino80 HSA/PTH and
Snf2 ATPase domains acting in concert with YY1 #rel7 evolutionarily conserved
subunits of the complex. Furthermore, we obseraedh 6 metazoan-specific subunits
of the hINO80 complex assemble together with arminal hino80 region to form a
module that is not essential for ATP-dependenteasddme remodeling. Taken together,
our findings shed new light on the roles of thed®® ATPase and its associated subunits

in chromatin remodeling.

RESULTS

Defining the architecture of the human INO80 chromatin remodeling
complex

To begin to investigate the role of the hino80 A3®and individual subunits of the
hINO80 complex in reconstitution of ATP-dependemntieosome remodeling, we
generated a series of human embryonic kidney (HEX)cell lines stably expressing the

N-terminally FLAG-tagged hino80 mutants shown igu¥e 11.
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Figure 11. Schematic diagram showing the domain organization of the hino80 ATPase and hino80
mutants used in this chapter.

NTD, N-terminal domain; HSA, HSA/PTH domain; Snf2N (Snf2 family amino-terminal) and HelicC (helicase
superfamily carboxy-terminal), conserved domains in the Snf2 ATPase domain of hino80. CTD, carboxy-
terminal domain. Numbers refer to positions in the amino acid sequence of the hino80 protein (accession
number NP_060023.1); boundaries of conserved HSA domain is from(125), and boundaries of SNF2N and
HelicC are from conserved domain database entries 201060 and 28960, respectively. Yellow asterisk
shows the position of the E653Q mutation used to inactivate the hino80 ATPase.

These mutants include deletion mutants lacking\tterminal domain (NTD), the
HSA/PTH domain, and/or the C-terminal domain (CT®ith or without a DEAD/H box
point mutation (E653Q) predicted to interfere wiltho80 ATPase activity (54). In
addition, we generated 293 cell lines expressing80 fragments that contain the NTD
alone, the NTD and HSA/PTH domain, and the CTD el@ecause we observed that
neither full-length FLAG-hIno80 nor FLAG-hIno80 nauts containing both the N-
terminus and Snf2 ATPase domains could be stalggessed in HEK293 cells at levels

sufficient for subsequent analyses, we purifiedéhhINO80 complexes for this study
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from an HEK293 cell line stably expressing FLAGdad INO80 subunit INO8SOE (16,
65). Nuclear extracts prepared from HEK293 cellsressing FLAG-INO8OE or the
FLAG-hIno80 mutants were subjected to anti-FLAGraga immunoaffinity
chromatography, and proteins present in anti-FLAGase eluates were identified by
MudPIT mass spectrometry (44, 136) (Figure 12A) analyzed by SDS-polyacrylamide

gel electrophoresis (Figure 12B) and Western bigt(Figure 12C).
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Figure 12. Modular organization of the hINO80 complex.
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(A) MudPIT analysis of intact hINO80 complex and hINO80 complex subassemblies. The table shows
hINO8O0 subunits detected by MudPIT mass spectrometry in complexes containing full-length hino80 or
the indicated hino80 mutants. Red, subunits associating with the hIno80 NTD; blue, subunits associating
with the hIno80 HSA/PTH domain; purple, subunits associating with the Snf2 ATPase domain. The subunit
used as FLAG-bait for purification of each complex is indicated with an asterisk. Normalized spectral
abundance factors (NSAFs) provide a rough estimate of the relative amounts of each protein detected in a
MudPIT dataset (26-29); relative NSAFs shown in the table were calculated by normalizing the NSAF for
each subunit to the NSAF for hino80 or hino80 derivative in each complex. (B) hINO80 complex and
hINO80 subassemblies analyzed by SDS-polyacrylamide gel electrophoresis and silver staining. Open
circles indicate the position of hino80 and hino80 derivatives. Lanes separated by black line are from
separate gels. (C) hINO80 complex and hINO80 subassemblies analyzed by Western blotting with anti-
FLAG antibodies to detect FLAG-hIno80 fragments or with antibodies against the indicated subunits.

The results of these experiments argue that th©BONcomplex is composed of at least
three modules and can be summarized as followsngiazoan-specific subunits
Amida, INO8OE, INO80D, NFRKB, Uch37, and MCRS1 whrst from INO80
complexes containing hino80I, which lacks the first 266 amino acids of hinoB0t
retains the HSA/PTH, Snf2 ATPase, and C-terminat@as. Arguing that the hino80
NTD is both necessary and sufficient to nucleatéNsD80 complex subassembly
containing all of the metazoan-specific subunitsnplexes containing just the hino80
NTD (fragment N1) included each of the 6 metazgaeesic subunits (Figure 12A). In
contrast, the 295 amino acid non-conserved CTDnigag of hino80 did not copurify
with any of the INO80 subunits. In addition, debetiof the CTD from hino80 did not
result in the loss of any subunits from the comp@amplexes with either hino3MN or
a hino80 fragment lacking both the NTD and the GRdo8MNC) contained all of the
conserved subunits, including actin-related pratéim4, Arp5, Arp8, the
AAA+ATPases Tip49a and Tip49b, les2, les6, and Ya&ldid complexes containing

the catalytically inactive hino@N EQ or hino8BANC EQ mutants.
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Arguing that the HSA/PTH domain nucleates asserablymodule containing YY1 and
actin-related proteins Arp4 and Arp8, deletionted HSA/PTH domain from hino80
ANTD led to loss of YY1, Arp4, and Arp8, whereasldNO80 fragments that include
the HSA/PTH domain copurified with YY1, Arp4, andp8. These findings are
consistent with previous results indicating thathe S. cerevisiae INO80 complex, the
Ino80 HSA/PTH domain serves as a docking site ¢inand actin-related proteins Arp4

and Arp8 (117, 125).

Finally, we observed that the remaining evolutidgaronserved subunits les2, les6,
Arp5, and the AAA+ ATPases Tip49a and Tip49b, direapable of assembling into a
module that includes just the hino80 Snf2 ATPagealn. While none of these subunits
had previously been shown to assemble with a 3péed80 domain, our observation
that Arp5, Tip49a, and Tip49b are among the subwassociated with the hino80 Snf2
ATPase domain is consistent with previous data esigjrg that, in the yeast SWR1
remodeling complex, binding of the actin-relatedtpm Arp6 and the yeast orthologs of
Tip49a and Tip49b to Swrl depends on the preseinae imtact Swrl Snf2-like ATPase

domain (140, 141).

Evolutionarily conserved INO80 core complexes catalyze ATP-
dependent chromatin remodeling activity

In a previous study, we observed that, likeS$heerevisiae INO80 complex, the hINO80
complex is capable of catalyzing both ATP-dependeicteosome sliding and DNA-
dependent ATPase in vitro (65, 116). To begin t@stigate the potential roles of

individual subunits of the hINO80 complex in thes#vities, we tested the purified
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hINO80 complex subassemblies generated abovedordhilities to catalyze ATP-

dependent nucleosome remodeling and DNA-stimulaté® hydrolysis.

To assay ATP-dependent nucleosome remodeling,tA6&HmMmunopurified hINO80
complex or hINO80 complex subassemblies showngurei 12 were incubated in the
presence of ATP with mononucleosomes assembled?d6 aase paif’P-labeled DNA
fragment with a 601 nucleosome positioning sequeeee one end of the DNA.
Following reactions, HelLa oligonucleosomes and D& were added to reaction
mixtures as competitor to remove nucleosome- or EWAling proteins that might alter
mononucleosome electrophoretic mobility, and reactiroducts were analyzed on native

polyacrylamide gels.

The electrophoretic mobility in a native gel of &P fragment containing a nucleosome
at one end is greater than that of the same DNgufemt containing a more centrally
located nucleosome. The majority of nucleosomed irseur assays are initially located
on the laterally positioned nucleosome positiorsaguence; thus, nucleosome sliding
toward the middle of the DNA can be readily detddig a decrease in electrophoretic

mobility of the labeled nucleosome.

As shown in Figure 13, lanes 1-4, the intact hIN@8fhplex is capable of sliding
laterally positioned nucleosomes to a more cepivaltion in a dose dependent manner.
In addition, subassemblies containing hindBQ(lanes 5-8) or hino&NC (lanes 9-12)
and all of the conserved subunits exhibited nudewssliding activities very similar to
that of the intact hINO80 complex, indicating thaither the NTD and CTD of hino80

nor any of the metazoan-specific subunits are éisséor nucleosome remodeling.
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Nucleosome sliding was strictly dependent on tles@mnce of a catalytically active
hino80 Snf2 ATPase, since complexes containingd0adl EQ or hinoBANC EQ were
inactive (compare lanes 16-19 to 20-23 and 24-Z%t87). Arguing that the hino80
HSA/PTH domain and/or Arp4, Arp8, and YY1 are regqdifor nucleosome sliding,
subassemblies containing the hin@d80AHSA and les2, les6, Arp5, Tip49a, and
Tip49b, but lacking the HSA/PTH domain and Arp4p8rand YY1 were not active

(lanes 13,14).
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Figure 13. Nucleosome remodeling activities of hINO80 complex and hINO80 complex subassemblies.

Nucleosome sliding assays were performed with the indicated complexes as described in the method
chapter. hINO80 complexes at a relative concentration (rel. conc.) of 4 contain ~400 fmol of Arp5,
equivalent to the amount of material loaded onto the gels shown in Figure 12, panels B and C. %
remodeled nucleosomes is equivalent to the amount of radioactivity in the upper band, corresponding to
the centrally positioned remodeled nucleosome, divided by the total amount of radioactivity in the
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remodeled nucleosome and the prominent lower band, which corresponds to the laterally positioned,
starting nucleosome (see lane 15). The faint band at the bottom of the gels is due to a small amount of
free DNA in the nucleosome preparation. The data in lanes 1-15, 16-23, and 24-27 are from three

separate experiments; quantitative comparisons should be made only within an individual experiment.

In parallel experiments, the intact hINO80 compexi hINO80 complex subassemblies
were assayed for their abilities to catalyze DNA@®dent ATP hydrolysis in the
presence of closed circular plasmid DNA. As showRigures 14 and 15, the relative
DNA-dependent ATPase activities of the intact hINd@®mplex and complexes
containing hino8AN, hino8MN EQ, hinoBANC EQ, and hino8ONAHSA mirrored
their relative activities in nucleosome sliding r@isingly, however, complexes
containing hino8ANC exhibited substantially higher DNA-dependent A$e activity
than intact complexes or hINO8B complexes. Similarly, complexes containing
hinoBAANC exhibit higher nucleosome-stimulated ATPase tharother complexes
(data not shown; see also Figures 18). Becauselegagpcontaining hino@INC EQ did
not exhibit significant DNA-dependent ATPase, thisivity depends on a catalytically
active hino80 Snf2-like ATPase. Although futureds&és will be required to define the
underlying mechanisms, these observations sudugstite hino80 CTD might function
in some contexts as a negative regulator of ATRdlysis by the hINO80 complex. In
addition, while our findings argue that the ATPasavity of hino80 is required for
nucleosome remodeling activity, they also sugdestt ATPase activity may not be

strictly coupled to nucleosome remodeling.
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DNA-dependent ATP hydrolysis

INOS8O0 complex (pmol/min per 1X complex)
Wild type 0.007 + 0.001

Ino80AN 0.007 = 0.003

Ino8OAN EQ <0.001

[no8O0ANC 0.095 = 0.021

Ino80ANC EQ <0.001

Ino80 ANAHSA <0.001

Figure 14. DNA-dependent ATPase activity associated with wild type hINO80 complexes and hINO80

complex subassemblies.

Reactions were performed with or without DNA as described in the method chapter and contained 1x, 2x,
3x, or 4x wild type hINO80, hINO80OAN, hINO80OAN EQ or hINO8OANC complexes or 4x hINOS8OANC EQ or
hINO8OANAHSA complexes, where 1x contains ~100 fmol Arp5. Aliquots of each reaction were removed
at various time points between 15 and 120 min for measurement of ATP hydrolysis. Values shown for the
hINO8OANC and hINO8OANAHSA complexes are based on data from two independent reactions. Values
for wild type hINO80, hINO80OAN, hINO80OAN EQ, or hINOS8OANC complexes are based on measurements
from at least three independent reactions and include only data points in which less than ~25% of the

starting ATP was hydrolyzed.
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Figure 15. Modulation of DNA-dependent ATPase activity by the hino80 CTD.

Representative DNA-dependent ATPase assays performed as described in the method chapter. Each
reaction included ~400 fmol of Arp5, equivalent to the amount of material loaded onto the gels shown in
Figure 12, panels B and C.

Phosphorylation and regulation of the human Ino80 CTD

The experiments described above provide evideratentho80 CTD (residues 1261-
1556) can negatively regulate the DNA- or nucleosalapendent ATPase activity of the
hINO80 complex, even though this region of hino8eginot bind stably to any of the
known INO8O subunits or affect ATP-dependent nusi@ee remodeling in our assays.
Within this region, residues 1261-1287 are congkinanetazoa and, as noted in the
Introduction, may adopt a triangular brace-likeisture that sits on top of the Snf2
ATPase domain (See Figure 4F). Sequences C-tertimesidue 1287 are conserved

only in mammals and, based on analyses performédtia PSIPRED program (66),
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may be largely unstructured. In thinking about heagsms by which the CTD might
affect INO8O activity, we considered the possipititat the unstructured CTD domain
might fold back onto and interact with the consdraf2-like ATPase domain and block
access to key structural motifs within the Snf2 A$® core, potentially interfering with
essential steps in the ATP hydrolysis cycle, sicheanodeler engagement with DNA or
ATP binding, hydrolysis, and release. Agreeing Witis possibility, the linker region

that connects the Ino80 CTD and the Snf2-C domairesponds to a region in the
zebrafish Rad54 that was poorly ordered in thetalg$ructure, suggesting the potential
of adopting alternative conformations (127). Ini&idd, this model predicts that addition
of an excess of Ino80 CTD to INO&INC complexes might inhibit ATPase activity

trans.

To begin to address this possibility, we immunoipedi FLAG epitope tagged Ino80
CTD fragments from nuclear extracts of 293-FRT lteéls stably expressing the Ino80
CTD. INOB8QANC complexes were assayed for DNA-stimulated ATRPasee presence
of various concentrations of CTD fragment, all xeess. In control reactions, we tested
the effect of adding excess CTD fragment to reastmontaining INO8AN complexes,
which contain covalently linked CTD domains. Aswim in Figure 16 (black bars), we
observed a gradual reduction of DNA-stimulated A3dPactivity in INOSANC

reactions as more CTD fragments were included. ikggagainst the possibility that
contaminating activity(s) in the purified fractioontaining the CTD fragment might
inhibit DNA-dependent ATPase activity by mechanisntdependent of INO80

complexes, addition of the fragment had no effecteactions containing INO&N.
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Thus, the purified INO80 CTD fragments specificatiffibit the DNA-stimulated
ATPase of INO80 complexes lacking CTD tails, but those with covalently linked
CTD tails (INOS@N complexes). Notably, in the presence of the lsgbdesage of
Ino80 CTDs, INOBANC complexes exhibited a decreased level of ATRateity that
is comparable to INO&N complexes (Figure 16). This observation is cdaaiswith
the possibility that free CTD fragments in the te@atcan interact with INO8ONC and
transform it into an INO&QN-like complex, thus recapitulating tlees inhibitory

regulation posed on INO&IN complexesn trans.
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Figure 16. Ino80 CTD region negatively regulates ATPase activity of INO80 complexes

DNA-stimulated ATPase activity of INO80 AN and ANC were measured in the presence of increasing
amounts of FLAG-tagged Ino80 CTD fragment, which was purified from a nuclear extract of HEK293 cells.
The relative molar concentrations of the CTD and the Ino80 ATPase were estimated by comparing the
intensity of bands in silver-stained gels; INO80 CTD fragment was included in assays in excess over INO80
as indicated in the graph.

The Ino80 CTD has been shown to be a target féicgele-dependent, phosphorylation
on serine residues 1490, 1512, and 1516 and thmeoesidue 1550 during mitosis (35);
thus it was of interest to determine whether phosghation of this domain might

regulate activity(s) of the hINO80 complex.
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To determine whether the hino80 CTD is phosphoedan human cells, we used a
phosphorylation specific staining method (121). dboso, FLAG-Ino80 CTD purified
from HEK293 cells and HIS-Ino80 CTD purified frd&coli were fractionated by SDS-
PAGE, and the gel was stained with SyproRuby, wHigbresces at 457 nm to detect
total protein (Figure 17, lanes 1-3) and with thegpho-specific stain Pro-Q Diamond,
which fluoresces at 550 nm (Figure 17, lanes 4&)mparison of total protein and
phosphorylation-specific staining indicates that8@ CTD fragments purified from
nuclear extracts from 293-FRT cells stably expres&iLAG epitope tagged CTD
fragment were phosphorylated. In contrast, a stghagphorylation signal was not
detected on a histidine tagged version of the dao®&0 CTD fragment purified frorg.

coli cell extracts.
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Figure 17. Human Ino80 CTD can be phosphorylated when purified from nuclear extracts of HEK293
cells.

Ino80 CTD fragment (1223-1556) cDNA was fused with either FLAG epitope tag or 10x Histidine tag, and
expressed in HEK293 cells and E. coli cells, respectively. Purified FLAG-Ino80 CTD (lanes 2 and 5) and His-
Ino80 CTD (lanes 3 and 6) were applied to SDS-PAGE. The same gel were stained by Sypro-Ruby to
visualize total protein (lanes 1-3), and Pro-Q Diamond phospho-stain to visualize phosphorylated
polypeptide (lanes 4-6). Markers (lanes 1 and 4) include two phosphorylated protein Ovalbumin and R-
Casein, and additional un-phosphorylated proteins R-galactosidase, bovine serum albumine (BSA), Avidin,
and Lysozyme.

To confirm the presence of phosphoryl group(s)henlho80 CTD fragment, we treated
the purified FLAG Ino80 CTD with two amounts of aline phosphatase vitro. As
shown in Figure 18A, alkaline phosphatase treatmesntlted in a dosage-dependent
reduction of the phosphorylation signal on the &I D fragment. This reduction

could be inhibited completely by the addition offa® EDTA, which chelates
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magnesium and consequently inhibits the enzymaticity of the alkaline phosphatase

CIP (calf intestinal phosphatase).
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Figure 18. The hypo-phosphorylated Ino80 CTD is less of a potent ATPase inhibitor

(A) In vitro phosphatase treatment can reduce Ino80 CTD phosphorylation. Ino80 CTD purified from
nuclear extracts of 293 cells was incubated with varying amount of alkaline phosphatase CIP (calf
intestinal phosphatase) in vitro. 50mM EDTA was applied to inhibit the activity of CIP. The reaction
products were subjected to SDS-PAGE, and the same gel were stained either with Sypro-Ruby to visualize
total protein (upper panel), and Pro-Q Diamond phospho-stain to visualize phorphorylated polypeptide
(lower panel). (B) CIP-treated Ino80 CTD exerted less inhibitory effect on the ATPase activity of INOSOANC
complexes. Same amount of mock treated and CIP-treated Ino80 CTD were incubated with INO80
complexes AN or ANC, and DNA- and nucleosome-stimulated ATPase hydrolysis were measured as the
ratio of hydrolyzed ATP (ADP) over the overall input ATP.
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To determine whether phosphorylation of the CT@dnant affects its ability to inhibit

in trans the DNA-dependent ATPase activity associated WMB80ANC complexes, we
generated Ino80 CTD fragments that were either hygrehypo-phosphorylated. FLAG
tagged Ino80 CTD fragments were immobilized on-&8h#hG antibody agarose beads
and incubated with or without CIP at %7 for 1 hour, followed by extensive washing to
remove CIP. The hyper- and hypo- phosphorylatadsiaf the CTD fragments was then
confirmed using Pro-Q Diamond phosphoproteins-dgestiaining (data not shown). To
compare the inhibitory potential of hyper- or hyploesphorylated CTD fragments on the
ATPase activity of INOBANC complexes, we compared the DNA- and nucleosome-
stimulated ATPase activity of INOAINC complexes in the presence of an excess of
either mock- or CIP-treated CTD fragment. As shawRigure 18A, addition of hyper-
phosphorylated CTDs (mock treated) led to a sigaift decrease of both DNA- and
nucleosome- stimulated ATPase activities of INORC complexes; whereas such
activities were down-regulated to a lesser extatit the addition of hypo-
phosphorylated CTDs (CIP treated) (Figure 18B). seguently, both DNA- and
nucleosome-stimulated ATPase activities were highére presence of CTDs treated by
CIP than mock treated. We did not observe any ealite inhibitory effect of both CTD
groups on the ATPase activity of INOSBN complexes. We note that the Ino80 CTD
preparations in these experiments likely contaim>ture of un-phosphorylated and
phosphorylated CTDs with heterogeneous phosphaglaand that the removal of
phosphoryl group by CIP treatment was by no meangptete. Whether the inhibitory
activity in CIP-treated CTD fragments reflects resence of residual phosphorylated

CTDs remains to be determined. Nevertheless, taerinhibitory potential of hyper-
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phosphorylated preparation of CTD fragments is istast with the model that the
presence of phosphoryl groups on Ino80 CTD mayriluie to negative regulation of

INO8O ATPase activity.
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Figure 19. De-phosphorylated INO80 complexes are more active in DNA- and nucleosome-stimulated

ATPase assays.

(A) Equal amount of INO80OAN complexes, either mock treated or CIP treated, were subject to DNA and
nucleosome-stimulated ATPase assays. (left) p32 radiograph of the assay done with saturating amount of
DNA and nucleosomes; (right) quantification of the result to the left; (B) ATPase activity measurement
with nucleosome titration to compare the rate of ATP hydrolysis by mock treated or CIP treated INOS80OAN

complexes.
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To test this model in the context of INO80 compkexa which the CTD is preseimntcis,
we sought to remove the phosphoryl groups fromnb80 CTD by treating INOS8BN
complexes with CIP. We compared the ATPase actofigither hyper- or hypo-
phosphorylated INO8ON complexes in DNA- and nucleosome-stimulated AEPas
assays. Consistent with the observation that @#&e¢d CTD fragments were less
inhibitory when addedh trans, CIP treated INO&QN reproducibly exhibited higher
ATPase activities stimulated by both DNA and nustaoes compared with mock treated
complexes (Figure 19A). The increase in DNA stinredaATPase activity following CIP
treatment was more pronounced, but the increasedleosome-stimulated ATPase
activity was also consistently observed over a wadeye of nucleosome concentration
(Figure 19B). This observation is consistent witl possibility that phosphorylation of
CTD regulates INO80 ATPase activity, but we canmid out the possibility that
potential phosphorylation event(s) on subunits othan Ino80 ATPase may also
contribute to negative regulation of INO80 ATPastvity. Notably, we do find that the
Ino80 ATPase may be the most heavily phosphorylstgdinit in INO80 complexes (see
Figure 21B). We concluded from these data thaptiesphorylation of INO80

complexes may negatively regulate ATPase actividfdhe complex.
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Figure 20. Identification of novel phosphorylation sites on Ino80 CTD

(A) Various Ino80 CTD fragments that contain either residues 1224-1556, 1224-1484, or 1224-1429 were
purified from nuclear extracts of 293 cells, and subjected to SDS-PAGE. The same gel were stained either
with Sypro-Ruby to visualize total protein (top panel), or Pro-Q Diamond phospho-stain to visualize
phosphorylated polypeptide (bottom panel). (B) Purified Ino80 CTD and INO80OAN complexes, either mock
treated or CIP treated, were subject to MUDPIT mass spectrometry analysis to identify phosphorylated
peptide. Each sample was divided to half, digested by protease. One half of the material was subjected to
phospho-peptide enrichment by TiO2 and IMAC columns, and analyzed by mass spectrometry for
phosphor spectrum; the other half was used to quantitate the overall spectrum abundance of a given
peptide. Phosphorylation level represents the spectrum percentage of phosphorylated peptide vs. overall
peptide counts. The number of spectrum identified in the phosphor enriched group was listed above each
bar.

Our observations that INOAMN complexes appear to be regulated by phospharylati
potentially of Ino80 CTD, suggest that the INO8bngbex could be targeted by cellular
signaling pathways that culminate in the phosptadith of INO8O. In light of previous
evidence that specific residues of the Ino80 CTHbluding serine 1490, 1512, 1516, and
threonine 1550, are phosphorylated in mitotic,mmitG1 cells, we considered the
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possibility that catalytic activities of INO80 comeges might become repressed by

phosphorylation of the Ino80 CTD during the mitqgiltase of the cell cycle.

To determine whether our preperations of Ino80 Gf®phosphorylated at sites that
were reported, we subjected the purified Ino80 @GHD INOS@N complexes to
MUDPIT mass spectrometry analysis for phosphomytasite mapping, in collaboration
with the Washburn lab. As a control for false pgsisignal, we also included CIP-
treated hypo-phosphorylated Ino80 CTD and IN®SGomplexes for the analysis. The
results identified multiple peptides containing pplooryl groups at serine 1399 position
in both Ino80 CTDs (17 spectra) and IN@®0complexes (9 spectra). Supporting the
validity of the identified phosphorylation sitelgetratio of phosphorylated vs. non-
phosphorylated peptide (phosphorylation level) wawn when the samples were
treated with CIP. We identified only one phosphatgtl spectrum at the serine 1377
position, and none in CIP treated sample, suggesenne 1377 of Ino80 can be
phosphorylated. The low phosphorylated spectrunmicolithis site could be explained
by the possibility that the serine 1377 is not gamphosphorylated residue compared
with serine 1399; or alternatively, the spectrunthef phosphorylated peptide may be
intrinsically difficult to detect. In summary, wdantified two previously unrecognized
phosphorylation residues serine 1377 and 139%iinh80 CTD. Surprisingly, we did
not identify any phosphorylated spectrum correspantb the previously identified (35)

Ino80 CTD phospho sites (serine 1490, 1512, 15id tlareonine 1550).

As an initial attempt to locate the phosphorylatstte on the Ino80 CTD, we sought to

validate the phosphorylation sites identified by mass spectrometry analysis, and
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confirm the absence of reported phospho sitesiirsystem. We generated C-terminally
truncated Ino80 CTD fragments containing residui111484 or 1224-1429. Both of
these fragments lack the reported CTD phosphooylatites, but retain the sites
identified in our analysis. When these shorterrragts were compared with Ino80 CTD
(1224-1556), we observed comparable amount of gturgfation signal by the gel
staining method, again suggesting that the prelyaeported residues did not contribute
to the phosphorylation signal we detected on thdied Ino80 CTD. Instead, the
phosphorylation specific staining is evidently doenodifications occurring in a region
that contains the phosphorylated residues (seBii@ and 1399) we identified by mass
spectrometry. Further mutagenesis study on thesghespho-sites is needed to

unambiguously validate the bona fide phosphorytasites of the Ino80 ATPase.
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Figure 21. Cell cycle specific phosphorylation profile of purified INO80 complexes or Ino80 CTD

(A) Flow cytometry analysis of DNA content in 293 F: Ino80AN cells released from mitotic arrest over a
twelve hour time course. Cells were released from nocodazole block and harvested at two hour intervals,
and a portion of cells were fixed and stained with propidium iodide to monitor synchrony. The zero hour
time point corresponds to unreleased cells. (B and C) INO80OAN complexes (B) and F: Ino80 CTD (C) were
purified from cells released from mitotic arrest over a twelve hour time course. FLAG eluates were
subjected to SDS-PAGE, and same gels were stained either with Sypro-Ruby to visualize total protein
(upper), and Pro-Q Diamond phospho-stain to visualize phosphorylated polypeptide (lower). The
association of Arp5/8 and Tip49a/b with F: Ino80AN is constant across the cell cycle. The asterisk (upper,
C) denotes contaminated proteins during FLAG immunoprecipitation from a whole cell extract, which are
hypo-phosphorylated.

Despite the fact that our mass spectrometry analyisenot identify any of the

previously identified mitosis-specific phosphorybat sites, we wished to test the
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possibility that phosphorylation at the sides wenid might be regulated in a cell-cycle

93



dependent manner. In these experiments, 293-FRTined stably expressing either
FLAG tagged Ino80 CTDs or Ino8M were synchronized and arrested in mitosis by a
microtubule depolymerization drug nocodazole. Cekse released from mitotic arrest,
and were harvested at two hour intervals over the b2 hours. Propidium iodide stained
cells were analyzed by FACS (fluorescence activagdidsorting) to confirm the efficacy
of mitotic arrest and release (Figure 21, A). Rissof this analysis suggested that the
majority of the cell population had gone throughasiis and entered G1 phase 6 hours
after release from mitotic arrest. We subsequenihfied the Ino80 CTD and INON
complexes from whole cell extracts from each de# kbt each time point. Purified
complexes were subjected to SDS PAGE, and subjéztiedal and phosphorylation-
specific protein stainings. The results suggedtatithe fraction of Ino80 ATPase that is
phosphorylated remains rather constant from M ptas§#l phase, though the obtained
protein level of Ino80 CTDs or Ino3MN ATPases did fluctuate mildly (Figure 21B). We
did not detect mitotic-specific enrichment of Ing@osphorylation per reported study
(35). But we indeed observed 1) that the assodiatiaconserved INO80 subunits Arp5,
Arp8, Tip49a and Tip49b with the Ino&88I ATPase stayed rather constant throughout
the M-G1 cell cycle transition (Figure 21B); 2) thiae Ino80 ATPase is the most heavily
phosphorylated INO80 subunit under the conditioanexed in our system (Figure 21B).
Noticeably, our Ino80 CTDs and INO8B complexes were purified from nuclear
extracts of HEK293-FRT cells; whereas the repoda&ia were obtained from cell

extracts containing the whole proteome of Helasclthout enrichment of INOS8O.
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Our observation is consistent with the possibilitgt the phosphorylation of the Ino80
CTD is limited to cells in mitotic phase. Inste&8d(O80 appears to be phosphorylated
throughout multiple stages of cell cycle. Hence 80(hosphorylation could contribute

to regulation by cell-cycle independent processes.
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Figure 22. A predicted triangle brace region of Ino80 accounts for majority of the inhibitory effect on
INO80 ATPase activities

(A) Schematic representation of the smaller C-terminal truncated INO80A constructs used to generate
INO8OANCL complexes. ANCL4 (267-1478) lacks the predicted phosphorylation sites in Dephoure et al.
(35); ANCL3(267-1420) further lacks a predicted HMG-like sequence; ANCL2 (267-1328) lacks the
phosphorylation sites (serine 1377/1399) we identified by MUDPIT mass spectrometry analysis; ANCL1
(267-1288) lacks a region that is rich in basic residues; ANC (267-1261) lacks 27 amino acid corresponding
to the a-27 helix of the zebrafish Rad54 structure (Thoma et al. (127)), which is predicted to adopt a
triangular brace-like structure. Purified INOS8OANCL complexes were analyzed by silver staining (B), and
western blotting (C) using INO80 subunit-specific antibodies; (D) ATPase activity of Purified INO80AN and
INOSOANCL complexes were analyzed by TLC-based ATPase assay. The bar graph represents the rate of
ATP hydrolysis in each reaction. The rate for each INO80 complex was measured in the presence of buffer
only (grey), DNA (blue), and nucleosomes (red).

In a final set of experiments addressing the cbuation of the CTD to INO8O0 regulation,
we wished to define in more detail the region & @D that is the most critical for
CTD-dependent regulation of Ino80 ATPases. To daveomade systematic deletion
constructs (Ino8ANCLS) that lack the region of predicted significar{€igure 22A).
INO80 complexes associated with Ind®0CLs mutants were purified, and subjected to
SDS PAGE, followed by silver staining (Figure 228)d western blotting with various
INO8O0 antibodies (Figure 22C). We found that thieusit composition and
stoichiometry of these INOZINCLs are very similar to INOZEN and INOSANC
complexes. We compared the DNA- and nucleosomedtdied ATPase activities of
theseANCLs complexes witlAN andANC complexes (Figure 22D). The result revealed
that ANCL complexes exhibited ATPase activity that isywsmilar to theAN complex,
but significantly lower than hyper-activated IN@8IC complexes, suggesting that
INO8SOANC is the only complex tested so far that contaipstent inhibitory motif.

When compared with other INO80 complexes testaduttique region that INOZINC
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complexes lack is a 27 amino acid region (1261-1ZB&is sequence region corresponds
to thea-27 helix of the zebrafish Rad54 structure (12Hich is modeled to adopt a
triangular brace-like structure (43). The deletddrour identified phosphorylation sites

on the Ino80 CTD did not lead to detectable inaaadNO80OATPase activity, whereas
the loss of a 27 amino acid motif (1261-1288) seentee largely account for the hyper-
activated ATPase activity observed with IN@30C complexes, suggesting the
inhibitory effect observed earlier with the phospiated CTD fragment may only occur
when addedn trans. We will further discuss this inhibitory motif the Ino80 CTD in

the discussion chapter.

Chapter IV. Characterization of the organization and functions of core
subunits of the human INO80 chromatin remodeling complex

Abstract

Ino80, a member of the Snf2 family of ATPases, fioms as an integral component of
the multi-subunit ATP dependent INO80 chromatinedeling complex. The defining
feature of Ino80 family ATPases is the presenca lohg insertion domain that splits the
conserved Snf2-like ATPase. INO80 complexes froasyé human share a common
core of conserved subunits, including les2, lespb5Athe AAA+ ATPases Tip49a and
Tip49b, Arp8, Arp4/Baf53a, and YY1. Previous stdmave demonstrated that a human
INO80 subcomplex containing all of these consemudalinits and the conserved region
of the Ino80 ATPase can reconstitute the full gaabhctivities of INO8Gn vitro.
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In this chapter, we seek to define the requirerfmmassembling core subunits les2, les6,
Arp5, Tip49a and Tip49b, and to distinguish thamdtional contribution to INO80
chromatin remodeling process. We obtained evidémaiethe ATPase insertion regions
of INO80 family ATPases are necessary and suffidenassembling all of the five
ATPase-associating subunits les2, les6, Arp5, Tapattd Tip49b. The loss or inclusion
of this insertion module correlates with loss ainga nucleosome binding capacity of
the INO80 subcomplexes, suggesting they contrituteicleosome binding. Consistent
with this hypothesis, the subcomplexes missingriBertion module were not able to
bind to nucleosome, thus were deficient in nucletsstimulated ATPase, and ATP
dependent nucleosome remodeling activities. Withéninsertion module, les6 and Arp5
form a heterodimer, and are mutually dependenagsembly into INO80. The
heterodimer is dispensable for INO80’s ATPase &gfibut is required for the optimal
nucleosome remodeling, presumably via its contitiouto nucleosome binding. To the
contrary, les2 assembles independently of the Aesb-heterodimer, and is absolutely
required for the catalytic activities of the INO80mplex, while dispensable for its
binding affinity to nucleosomes. Our studies shghtlon the structure and function of

the human INO80 chromatin remodeling complex.

I ntroduction

ATP-dependent nucleosome remodeling machineriegyalwontain a central Snf2-like
ATPase subunit that is responsible for fuelingribeleosome remodeling process, and
additional accessory protein subunit(s) that cbote to the specialized activities of

diverse remodeling complexes. Based on the dontaiotsre of the core Snf2-like
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ATPase, these complexes can be categorized infarailies, such as SWI/SNF
(switching defective/sucrose non-fermenting) famégnodelers, including Snf2 ATPases
in yeast, Brgl ATPases in human; INO80 (Inositguieng 80) family remodelers,
including Swrl (Swi2-related ATPase 1) ATPasesaasf SWR1 complexes, SRCAP
(Snf2-related CREB-binding protein activator projehTPases in human SRCAP

complexes, and Ino80 ATPases in INO80 complexes.

INO80 subfamily of chromatin remodeling complexbare structural and functional
similarities. Functionally speaking, INO80 complzn catalyze ATP-dependent
nucleosome slidingn cis, whereas SWR1 complex catalyze an ATP-dependsturia
dimer exchange reaction, replacing H2A-H2B dimemnuicleosomes with variant H2AZ-
H2B. Recent reported evidence indicates INO80 cermpan catalyze the “reverse”
dimer exchange reaction, putting the H2A-H2B dif&ck into a H2AZ containing
nucleosome. Consistent with this possibility, bBBRCAP and INO80 complexes are
essential for the proper genome-wide distributibRl®AZ, and play important roles in
transcription, replication and DNA damage repaggesses. Structurally speaking,
among Snf2-like remodeling ATPases, Ino80 ATPaseSRCAP ATPase include
unusually long insertion regions (250 amino aciad 8000 amino acids respectively, see
Figure 23) that split the two conserved ATPase dosn@NF2-N and SNF2-C. In
addition, both multisubunit complexes share sinslaounit composition: 1) AAA+
ATPases Tip49a and Tip49b (Rvb1/2 in yeast) aseshsubunits in both complexes; 2)
actin-related protein (Arp) Arp5 in INO80 complexasd Arp6 in SRCAP complexes.

Both complexes are unique among other Snf2-likeodaters in harboring an Arp
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subunit that assembles independently with the H&Ndase SANT Associated) domain
of the Snf2-like ATPases; 3) Zn-HIT (Zinc and hdigtie triad) domain containing
subunits les2 of INO80 complexes, and ZnHIT1 of 3R@omplexes (Swcb in yeast
SWR1 complexes); 4) YL1_C domain containing subles6 of INO80 complexes, and

YL1 of SRCAP complexes (Swc2 in yeast SWR1 compexe

Consistent with the possibility that the Ino80 fanimsertion region is needed for
structural integrity of the complex, deletion oétBwrl ATPase insertion resulted in loss
of subunits from the yeast Swrl.com, including SW&&c3, Swc6, Arp6, and Rvb1/2.
We reported previously that the intact Ino80 ATP@dsmain including the insertion
region can assemble an INO80 subcomplex contacongerved subunits les2, lesé,
Arp5, and Tip49a/b (INOGNAHSA complex). Given the aforementioned similarity
between INO80 and SRCAP complexes, it is not kngetrwhether the insertion of the
Ino80 ATPase also plays an important role in manirig structural integrity of the

INO80 complexes, nor it is the mechanism known thatcts the specific association of

these highly related subunits with their correspogdomplex.

In the previous report, we present evidence thahtiman INO80 complex is composed
of three modules that assemble with three distinatains of the Ino80 ATPase. These
modules include (i) NTD module is composed of theeininus of the Ino80 ATPase
and all of the metazoan-specific subunits; (i) H®Adule is composed of the HSA
domain of the Ino80 ATPase, conserved subunits /Bg%3a and Arp8, and YY1; and
(ii) a third ATPase module is composed of the BOI&nf2-like ATPase domain,

conserved core subunits les2, les6, Arp5, Tip4@aTapd9b. Through purification and
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characterization of hINO80 complex subcomplexesdamonstrate that ATP-dependent
nucleosome remodeling by the INO80 complex is gata by a core complex
comprising the hino80 HSA and Snf2-like ATPase dmacting in concert with the
complete set of its evolutionarily conserved sutsuWe do not know how les2, les6,
Arp5, Tip49a/b assemble with the snf2-like ATPasmdin of human Ino80, nor do we
know whether any or all of these subunits of thee@mmplex are required for ATP-

dependent nucleosome remodeling by human INO80 lexap.

Arp5 is a member of the conserved actin-relateteprdamily, those of which share
similar ATP binding fold with conventional actinamely the actin fold. Unlike the
conventional actin, several Arps reside solelyhimhucleus, and are bona fide
components of multi-protein nuclear complexes,udeig Arp5 in INO80.com and Arp6
in SWR1/SRCAP.com. INO80.com purified from Arpyeast cells exhibited no defect
in integrity of the rest of the complex, but failedinduce nucleosome mobilization,
nucleosome-stimulated ATP hydrolysis, and bind$ dmkfficient to DNA as the
wildtype INO80.com, suggesting Arp5 is important fiee chromatin remodeling
activities of INO80.com (117). Analysis of the yesain with Arp6 deleted has
revealed that the chromatin deposition of histcawgewit H2AZ is dependent on Arp6; the
deletion of Arp6 from the SWR1.com results in tieedepletion of Swc2 from the
complex, which is an essential subunit requiredtierbasal H2AZ replacement activity,
indicating Arp6 is important for the structuralegtity and functional activities of the

yeast SWR1.com (140).
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Tip49a and Tip49b are evolutionarily conserved AARPases that show sequence
similarity with bacterial Holliday junction enzym&uvB1/2. They have ATP binding
and hydrolysis motifs, and the integrity of whishrequired for viability of the organism.
In yeast, Tip49a and Tip49b are bona fide companehboth INO80.com, and
SWR1.com; while, in human cells, they are suburiithe INO80.com, SWR-like
SRCAP.com, and the transformation/transcription @iorassociated protein (TRRAP) -
Tip60 histone acetyltransferase (HAT).com. Arguing49a and Tip49b are required for
the assembly and function of the yeast INO80.coamsient depletion of the Tip49a or
Tip49b led to a co-depletion of Arp5 from the INO&implex, the purified INO80.com
failed to exhibit chromatin remodeling activity (637). In addition, Tip49a and Tip49b
associate with Arp5 in an ATP and Ino80 ATPase eddpnt manner. These
observations are consistent with the possibiliat thip49a/b play a chaperone-like role
by actively recruiting Arp5 subunit, and are reqdifor the assembly and functions of
the INO80.com. Consistent with this hypothesis 4B and Tip49b have also been
implicated in the assembly of ribonulceolar proteamplexes (RNPs), such as shoRNPs
and telomerase (63, 89, 134). Tip49a and Tip49bceete directly with components of
the RNPs, and are required for the assembly, gtal@hd enzymatic activities of the

RNP complexes.

les2 and les6 (Ino Eighty subunits 2 and 6) repidytassociate with INO80.com from
yeastSaccharomyces cerevisiae, S. pombe, and human cells. Notably, les2 and les6 are
absent from budding yeast INO80.com under highvsadthes (0.5 M KCI), but remain

associated with the complex under low salt was@&sNI KCI) (85). In the case of
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INO80.com inS pombe, both subunits stay stably associating with an88©@om when
purified using buffers containing 0.5 M KCI (60 the case of human complexes, we
have shown that les2 and les6 both remain staBlycegted with the human INO80.com
when immunoprecipitated from human cells undengént washing condition (23, 65)
(0.45 M NacCl, 0.1% Triton X-100 in Lys450 buffegesthe method chapter).
Importantly, the estimated stoichiometry of les# 86 to most of the INO80 subunits
is roughly 1:1, except 1:6 for Tip49a or Tip49be gtoichiometry of les2 and les6
relative to other INO80 subunits in immunopurifi®D80.com is reproducibly observed
and not dependent on the tagged subunit from whiehNO80.com is immuno-purified.
Additionally, we routinely immunoprecipitate enzytcally active human INO80.com
from human cell lines stably expressing N-termiAaAG epitope tagged version of les2
and les6, suggesting these two subunits do staklycate with a fraction of INO80.com
that is enzymatically active. In addition, sSiIRNAdakdown of les2 and les6 in human
cells led to compromised INO80 ChIP signal to astewo gene promoters, and reduced
transcriptional activation of these two target gernehas also been reported in the
budding and fission yeast that les2 and les6 apained for the normal cellular response
upon DNA damage and replication stress (22, 60)eldeer, loss of les6 leads to
polyploidy and chromosome mis-segragation. Howeves,not yet known whether les2

and les6 play any mechanistic role in the chromamodeling process.

In the presented study, we seek to define the rexapgint for assembling core subunits

les2, les6, Arp5, Tip49a and Tip49b, and distinguieeir functional contribution to the
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ATP-dependent chromatin remodeling activities ef tINRO80 complex. We obtain

evidence to support the possibility that:

1) Ino80 family specific insertion region can dietassembly of all the subunits that
associate with the snf2-like ATPase domain. Thegnty of the Ino80 insertion is

required for assembly of these core subunits.

2) les6 and Arp5 can interact, and are mutuallyeddpnt for their association with

Ino80; whereas, les2 assembles with Ino80 indepelydaf the les6-Arp5 heterodimer.

3) The intact Ino80 insertion in concert with lekk6, Arp5, and Tip49a/b are together
required for the nucleosome binding, remodeling Am&ase activities of the INO80
complexes. Individually speaking, les2 is requif@dthe catalytic activities of the
INO80 complex, but dispensable for its nucleosomdibg capacity; while, les6 and
Arp5 are required for the optimal nucleosome bigdind remodeling activities, but are

dispensable for the ATP hydrolysis by the complex.

RESULT

The Ino80 family specific insertion region can dictate assembly of all

the subunits that associate with the snf2-like ATPase domain.

In an effort to understand the role played by tteertion region of the Ino80 family
remodeling ATPase, we start our investigation byegating INO80 complexes that lack

the Ino80 insertion.
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Crystal studies demonstrate the core of the SkRE2rkmodeler enzyme consists of two
flexible RecA-like protein folds that encompasseatcal ATP binding/hydrolysis pocket.
ATP binding status regulates the relative positbthe two RecA lobes, which have to

adopt a close conformation for the catalysis tai0¢42).

Thus, instead of blunt deletion of the whole Ina@&ertion (257 a.a.) from the Ino80
ATPase domain, we exchange it for the analogousm€@4 a.a.) of the human Brgl
ATPase. The resulting chimeric protein (INneB0BRGIns) essentially carries an N-
terminal Ino80 HSA domain, and a hybrid ATPase domsanilar to the one in the Brgl

ATPase, but missing the Brgl-specific C-terminadBo domain.
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Figure 23. Schematic representation of the Ino80AN ATPase derivatives carrying insertion mutations

(upper) INO80.com and Ino80AN.com illustrates the modular organization (red, metazoan NTD module;
blue, HSA module; pink, ATPase module) and subunit composition of INO80 complexes, and INOSOAN
subcomplexes. YL1 (YL1_C like domain), the name of the domain shared by les6 and YL1. Zn-HIT (Zinc and
histidine triad), the name of the domain shared by les2 and ZnHIT1. The double hexameric ring-like
structure is depicted for Tip49a and Tip49b, and their 6:1 stoichiometry to the rest of INO80 subunits.
(lower) Ino80AN ATPase derivatives used to generate INOSOAN subcomplexes carrying mutations in the
ATPase insertion region, including Insertion-swapping constructs, Ino80AN BRGins and Ino80AN
SRCAPins; and insertion deletion constructs, Ino80AN InsA1/2/3. The yellow box denotes for the “elF3B-
related” sequence. The basis of design will be explained in Figure 25.

We engineered the insertion swapping in an Ino8tantuhat lacks the N terminal
domain (FLAG-Ino8@N), since the Ino80 NTD module is dispensable lierassembly
and the activities of the complex, and we can tgaxditain active, stoichiometric INO80
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core complexes through immunoprecipitation of In®8Qroteins. We stably expressed
an N terminal FLAG epitope tagged version of InaBOBRGins in HEK293 cells, and
performed anti-FLAG agarose immunoaffinity chrongaaphy from the nuclear extracts.
The proteins present in the FLAG eluates were itledtby mass spectrometry (data
now shown), and analyzed by SDS PAGE and westettirg. (Figure 24) When stably
expressed in 293 cells, Ino8N BRGins ATPases (wildtype or ATPase inactive \@r¥i

assemble subcomplexes containing only YY1, Baf&8d,Arp8 proteins. (Lane 7 and 8,

Figure 24)
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Figure 24. Subunit composition of INO80 complexes and INOS8OAN subcomplexes carrying insertion
mutations
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(A) silver staining analysis of purified INOSOAN and insertion swapping mutant complexes. The
recognizable bands were annotated based on previous results and predicted molecular weight of INO80
subunits. (B) western blotting analysis of purified INOS80OAN and insertion mutant complexes; each stripe
was probed by a subunit-specific antibody, which was grouped based on modularity of INO80 complexes.
Tip49a and Tip49b are shared components between INO80 and SRCAP complexes.

This observation is consistent with the possibtiitgt les2, les6, Arp5, and Tip49a/b
associate with the Ino80 ATPase in a way that jeeddent on the insertion region, which
agrees with the reported role of Swrl insertiomaintaining the integrity of the yeast

SWR1 complex.

To test whether Ino80 family insertions are suéfitito direct assembly of ATPase
domain binding subunits, we exchanged the inserggion of Ino8@AN with the longer
insertion (1162 a.a.) within the hSrcap ATPase don#nalysis of the composition of
the proteins copurified with this Ino80 SRCAPIns identified INO80 HSA module
subunits Baf53a, YY1, and Arp8; SRCAP ATPase-bigdinbunits ZnHIT1, Arp6, YL1,
Tip49a/b. No detectable amount of les2, les6, amqpbAs present in the Ino3l
SRCAPIns complexes, though the conserved Snf2-NsafttC domains of Ino80 are
intact. Our result argues the possibility thatitisertion regions of Ino80 family

ATPases carry specificity that determines assemmtfyTPase domain-binding subunits.

In addition, the amount of YY1 and Baf53a that asste with the Ino8AN BRGins and
INno80AN SRCAPIns is comparable with those presentedamiitdtype INO80
complexes, suggesting the absence of les2, lep89aib, actin-like protein Arp5 does

not affect the optimal assembly of the HSA moddl&N©®80 complexes.

Structural integrity of the Ino80 insertion is required for assembly of

ATPase-binding subunits les2, les6, Arp5, and Tip49a/b.

109



We have narrowed down the binding requirement &2 Iées6, Arp5, and Tip49a/b to the
Ino80 insertion region. To further characterize iveding requirement of these subunits,
we sought to identify key region/motif within thed80 insertion that may be involved in

assembly of a single or a set of subunits.

Blast search of the whole human Ino80 insertiontifies elF3B protein, which share
sequence similarity with a region (849-897) witthie Ino80 insertion, namely elF3B
related sequence (Figure 25A). elF3B is a core corapt of the evolutionarily
conserved translation initiation complex elF3. ©ltigs of Tip49a/b have been found to
associate with the elF3B containing complex inidiss/east (115). Though the
molecular detail of the Tip49a/b and elF3B intei@tis not known, it is tempting to
hypothesize that the shared elF3B-related sequeagee responsible for the
association of AAA+ ATPase Tip49a/b, the shareduieabetween INO80 and elF3
complexes. Therefore, we generated a deletion m(iteoBQAN InsA2) that lacks the

elF3B related sequence.
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Figure 25. Basis of design for Ino80AN insertion deletion mutants

(A) A motif in the Ino80 ATPase insertion (849-899) shares sequence similarity with an elF3B protein. The
yellow bar chart represents the score of similarity. (B) A sequence alignment contains Ino80 and Srcap
ATPases from both human and budding yeast. Structural motifs were annotated according to the
homology with the zebrafish Rad54. The highlighted sequences, InsA1 (837-847), InsA2 (849-897), and
InsA3 (967-973), show sequence similarity and were deleted in INOS8OAN InsA1, InsA2, and InsA3
subcomplexes, respectively.

Since the SRCAP and INO80 complexes are both evolutly conserved from yeast to
human, and both share similar subunit composit@hypothesize that any conserved
Ino80 sequence that is similar with Srcap and Swa¥ have a higher chance to be
structurally and/or functionally significant. Myite sequence alignment of yIno80,
hino80, ySwrl, and hSrcap have identified two hagglblocks within the insertion
regions, with a 11 amino acid box (kis 837-847) immediately upstream of the elF3B-
related sequence, and a 7 amino acid boxA@n867-973) downstream. We deleted

these sequence motifs (Ii31/2/3) within the FLAG-Ino8AN construct, and generated
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subcomplexes purified through these mutants, naihED80AN InsA1/2/3
subcomplexes. We analyzed the subunit composifitimeathree complexes by MudPIT
mass spectrometry, sliver staining, and westerttibgpanalysis. Arguing that the elF3B-
related sequence is required for the associatidnp#fOa/b with Ino80, Tip49a and
Tip49b are indeed missing in both INQB0 InsA1 and Ina2 complexes. Additionally,
we failed to detect les2, les6, and Arp5, wherbasHSA module binding subunits are
present in a comparable level to the wild-type clexane 4, 5, Figure 24B), indicating
the association of les2, les6, and Arp5 is depetolethe presence of the elF3B-related

sequence and/or Tip49a/b.

This observation is consistent with the previoysorethat a transient depletion of
Rvb1/2 (orthologs of Tip49a/b) resulted in losAgH5 from yeast INOB0 complexes
(67). Notably, no additional subunit was reporteaigsing from this study. This can be
explained by the possibility that les2 and les6enest associating with the yeast INO80
complexes as discussed in the introduction, ordaiitianal change could happen in a

way that was not reflected in the silver stainingtinod used in the study.

On the contrary, arguing against the possibiligtfbss of les2, les6, Arp5, and Tip49a/b
is due to the non-specific effect caused by deletmutation in the Ino80 insertion, the
subcomplexes containing INa8A INsA3 still assemble a comparable amount of les6,
Arp5, and Tip49a/b with the wildtype INO80. Surmigy, the amount of les2 that
associates with the complex is reduced to ~ 15%efild type INO80 (Lane 6,
Figure24B), suggesting the optimal associatioree? Iwith the In080 insertion is

dependent on the presence of both the elF3B-retatddn43 sequences. While the
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assembly of les6, Arp5, and Tip49a/b does not regbe InA3 sequence, the
differential requirement of les2 may suggest teaRlassembles with INO80 complexes

in a manner that differs from les6, Arp5, and Tig4®

Ies6 and Arp5 can interact, and are mutually dependent for their
association with Ino80; whereas, Ies2 assembles with Ino80

independently of the Ies6-Arp5 heterodimer.

To define the role played by les2, les6, and ArpBaintaining the structural integrity of
the INO80 complex, we knock-down individual subariiom HEK293 cells stably
expressing FLAG tagged Ino88, and examined the subunit composition of affiity
purified INOBQAN complexes from nuclear extracts made from the#is. As revealed
by western blotting (Figure 26), Ino88 complexes from cells treated with les2 siRNA
were depleted for les2, as expected, and retaimeddrmal association of les6, Arp5,
and Tip49a/b, and YY1, suggesting les2 is not a@lbtigy for the overall integrity of the
INO80 complex. Neither depletion of les6 or ArpSuked in the loss of les2, indicating
les2 assembles with Ino80 independent of les6 ap8.ANotably, depletion of either
les6 or Arp5 in a single knockdown resulted infbeprocal loss of the other subunit
from the INO80 complex, suggesting les6 and Argbrautually dependent on each
other to assemble into the INO80 complex. No detdetchange has been observed for
the association of Tip49a and Tip49b upon the kdoak of les2, les6, or Arp5,
suggesting Tip49a and Tip49b may assemble withdr&rcap insertion independent

of other ATPase-bound subunits.
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Figure 26. Subunit composition INOSOAN subcomplexs with depleted INO80 core subunits targeted by
siRNAs

INOSOAN subcomplexes were purified from nuclear extracts of 293 FRT cells transfected with siRNA
targeting Ino80 insertion-binding subunits. Each siRNA targeted subcomplex was titrated, and subjected
to SDS-PAGE, and western blotting using INO80 subunit-specific antibodies to evaluate the effect of siRNA
treatment.

It has been proposed that AAA ATPases Rvb1/2 (Tag#Rrecruits Arp5 subunit into
yeast INO80 complexes in a way depends on ATP ao80 (67). It is tempting to
hypothesize that Tip49a/b recruits Arp5 into thenptex via direct interaction. In an

effort to identify the subunit(s) that may direcihgeract with human Arp5 protein, we
carried out systematic pairwise screen using albaicus over-expression system. The
baculovirus containing HA epitope tagged human APBIA and one of the viruses
encoding FLAG epitope tagged INO80 subunits, iniclgdno80, Arp8, Arp5, YY1,
Tip49a, Tip49b, Tip49a and Tip49b, BafSBaactin, les6, and les2, were coexpressed in

pairwise fashion in sf9 cells. The whole cell egtsaof these infected cells were
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subjected to reciprocal immunoprecipitation eitwéh anti-FLAG or HA antibody
conjugated agarose under stringent washing conditigs450, see the method chapter),
precipitated proteins were then eluted by SDS,aradyzed by SDS PAGE and western

blotting (Figure 27).

Notably, neither Tip49a, or Tip49b, or coexpressgl9a and Tip49b were able to co-
purify with Arp5 under condition that allows amplssociation of les6 and Arp5. We
also tried to repeat the same experiment with gipplement of ATP, arguing that the
recruitment of Arp5 into INO80 may not be simplyp&ined by direct interactions
between Arp5 and Tip49a and Tip49b. Among alllM®80 subunits (except Ino80,
which expressed at much lower level), les6 is thlg subunit that copurified with
significant amount of Arp5, and in a reciprocalfias. We did observe small, but
detectable amount of Arp5 associated with othenaetated proteins, including Arp8,

Arp5, and Baf53a (data not shown).
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Figure 27. les6, but not Tip49a and/or Tip49b, interacts with Arp5 in a heterologous insect cell

expression system

116



(A) Arp5 interacts with les6. Pairwise interaction screen between HA tagged Arp5 (red colored), and FLAG
tagged (green colored) INO80 subunits by co-infecting insect sf9 cells with indicated combinations of
baculoviruses encoding a single INO80 subunit. The co-infected cells were harvested for making whole cell
extracts (top panel, A), from which anti-FLAG and anti-HA affinity purifications were performed. Input
lysates, FLAG (middle panel, A) and HA bait (lower panel, A) immunoprecipitated proteins were subjected
to SDS PAGE, and visualized by anti-FLAG and anti-HA antibodies. (B) Confirming the Arp5-les6 dimeric
interaction; pairwise coexpression of varying amount of HA-Arp5 and FLAG-les6 to confirm the Arp5 and
les6 interaction using the same reciprocal immunoprecipitation methods. (C) The HA peptide eluates from
sample 1-5 in B were subjected to SDS page and Sypro Staining. (D) les6 is required for the association of
Arp5 with the Ino80 ATPase. Whole cell extracts made from insect cells infected with FLAG tagged human
In080, Myc tagged human Arp5 and les6 were mixed and incubated in vitro, and followed by anti-FLAG
immunoprecipitation to test the association between Arp5 and Ino80.

We further confirmed the interactions between Aap8l les6, and demonstrated they
form a heterodimer shown in a SDS PAGE gel staine8YPRO ruby protein stain
(Figure 27D). Consistent with the mutual dependesfcdrp5 and les6 for the assembly
into INO80, we observed that abundant Arp5 cambraunoprecipitated by Ino80 only
when les6 was also coexpressed. The associatioedetino80 and Arp5 had also been
recapitulated by supplementing a lysate expredsis® or purified recombinant les6
proteins into lysates containing Arp5 and Ino8@(ife 27D and data not shown). Hence,
using a heterologous expression system, we denadedtihat Arp5 interacts with les6
among other INO80 subunits, which is also requicedhe association of Arp5 with
Ino80. Thus, we provided complementary evidencaufgport the model that the
assembly of Arp5 and les6 into INO80 complexesierdependent, and presumably as a

heterodimeric module; whereas les2 assembles W{Tl80 complexes independently.

The intact Ino80 insertion in concert with les2, les6, Arp5, and
Tip49a/b are collectively required for the nucleosome binding,

remodeling and ATPase activities of the INO80 complexes.
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Thus far, we have generated a series of human INOBGomplexes with defined subunit
composition, including Ino8N BRGins, Ind1, InsA2 complexes that lack Ino80
ATPase-associating subunits les2, les6, Arp5, apd9&/b; Ino8AN SRCAPIns
complexes that contain Srcap ATPase-associating#stZnHIT1, YI1, Arp6, and
Tip49a/b; INno8AN InsA3 and Ino8AN:: si-les2 complexes that contain depleted les2;
IN080AN:: si-les6 and si-Arp5 complexes depleted of #s6land Arp5 heterodimer.
These subcomplexes enabled us to further explertutictional contribution of the
subunits that bound to the insertion region andrikertion region itself to the ATP-

dependent nucleosome remodeling process by INO8O.

When subjected to mononucleosome sliding assayhich Ino08BAN complexes can
reposition a lateral “601” mononucleosome (83) ta@e central position (23, 130),
INO8OAN BRGins complexes failed to exhibit robust slidangivity, suggesting the
ATP-dependent nucleosome remodeling activity isedepnt on the Ino80 insertion

and/or insertion binding subunits. (Figure 28)
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Figure 28. INOS80AN BRGins subcomplexes exhibited compromised nucleosome remodeling activities

(A) INOSOAN BRGins complexes failed to slide nucleosome efficiently compared with INOSOAN
complexes. Same concentration of complexes were titrated and compared. (Upper, B) INOSOAN BRGins
complexes exhibited defective ATPase activity. DNA and nucleosome-dependent ATPase assays were
performed to measure the rate of ATP hydrolysis in INOSOAN BRGins, and INOSOAN complexes. (Lower,
B) the rate of ATP hydrolysis was calculated based on the data obtained in the ATPase assay.

Consistent with the possibility that Ino80 insemtimnding subunits are important for
INO80 remodeling activity, two mutant INO80 compdsxcarrying mutated insertions
that have elF3B-related sequence deleted (INMDBMsA1/2) also failed to show sliding
activity (Figure 34). Granted both mutant complearky have a small portion (11 and
49 out of 257 amino acid) of the Ino80 ATPase itnserdeleted (Figure 23 and 25), we

can not rule out the possibility that the strudturgegrity of the insertion/snf2-like
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ATPase domain is required for the proper assentyfanctions of the intact INO80

complex.
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Figure 29. Nucleosome binding ability of INO80 depends on the Ino80 family insertions and associating
subunits

Nucleosome binding assays were performed in the presence of varying amounts of the indicated FLAG-
immunopurified INO80 complex. Binding of INO80 or INO80 subcomplexes to mononucleosomes results
in the emergence of slow-migrating “super-shifted” bands corresponding to mononucleosomes stably
bound by INO80 or INO80 subcomplexes.

To explore mechanistic explanations for the incédpalof INOSBOAN BRGins and

InsA1/2 complexes to remodel nucleosomes, we assaged tubcomplexes for their
nucleosome-stimulated ATPase and nucleosome biraditigities using a Thin Layer
Chromatography (TLC) -based ATPase assay (FiguBea2® Figure 30). The activity of
Ino80 ATPases accounts for the majority of the DaNA nucleosome stimulated ATP
hydrolysis by the INO80 complex, and is essentaliie nucleosome remodeling
activity of the whole INO80 complex. We did not elet ATPase activity from these three

subcomplexes lacking those insertion binding suisumiith or without the presence of
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nucleosomes (Figure 30). Our result argues thaesamall of those subunits are likely to
be required for activating the ATPase activitymd80 ATPases, and INO80 complexes;

and thereby are required for catalyze ATP-dependecieosome remodeling activity by

INO80 complexes.
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Figure 30. The Ino80 ATPase insertion and its associating subunits are required for optimal nucleosome
stimulated ATPase activity of INO80 complexes

DNA- and nucleosome- stimulated ATPase assays were performed in the presence of similar amounts of
the indicated FLAG-immunopurified INO80 complex. (A) Three different time points (20/40/60 min) of the
ATPase assay were examined, with the corresponding p32 radiographs shown. (B) The rate of ATP
hydrolysis was calculated from the data collected, and graphed as a bar graph. Noticeably, unexpected
high DNA-, but not mock- or nucleosomes-, stimulated ATPase activity were observed in INOSOAN
InsA1/2 complexes. We are in the process to test whether this hyper-activated ATPase activity is Ino80
dependent, or is due to co-purified ATPase specifically associating with FLAG Ino80AN InsA1 and A2.
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In addition, we inferred the nucleosome bindindigbof aforementioned INO80
subcomplexes by monitoring the formation of stdbl®@80-nucelosome intermediates in
electrophoretic mobility shift assays (EMSA) (7380). Binding of wild type INO80 or
INO80 subcomplexes to nucleosomal substrate resuitihe emergence of slow-
migrating “super-shifted” bands, which corresponanononucleosomes stably bound by
INO8O0 or INO80 subcomplexes. Noticeably, the rgatnobility of the super-shifted
bands is determined by the size of the complexsedeMoreover, the super-shifted
bands by all the INO80 complexes are relatively madispersed, suggesting that these

immunopurified complexes are relatively uniformtwir stoichiometry (Figure 9B).

We observed, first of all, the subcomplex IN@QB0Othat lacks NTD metazoan-specific
INO80 module can supershift mononucleosomes t@eedahat is comparable with the
complete INO80 complexes immunopurified through B_.tagged INO8OE, suggesting
the NTD module is dispensable for the nucleosomdibg property of INO80

complexes (Figure 29).

The non-involvement of the NTD module in nucleosdymaling ability of INO80 may
provide a mechanistic explanation for the publistiath that the whole NTD module of
INOSO is dispensable for the nucleosome remodelnmyATPase activities of the human
INO8O; while the remaining conserved region of Ido@cluding HSA domain and

Ino80 snf2-like ATPase domain, assemble a subcontpbd is sufficient to support the
optimal nucleosome binding ability of INO80, thire full potential to remodel

nucleosomes. However, we can not rule out the pitisgithat the NTD module may be
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involved in specific recognition of a particular BN$equence, histone modification, or

chromatin structure that were not reflected in agsays.

In addition, the subcomplexes INO88 BRGins and In&1/2 were not able to exhibit
significant nucleosome binding activity, as showrrigure 31 and data not shown. Since
these subcomplexes lack ATPase-binding subunigs les6, Arp5, and Tip49a/b, but
retain the normal assembly of the HSA module subunY1, Arp8, and Baf53a, our
observation is consistent with the possibility thaitne or all of the insertion binding
subunits are required for the optimal nucleosomeibg of INO80, which can not be
sufficiently recapitulated by an INO80 subcompleyacontaining HSA module

subunits YY1, Arp8, and Baf53a.
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Figure 31. Ino80 ATPase insertion-binding subunits, except les2, are important for INO80 nucleosome
binding

Nucleosome binding assays were performed in the presence of varying amounts of the indicated FLAG-
immunopurified INO80 complex. Binding of INO80 or INO80 subcomplexes to mononucleosomes results
in the emergence of slow-migrating “super-shifted” bands corresponding to mononucleosomes stably
bound by INO80 subcomplexes. Note that INOSOAN InsA2 and BRGins complexes lacking Arp5, les6, les2,
Tip49a and Tip49b did not bind efficiently to nucleosomes (lanes 5-13); whereas INOS8OAN InsA3 complex
only lacking the les2 subunit was able to bind nucleosomes normally(lanes 14-17).
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Surprisingly, once the Srcap insertion and its @ssimg subunits were introduced into
the INOSBQAN BRGins complex, the nucleosome binding activigsvevidently restored
at least to a certain degree in the resulting INNMGRCAPiIns EQ complexes (Figure
29). (We were not able to generate IN@ABOSRCAPIns complexes with wild type
ATPase binding pocket, whose expression levellmddetection). Given that the
“grafted” subunits ZnHIT1, YL1, Arp6, and Tip49adie closely related to those
counterparts in the INO80 complex, we hypothediz¢ Ino80 family insertions
assemble a module of subunits, including AAA ATRasetin-related proteins, and YI1-
like proteins, that is essential to support INO8tng to nucleosomes. The reduced
binding affinity of INOBN SRCAPiIns EQ compared to INOSN may reflect the
difference in binding affinity between INO80 and G&RP complexes to the nucleosomal

substrates used in the assay.

In summary, we observed that several INO80 subcexeglthat lack all the insertion
binding subunits les2, les6, Arp5, and Tip49a/bileixklefective nucleosome binding,
and nucleosome-dependent ATPase activities, thmsishg compromised nucleosome
remodeling activity. Our result suggests some loofdes2, les6, Arp5 and Tip49a/b are
required for INO8O activity by involving in eith&inding to nucleosomes, or catalyzing

ATP hydrolysis.

The contribution of les2, lIes6, and Arp5 to the nucleosome

remodeling process of INO80

124



To further dissect the individual contribution ekR, les6 and Arp5 to the nucleosome
remodeling activities of INO80, we analyzed the DN#d nucleosome- dependent
ATPase activities of INO8AN:: les2-si, les6-si, and Arp5-si with INO8N:: control-si
subcomplexes (Figure 32). To our surprise, IN®80les6-si and Arp5-si subcomplexes
depleted of the les6 and Arp5 heterodimer canyagdDNA- and nucleosome-
dependent ATP hydrolysis in a rate comparable thighINO8Q\N::control-si,

suggesting the les6 and Arp5 are not absolutelyired for ATP hydrolysis by INO80
complexes. In the contrary, INO8N::les2-si subcomplexes exhibit a much slower rate
of ATP hydrolysis to a degree similar to the catalynutant version INO8ON EQ,
suggesting les2 is required for the robust DNA- andeosome- dependent ATPase
activity of INO80. Additionally, the INO88N InsA3 subcomplex assembles with less
les2, but associates with normal level of les6,5And Tip49a/b, likewise failed to
catalyze robust DNA- and nucleosome- stimulated Ayérolysis, agreeing with the
possibility that the compromised ATPase activityiOB80AN InsA3 complexes may be

caused by reduced assembly of les2 into the corapl@xgure 30).
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Figure 32. les2, but not les6 and Arp5, is absolutely required for the ATPase activity of INO80

Either les2, or les6 and Arp5 were depleted from INOSOAN complexes by siRNA knockdowns. The
immunoprecipitated complexes were subjected to DNA- and nucleosome-stimulated ATPase assays
(saturating condition) to address the contribution of the depleted subunit(s) to the catalytic activity of
INO80. The activity measured from the mock treated complexes served as a positive control, and
INOSOAN-EQ::si-les6 complexes served as a negative control (Upper). We also compared the nucleosome-
stimulated ATPase activities of different complexes by titrating nucleosome cofactors over a wide
concentration range (lower).

Consistent with the important role played by les@irh catalysis of INO80, we observe

greatly compromised nucleosome remodeling effiggamioen both INO8AN::les2-si
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and INO8@N InsA3 were measured in nucleosome sliding assays @R@A and

Figure 34A). When recombinant les2 proteins weppkmented into these two
defective nucleosome sliding reactions, both IN®I80les2-si and In&3 exhibited
elevated remodeling activity (Figure 33B and FigB4®), but not when a control protein
similarly prepared was added in both assays. Ttwmmbinant les2 proteins used in these
assays are free of any detectable nucleosomeghdipability, and were obtained via
either Nickel purification of a poly-histidine (6X8) tagged les2 from E. coli cells, or
anti-Myc agarose chromatography of a Myc tagged temn an extract made form

baculovirus infected insect cells.
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Figure 33. les2, les6 and Arp5 are required for the optimal INO80 chromatin remodeling activity

(A) Either les2, or les6 and Arp5 were depleted from INOS8OAN complexes by siRNA knockdowns. The
varying amount of each immunoprecipitated complexes were subjected to nucleosome sliding assay. (B)
Recombinant les2 proteins were added back to the reactions containing INO80OAN::les2-si complexes to
test whether the sliding activity can be restored. His-les2 and les6 were purified from E. coli cell extracts;

Myc-les2 and les6 were purified from insect cell extracts infected by baculoviruses. les6 proteins were
used as a control.

128



Our les2 “adding back” experiments confirmed tihat teduction in remodeling activity
of these two subcomplexes was truly due to lodes#. The observation is consistent
with the possibility that free les2 was able toeaskle with the “les2-less” INO80

subcomplexef trans, and facilitate their nucleosome sliding ability stimulating ATP

catalysis of INO8O.

In addition, the amount of Myc tagged les2 that afale to stimulate the sliding activity
of INO80AN InsA3 subcomplexes failed to exert any effect when dddéh InsA2
subcomplexes, which are defective in catalysis,lacklles6, Arp5, and Tip49a/b,
besides les2. This observation is consistent Wwighpbssibility that les2 alone is not
sufficient to stimulate nucleosome remodeling oOBO, other potential contributions
from les6, Arp5, and Tip49a/b might be needed.dditéon, the observation that
INO8OAN InsA3 subcomplexes can still be activated (Figure 34BJ, carry out
nucleosome remodeling activity argues against tdssipility that the small deletion in
the Ino80 insertion regions of INO&BI InsA3 subcomplexes may cause an overall

folding defect in the Ino80 ATPase domain.
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Figure 34. Ino80 insertion module is critical for the INO80 nucleosome sliding activity

(A) Nucleosome sliding assays were performed in the presence of varying amounts of the indicated FLAG-
immunopurified INO80 complex. Insertion deletion mutants all exhibited compromised activity than
complexes purified via INno80AN and INOS8OE. (B) Addition of the recombinant Myc tagged les2 can restore
the sliding activity of INOSOAN InsA3 complexes to a certain degree, but not INOSOAN InsA2 complexes
that lacks les6, Arp5, Tip49a and Tip49b.

To test whether the important role of les2 for INOSTPase and remodeling activities is
due to its contribution for the complex’s affinfiyr nucleosomes, we subjected
INO8BOAN InsA3 subcomplexes to the EMSA assay, and observeabihty of

INO8BOAN InsA3 to supershift the nucleosomes is comparable @8N complexes
(Lane 10-17, Figure 31), suggesting les2 is displglesfor the optimal nucleosome

binding ability of the INO80 complexes. Therefoes?2 is required for proper ATP
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hydrolysis and nucleosome remodeling activitief\N&80 complexes, but not required

for INO80’s nucleosome binding ability.

Since the Arp5 and les6 heterodimer can be sigmflg depleted from the INO80
complex without affecting its catalytic activity,esurther explore the dimer’s
contribution to other aspects of the complex’s\atiéis using nucleosome sliding and
binding assays. We observed a reduction in INO&Memgome sliding activity when les6
and Arp5 were depleted from the INQ80 subcomplexes (Figure 33A), suggesting the
dimer is required for the optimal nucleosome rentiageactivity of INO80. Since the
same complex exhibited competent ATPase activileusaturating amount of
nucleosome substrate, we tested whether Arp5 adhay be involved in the
nucleosome binding by INO80. We purified INQ80 complexes from cells that stably
express a short hairpin RNA (sh-RNA) targeting I¢s§ure 35B), and found that the
binding affinity of the complexes toward nucleosomwes indeed compromised upon the
reduction in Arp5 and les6 (Figure 35C). Consisteitih the possibility that the dimer is
required for optimal nucleosome binding of INO8@& @bserved a slight but
reproducible reduction in nucleosome dependent Ag&Rativity when a non-saturating
amount of nucleosomes were used in the reactioaddiition, we plotted the rate of
nucleosome stimulated ATP hydrolysis of various 80N siRNA complexes as a
function of nucleosome concentration over a wideyea and observed an slight increase
in Km value of complexes treated with siRNA targgtles6 and Arp5 in comparison of
control siRNA treated complexes (Figure 32), sutiggseduced affinity of INO80

toward nucleosome substrates in the absence oateb@rp5. Our observations are
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consistent with the possibility that Arp5 and Ies6é required for the optimal nucleosome

remodeling of INO80 by contributing to its nucleas®binding.
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Figure 35. les6 and Arp5 are critical for nucleosome binding and chromatin remodeling activities of
INO8O0

(A) The recombinant les6 and Arp5 can rescue compromised nucleosome sliding activity of INO8O

complexes that lack les6 and Arp5. Nucleosome sliding assays were performed with purified INOSOAN
Arp5-si and les6-si complexes. The addition of recombinant human les6 and Arp5 made from insect cells
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restored the sliding activity of both complexes to certain degrees. (C) Nucleosome binding assays were
performed with increasing amount of complete INO80 complexes INO8OE, and INOS8OAN complexes
purified from cells stably expressing a small hairpin RNA (shRNA) targeting les6 (INOS8OAN: shles6), whose
subunit composition was analyzed in (B). It took 3 fold more INOS8OAN: shles6 complexes to supershift
comparable amount of nucleosome substrate.

Chapter V. Discussion

Modular organization of the human INO80 chromatin remodeling

complex

Our findings suggest that the hINO80 complex is posed of at least three modules that
assemble on distinct regions of the hino80 prot&imo of these modules assemble on
the conserved HSA/PTH and ATPase domains of the8@mprotein and, together, are
sufficient to reconstitute the ATP-dependent nusteoe remodeling activity of the
hINO80 complex. Associated with the hino80 ATPasendin are a subset of the
conserved subunits, including the AAATPases Tip49a and Tip49b, les2 and les6, and
the actin-related protein Arp5, while the remainsanserved subunits Arp4, Arp8, and
YY1 assemble on the HSA/PTH domain. HSA/PTH domans found in multiple
chromatin remodeling complexes from yeast to huarah have been shown to function
as docking sites for actin-related proteins (3B7,1125). Evidence from this and prior
studies argues that HSA/PTH domains are requirad niaximal ATPase and/or
nucleosome remodeling activities catalyzed by HIARlomain-containing Snf2 family
ATPases (117, 125, 141); however, the exact fun(t)oof HSA/PTH domains and of
their associated proteins are not known. Basedherobservations (i) that yeast INO80
complexes lacking actin, Arp4, and Arp8 are defecin DNA binding, ATPase, and
nucleosome remodeling activities (117), and (igttArp4 and Arp8 can bind histones
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(55, 117), it is possible that the INO80 HSA/PTH¥=oning module may contribute to

recognition of DNA and/or nucleosome substratesthla regard, it is noteworthy that

YY1 is a DNA-binding protein that in at least sorentexts can target the hINO80

complex to YY1-responsive elements in cells (17). 8Uhether YY1's DNA binding

activity contributes to the nucleosome remodelimgAd@Pase activities of the INO80

complex remains to be determined.
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Figure 36. A summary of the modularity of INO80 chromatin remodeling complexes

ATPase assay

N A |
i

7

7

<4

7

The Ino80 ATPase contains regions that function as modular scaffolds on which the other INO80 subunits
assemble. Subunits shown in red associate with the Ino80 NTD (N-terminal domain); subunits shown in
blue associate with the Ino80 HSA (Helicase SANT Associated) domain; subunits shown in purple associate
with the SNF2 ATPase domain, composed of SNF2N and HelicC regions (purple) separated by a long
insertion region (white). Conserved subunits of INO80 bind to conserved region of Ino80, and reconstitute

the conserved ATP-dependent nucleosome remodeling activity.
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The hIno80 NTD nucleates assembly of the third R@odule, which includes all of
the metazoan-specific subunits. Notably, whils thino80 region is not conserved from
yeast to humans, comparison of the sequences ddrinamd insect Ino80 proteins reveals
several conserved sequence blocks, and in theefittuvill be of interest to address the
possibility that these sequences direct assemblihefmetazoan-specific module. Our
finding that the hino80 NTD and the metazoan-spesiibunits that assemble on it are
dispensable for the ATPase and nucleosome sliditigittees of the hINO80 complex
suggests that these subunits are likely to havelaggy rolesin vivo and paves the way

for future studies on their contribution(s) to thaction of the hINO80 complex in cells.

Previous studies demonstrated the les2, les6, Aamdb Tip49a and Tip49b are
components of a core human INO80 complex thatffecgnt to carry out full ATP-
dependent nucleosome remodeling activity; in tles@nted report, we provided evidence
to further define the requirement for assemblyes®|, les6, Arp5, Tip49a and Tip49Db,
and distinguish their functional contribution to RTependent chromatin remodeling

activities of the INO80 complex.

ATP-dependent nucleosome remodeling of human IN€@®@plex can be envisioned as
a multi-step process that starts with assembI|N@I80 subunits to form functional
complexes, followed by engagement of INO80 comearenucleosomes, activation of
ATP hydrolysis by the Ino80 ATPase, translocatibthe remodeler and nucleosome
repositioning. To define the contribution of le§256, Arp5, and Tip49a/b in the

multistep process of nucleosome remodeling, we rg¢ee a collection of INO80

136



subcomplexes that carry structural mutations iniriertion region of the ATPase
domain, or contain reduced level of a given subamt analyzed these INO80
subcomplexes for their subunit composition and eratic activities using severial
vitro biochemical assays, including DNA- and nucleosodependent ATPase assay,

nucleosome binding assay, and ATP-dependent nuacte®sliding assay.

We obtained evidence that the ATPase insertioronsgdf INO80 family ATPases are
necessary for assembly of ATPase-associating stguwvhich requires the presence of
the elF3B-related sequence within the Ino80 ingeriihe missing or inclusion of this
insertion module correlates with loss or gain afleasome binding capacity of the
INO80 subcomplexes, suggesting they contributauttbewosome binding. Consistent with
this hypothesis, the subcomplexes missing thetiosemodule were not able to bind to
nucleosome, thus were deficient in nucleosome-stited ATPase, and ATP dependent
nucleosome remodeling activities. Within the itisermodule, les6 and Arp5 form a
heterodimer, and are mutually dependent for assemita INO80. The dimer is
dispensable for INO80’s ATPase activity, but isuiegd for the optimal nucleosome
remodeling, presumably via its contribution to medome binding. On the contrary, les2
assembles independently of the Arp5-les6 dimer,isafdsolutely required for the
catalytic activities of the INO80 complex, whilesgensable for its binding affinity to

nucleosomes.

The Helical Domain 2 (HD2; Protrusion2) region of Ino80 is

important for the activities of the complex
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The insertion regions of Ino80 and Srcap are latat¢hin the Helical Domain 2 (HDZ2;
protrusion2) of the Rad54 ATPase structure (12a3eld on sequence homology. In an
effort to define the insertion regions of the hunh@@B80, SRCAP, and Brgl ATPases, we
aligned their primary sequences using Jalview swow137). We also included the
sequence of zebrafish Rad54 protein, whose stalanformation has been published
(127), in this multi-sequence alignment. Accordioghe annotated Snf2-like structural
features of Rad54, and the apparent sequence siymil@e identified a major insertion
site located in the Helical Domain 2 (HD2; protarsR) within the ATPase domain, in
which long patches of non-homologous sequenceso®0 and Srcap ATPases were
inserted after the first two conserved helixessAswn in this report and elsewhere (140,
141), the loss of the insertion regions within l@@hd Srcap, or small deletions within

Ino80 insertion rendered the remaining complexés yic inactive.
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Figure 37. Modeling of human Ino80 structure based on zebrafish Rad54

(top) sequence alignment of human Ino80 (Q9ULG1), Srcap (Q6ZRS2), Brgl (P51532), and zebrafish Rad54
(Q72V09). The secondary structures and the marked Snf2 family insertion site were annotated based on
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sequence similarity with the published structural data of zebrafish Rad54 (127). (Bottom) Structure of
zebrafish Rad54: the localization of predicted Ino80 insertion and a27 triangular brace (NegC) are
indicated. The schematic diagram of Rad54 structural arrangement was shown in the insert. Snf2-like
ATPase N-terminal domain is depicted in blue; Snf2-like ATPase C-terminal domain is depicted in red;
Helical domain 1 (HD1) is depicted in pink, and HD2 is depicted in green.

An inhibitory region within Ino80 C Terminal Doma{€TD) is also located in the HD2
region of the ATPase structure. Previously, we rgbthat the CTD of Ino80 can
negatively regulate the ATPase activity of INO8@rdugh extensive mutagenesis effort,
we managed to narrow this inhibitory activity dotera string of 27 amino acids (1261-
1288), located at the end of the conserved Snfa/Gash. The deletion of this region
caused a dramatic increase in the DNA- and nucleesstimulated INO80 ATPase
activation (see Figure 22). Interestingly, the héogous region of the Rad54 protein
adopts structural folds (after the"26-helix) that is spatially positioned near the HD2
region, according to the structural model. Intenggy, a recently described “NegC”
region within ISWI family remodelers (26) has bestvown to negatively regulate the
ability of ISWI to couple ATP hydrolysis with theqress of DNA translocation. This
“NegC” motif was inserted immediate after the hoogalus region of the Rad54%6-

helix (Figure 37).

The HD2 fold consists of two anti-parallel helixgls/ anda18, which are conserved
across different Snf2 remodelers. The Ino80 insestiand the inhibitorg27 position
spatially “sandwich” the anti-paralleled helicarep(Figure 37) suggesting a potential
regulatory relationship. Thus, the insertion regiof INO80 family ATPases, and
inhibitory regions of Ino80 and Iswi are predictecposition in the same structural fold
domain, arguing that this HD2 (protrusion2) regadnthe snf2-like ATPase plays an
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important role in modulating protein interactiomslanzymatic activities of various

remodelers.

Insertion regions of INO80 family snf2 like ATPase direct subunit

assembly

We studied the structural requirement for recruitbhad ATPase-associating INO80
subunits by insertion-swapping experiments. We detrated that the Ino80 insertion is
required to recruit les2, les6, Arp5, Tip49a, amg4®Bb into the complex; whereas the
INO80 HSA, Snf2-N and Snf2-C domains are insuffitié¢Vloreover, the homologous
Srcap insertion of the SRCAP complex sufficiendgmuited SRCAP subunits ZnHIT1,

Y11, Arp6, Tip49a, and Tip49b into the INO8BN SRCAPIns subcomplex.

Our results suggest that the recruitment spegifithese ATPase-associating subunits
of INO80 and SRCAP complexes are likely embeddeatiwthe insertion region of the
Ino80 and Srcap ATPases, respectively. Moreovecedboth Tip49a and Tip49b are
shared subunits between two complexes, it is ikslylthat they play major roles in

specifying complex-specific subunits in the ing@rtmodule.

The ATPase insertion region and its homologousibgdubunits in respective INO80
and SRCAP complexes comprise a similar moleculair@mment; therefore, the shared
structure properties between the homologous subanid the ATPase insertions of both
complexes may play an important role in assembhipigf“insertion module” of INO80
family remodeling complexes. Arguing that the Yikel domain contributes to the

assembly of les6 into INO8O, the YI1-like domainles6 alone, when expressed in cells,
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can associate with an INO80 complex with full det®subunits (data not shown). It is
of interests to test whether the homologous doraal¥iL1 alone can sufficiently
associate with SRCAP complexes. Additionally, weedestrong association of YI1 with
SRCAP in our western blotting using YI1 specifigibady, but we do also detect a trace
amount of YI1 in our INO8AN complexes, suggesting a smaller population of ¥ad
mediate interaction with Ino80 insertions undetaiarcondition. Consistent with the
possibility that certain shared sequence featurdsedded in both insertion regions may
be responsible for the assembly of some or alhefihsertion-binding subunit(s),
deletion of the In&3 box in the Ino80 insertion resulted in speci@duction of les2 in

the INO8SQAN InsA3, but not other subunits.

Organization of the insertion module

Blast search of the insertion sequence of Ino8@wered a sequence motif that shares
similarity with the elF3B protein, which happensi®an integral subunit of a multi-
protein complex that also associates with Tip48d, Ep49b. The deletion of the EIF3B-
like sequence from the Ino80 insertion indeed tesalloss of Tip49a and Tip49b from
the INOB8Q\NInsA1/2.com. Unexpectedly les2, les6, and Arp5 are @ddgaeted from
these mutant INO80. Noticeably, a transient demtetif Tip49a and Tip49b led to the
concomitant depletion of Arp5 from the budding yd&kD80 complexes (67); however,
the same report did not include les2 and les6 tenpal proteins that associate with
INO8O0. These observations suggest that Tip49a gmb, together with the complex-
specific insertions, are required for the bindif@ther ATPase binding subunits to

INO8O, consistent with a chaperon-like activitytioé AAA+ ATPases Tip49a and

142



Tip49b in the assembly of various protein and/orARfdmplexes (63, 89, 134), though
we can not rule out the alternative possibilitytttie assembly of insertion module

subunits depends on the structural integrity ofethiére Ino80 ATPase domain.

We studied the molecular interactions of the ineemnodule in more detail. Dutta lab
(67) reported that Arp5 can associate with Tip4%a/dn Ino80 and ATP dependent
manner. Arguing that the association between ArmEbTp49a/b is indirect and likely
though other INO80 subunits, our insect cell coegpion data showed no detectable
mutual interactions, either with or without ATPstead, under the same condition, les6
interacts with Arp5, and forms stable heterodimAtso, the addition of les6, but not
Tip49a and Tip49b, can facilitate Arp5’s associatiath the Ino80 ATPase.
Consistently, knockdown of either Arp5 or les6 ¥NAs resulted in depletion of both
subunits from the rest of INO80, highlighting asestial structural role played by the
les6 and Arp5 heterodimer. Tip49a and Tip49b artually dependent on each other to
assemble into INO80 (67). Their assembly appeabg iondependent of les2, or les6-
Arp5 dimer. Additionally, les2 associates with IND& a normal level in the absence of
the les6-Arp5 heterodimer. Its optimal assemblyneg the presence of the missing
sequences in Ino80 IA8, in addition to the elF3B sequence A&&) required by all the
insertion subunits. Our result is consistent withiexarchical assembly model in which
Tip49a and Tip49b assemble with the elF3B-reladgiion of the Ino80 ATPase insertion
prior to the rest of subunits, which together restitate a proper structural conformation
that allows the independent assembly of an obligdieterodimer of les6 and Arp5, and

les2 by itself.
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Ino80 insertion region recruits a module of subunits that supports

nucleosome binding

To address the functional role of the insertion mledgubunits, we generated a chimeric
complex INOB@AN BRGins that contains normal subunits in the HS#daie, but lacks
the INO8O insertion module subunits les2, les6,5AMp49a, and Tip49b. This chimeric
complex was not able to exhibit detectable nuclewsbinding activity, but regained
such activity when the homologous subunits of tRE€EAP complex were recruited with
the insertion region of Srcap. Our data is conststgth the possibility that the insertion
regions of both complexes assemble a set of cdmensts that are necessary and

sufficient for the INO80 family complexes to birmrucleosomes.

In addition, the Bromo domain is an acetyl-lysieeagnition motif that can specifically
recognize acetylated histone tails at lysine ressd36). Brgl ATPases contain a C
terminal bromo domain, which has been shown todeessary for the stable occupancy
of the orthologous yeast SWI/SNF2 complex on aaétd nucleosome arrays (57). The
chimeric ATPase Ino8N BRGins lacks the C terminal bromo domain, burefa
homologous snf2-like ATPase domain and HSA domaih lauman Brgl. Consistent
with the essential role of Bromo in nucleosome lrigdf Brgl complexes, the chimeric
ATPase assembles a complex that was not able aciasswith nucleosomes stably. It
would be of interests to graft the Brgl bromo damack into the Ino8N BRGins
chimera, and test whether the nucleosome bindiiigyads the resulting complex has

been rescued or not.
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Therefore, our observations raise the possibifigt the Ino80 family insertion, together
with its binding subunits, form a structural modthat is functional equivalent to the
bromo domain of the Brgl ATPase, or SANT-SLIDE dond the Iswi ATPase (50) in
supporting the binding of the remodeling completoesucleosomes.

productive nucleosome remodeling waste of energy?

& (]

on nucleosome -

ATP hydrolysis — - on DNA

£ ==

S

Figure 38. A proposed model explaining the structural and functional relationship of INO80 core
subunits

The insertion region of the Ino80 ATPase is depicted in a pink ribbon, on which the five conserved INO80
subunits assemble. The inhibitory regulation of the InsA1 +2 domains on ATP hydrolysis was deduced
from the hyper-active DNA-stimulated ATPase activity in INOSOAN InsA1/2 complexes, though further
confirmation is required. Additionally, les2 was evidently missing from the de-repressed INOSOAN InsA1l
and A2 complexes, arguing against a direct activating role by les2, but a role to counter the negative
regulation posed by InsA1 and InsA2 sequences. “NegC” corresponds to the 27 amino acid CTD inhibitory
triangle brace region in Ino80 identified in Figure 22.

Arps and HSA domain in nucleosome remodeling

Arp4 (Baf53a), Arp8, Arp5, anflactin subunits are important for INO80 activitkesth

invitro andin vivo. Arp4 (Baf53a), Arp8, and actin assemble withiH&A domain;
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while Arp5 assembles with the ATPase insertionaegif Ino80 in a Tip49a/b dependent
manner. Non-mutually exclusive mechanisms by whicin and Arps contribute to
nucleosome remodeling activities of INO80 and otieenodeling complexes have been

proposed.

Most Arps assemble interdependently with eitheinamt another Arp into nucleosome
remodeling complexes, thus maintaining structureddrity of these Arps-containing
complexes. Arp7-Arp9, and Arp4 (Baf53a)-actin fasbiligatory dimers in order to
assemble into yeast RSC, and human Brgl compleesgsectively (90, 126). Moreover,
Arp8 is required for the proper incorporation opArand actin into the yeast INO80
complexes (117), and recently been shown to egibbth a monomer and dimer (108). It
is so far unknown whether the insertion-binding 2\gd INO80 and Arp6 of SRCAP
have assembly interdependency. In this study, wegmted compelling evidence to
support a model in which Arp5 and les6, a proteirelated to Arp, form an obligatory
heterodimer, and are interdependent for their aassoc with INO80 complexes.
Consistently, Arp6 has been demonstrated to bereshfor assembly of Swc2/3/6 into
SRCAP complexes (140). It is of interest to tesethikr les6 shares any similar property
with actin and Arps, and whether homologous sulsuviitl (Swc2) and Arp6 also
assemble interdependently. In addition, we obsewesk, but detectable interactions
between Arp5 and Arp8, Arp4, and Arp5 itself, bat with other non-Arp subunits,
raising the possibility that actin and Arps maynfidnter- or intra- complex contact with

other actin and Arp pairs.
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Consistent with the possibility that Arps and actiay function as nucleosomes-binding
interfaces for INO80 complexes, multiple lines wvidence suggest that recombinant
Arp4 and Arp8 can bind to core histonasitro (48, 55, 90, 108, 117). Consistently,
yeast INO80 complexes containing mutaealctin (69), or lacking Arp5 or Arp8 (117)
exhibited reduced or diminished DNA and nucleostimeing activities. Interestingly,
complete removal of Arp5 from yeast INO80 complesrly resulted in a moderate
reduction (~50%) in nucleosome binding affinity BfO80 complexes. We observed a
similar reduction in INO80’s nucleosome bindingratly when les6 and Arp5 were co-
depleted from the mutant INO80 subcomplexes by Rkidickdown. We argue the
remaining binding activity of our Arp5-depleted 18Dis less likely due to the residual
Arp5, but due to other additional nucleosome-bigdirterfaces in INO80. Indeed,
additional reduction of nucleosome binding was ertdvhen we tested insertion mutant
INO80 subcomplexes that lack the entire inserti@muute, suggesting the rest of the
INO8O insertion module could also participate inding of nucleosomes. In addition,
given that yeast INO80 lacking Arp8, Arp4, and achowed little or no nucleosome
binding activity (117) and insertion mutants subpteres containing normal assembly
of the HSA module failed to exhibit detectable modome binding activity, suggests that
HSA-binding Arps are insufficient in supporting tbptimal nucleosome binding activity
of INO80. Recently, a RSC subcomplex containing3tiel HSA domain and Arp7/9
was not able to exhibit specific binding to nucleoes (112). Therefore, these
observations agree with the possibility that migtipucleosome interfaces exist in
INO8O0, and they are collectively required for thié hucleosome binding potential of the

complex.
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Alternatively, compensatory mutagenesis analysisifthe Cairns lab (125) supported a
model that HSA-binding Arps of the RSC complex rf@yn regulatory contact with the
snf2-like ATPase domain, thereby modulating thalgats of the nucleosome
remodeling complexes. Multiple lines of studieslifierent families of remodeling
complexes lacking HSA domain or Arps supports #aih and Arps are indispensible
for the optimal ATPase activities of the remodelaognplexes, though the degree to
which actin and Arps are needed differs from compbéecomplex. Some of the reports
challenged the remodeling complex lacking Arps waitkingle activity measurement,
either for ATP hydrolysis or nucleosome remodelMthile establishing a requirement of
the missing Arp in a given activity, these reslétsd little support to demonstrate a direct

role of the missing Arp in the process of a muiéigschromatin remodeling process.

Our biochemical analysis of INO80 subcomplexes etepl with Arp5 suggests that the
insertion-binding Arp5 plays an essential role irtleosome binding and remodeling
activities of the complex, which is consistent wiitle published data in yeast INOS8O.
Arguing that Arp5 is less likely to play a directe in activating INO80 ATPase activity,
INO80 subcomplexes with greatly depleted Arp5 agbiwere able to hydrolyze ATP at
a rate comparable to the maximum rate by the camplanplex, under saturating
condition. We do observe slightly reduced ATPag®i¢ when non-saturating amount
of nucleosome substrate were used, which coulckplaieed by the aforementioned
reduction in nucleosome binding affinity (increasé&m) caused by depletion of Arp5

and les6 from INO80 complexes.

les2 and Ies6 as bona fide components of INO80 complexes
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We presented compelling evidence to support funatiooles played by conserved
subunits les2 and les6 in the nucleosome remodplimgess by human INO80
complexes. Homologous subunits Swcé6 (for les2)&nd2 (for les6) of yeast SWR1
complexes are essential for the ATP dependentrfegtt? Az exchange activity (140),
consistent with the important function played bg2end les6 for human INO80
chromatin remodeling activities. It is somehow sisipg that les2 and les6 orthologs
were not detected in yeast INO80 complexes (118¢uhigh salt washing condition
(500 mM KCI). Additionally, these complexes asstewmith Arp5, and were able to bind
and remodel nucleosomes, and hydrolyze ATP (117.discrepancy between the two
results could be reconciled by simple gain of naacfions by les2 and les6 through
evolutionary selection; or alternatively, les2 des6 bind to INO8O in a salt sensitive
way, likely as peripheral subunits. High salt wasH¢O80 complexes carried an amount
of les2 and les6 that were below detection sersitoy silver staining and mass
spectrometry analysis in the earlier study. Coastbt, we observed small, but
noticeable, stimulation of INO80 remodeling actipon the addition of recombinant
les2, les6 and Arp5 dimers (data not shown), rgithie possibility that les2 and les6

may be sub-stoichiometric components of human ING80matin remodeling complex.

Swec2 (YI1), les6’s homolog in SWR1 complexes, hasrbshown to interact directly
with histone variant H2Az (140, 141). Given tha freast INO80 complex has been
reported to catalyze histone exchange activity,(@mWould be interesting to test whether
these ATPase insertion—binding subunits les2, a&sbArp5 contribute to proper H2Az

depositionin vitro andin vivo.
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