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GENERAL INTRODUCTION

CHAPTER 1

1. CHROMATIN

REMODELING

1.1 THE NUCLEOSOME AS A CHROMOSOMAL CONSTITUENT

Little over thirty years ago the nucleosome was identified as the repetitive unit
of chromatin, composed of DNA and a protein core of histones, as demonstrated by
the beads-on-a-string micrographs from the seventies 1"7. The association between the
acidic DNA and the basic histone proteins was already recognized over a century ago,
but the lack of appropriate biochemical assays slowed insight into their function,
composition and association. This went to the extent that for long a subject of
discussion was which of these components actually contained our hereditary
information 8 . However, research over the last decades has resolved many of these
fundamental issues. The conventional nucleosome consists of a histone octamer
(containing two copies of H2A, H2B, H3 and H4) with 146 bp of DNA wrapped
around it in 1.75 lefthanded superhelical turns 9 " 12 . The histones associate with each
other through their hydrophobic histone fold, a triple helical bundle that engages in
the so-called handshake interaction 9 '"' 1 . These specific interactions result in the
formation of two self-associating H3-H4 modules that are flanked by H2A-H2B
heterodimers, thus resulting in a core particle with 2 fold symmetry directly along the
axis of the H3 dimer interface (H2A-H2B-H4-H3-/-H3-H4-H2B-H2A)9.
Histones contain a globular hydrophobic α-helical domain from which Nterminal (all core histones) and C-terminal (H2A and H2B) unstructured amino acid
sequences (histone tails) emanate. Whereas the globular domain is largely responsible
for intra-nucleosomal interactions and DNA association 9 , the basic histone tails
mediate inter-nucleosomal interactions and additional DNA contacts. However, the
key function of the tails appears to lie in their enormous potential to undergo a
multitude of posttranslational modifications catalyzed by a wide range of enzymes on
numerous tail residues, resulting in the so-called 'histone code' 14 ' 22 .

1.2 NUCLEOSOME DYNAMICS

The nucleosome is the fundamental repetitive element of chromosomes and
can adopt several higher degrees of organization in vivo. Compaction is increased by
the dynamic association

of a linker histone, HI (or its avian counterpart H5), to
6

GENERAL INTRODUCTION: CHROMATIN REMODELING

nucleosomal particles 24"28. Though HI contains a central globular domain, flanked by
a long basic C-terminal tail and a marginal N-terminal extrusion, it does not contain
the histone fold and its globular domain rather resembles that of winged helix DNAbinding proteins29'30. The linker histone associates with DNA entering and exiting the
nucleosome, alters the angle between DNA entry-exit points, increases the
nucleosome-bound DNA to 165bp and reduces nucleosome mobility

31 3 ,

" '.

Importantly, association of HI stabilizes the 30nm nucleosomal fiber structure, in
which nucleosomal arrays are coiled in a zig-zag conformation

30 35 7

' " . It appears that

modulation of the entry-exit angle of nucleosomal DNA in addition to internucleosomal tail interactions drives the formation of the 30nm fiber

38

. In this

structure the most physically proximal nucleosomes are not adjacent nucleosomes and
this allows interaction or co-operativity between distant DNA elements

30 35 37

· " .

Nucleosome arrays can undergo additional degrees of high order organization in vivo
to yield highly condensed state such as heterochromatin and mitotic chromosomes.
The higher degrees of chromosomal condensation further induce proximity of distal
DNA elements and permit containment and compartmentalization of the genome
within the confines of the nucleus.
During the course of a cell cycle, entire chromosomes as well as local genomic
elements are subjected to continuous strain on chromatin to adopt conformations
competent for replication or condensation and segregation, while retaining functional
identity in relation to ongoing dynamic transcriptional processes. These restrictions
imposed on DNA by the various forces sometimes appear incompatible (e.g.
transcription during condensation or replication) and nature deploys a broad spectrum
of protein activities to counter such apparent incompatibilities without compromising
genome integrity.
DNA metabolic processes are highly regulated through a wide range of
chromatin modulating moieties that are able to localize, modify and mechanically
restructure it, including proteins that can relax constraints imposed by DNA
supercoiling (DNA helicases, Topoisomerase I

"* ), that allow channeling

44 45

(topoisomerase II ' ) and nuclear tethering of chromosomes46'41, that regulate repair
of DNA lesions

' , or that mediate sister chromatid pairing (cohesins

' ) and

56 58

chromosome condensation (condensins ' ).
A key regulatory role is set aside for the nucleosomal particle itself. As
mentioned, histones are subjected to a range of covalent posttranslational
7
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modifications (the histone code) that are dynamically established by a variety of
chromatin modifying machineries and their de-modifying counterparts

l4

' '. These

modifications are usually deposited on the flexible histone tails (although numerous
modifications in the globular domain have been identified

19 59 64

· " ) and determine the

functional identity of the nucleosome and its potential to recruit factors that
specifically recognize this code M"21. Covalent histone modifications are linked to a
broad range of biological functions ranging from transcriptional regulation and DNA
repair to replication, chromosome segregation and nuclear membrane reformation
17

Besides modifications on assembled nucleosomes, further nucleosome
dynamics are exemplified by deposition of canonical histones on newly synthesized
DNA during replication

65 66

' , incorporation of histone variants in centromeric

nucleosomes (CENP-A, Cse4p)

67 73

' , replication-independent histone deposition of

H3.3 in transcriptionally active chromatin or male pronuclei 74'80 and deposition of
HTZ1 in promoter proximal regions 81'86. Additionally, nucleosome distortion can be
induced by high mobility group (HMG) domain proteins or by removal of histones
dimers87"91.

1.3 ATP-DEPENDENT CHROMATIN REMODELING

In vivo, histone deposition and depletion commonly require the activity of
ATP-dependent chromatin remodelers of the SNF2-subfamily of DEXD/H DNA
helicases

(CHAPTERS

2 and 3 92 ). Besides roles in histone deposition and removal,

SNF2 ATPases mediate nucleosome mobililization as well as more general
mechanistic restructuring of chromatin organization (chromatin fluidity). Based on the
conserved SNF2-domain, 17 SNF2-type ATPases have been identified in yeast92 that
can roughly be divided into 10 categories based on the presence of additional
structural elements that characterize these proteins (CHAPTER 2). Most of these
ATPases form the catalytic core of large multi-subunit complexes, and homologous
factors have been identified in higher eukaryotes for all known SNF2-family members
(CHAPTER 2).

8
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From a physiological perspective, SNF2-ATPases have been implicated in a
wide range of biological activities including regulation of TBP association with DNA
(Motlp

93

), removal of stalled RNA polymerases during DNA damage (Rad26p 94 ),

transcriptional repression, activation and termination (INO80
RSC
l09

100 102

- , CHD1

103 104

· , ISW1

105106

"" 1 ), histone deposition (SWR

SWI/SNF
Rdh54p

117 ,19

• , RSC

117 120 122

· -

95 96

' , SWI/SNF 97"99,

and ISW2 '«5.'07.'»8), DNA replication (ISWI

81 85

" ), DNA damage response (INO80

as well as Radlóp

,25 126

123

, Rad26p

95 112 116

· - ,

124

· ) and cohesion and chromosome segregation (RSC

, Rad54p and
l27 131

· ).

It is

important to note that to date efficient nucleosome remodeling has only been
described for six members of the SNF2 subfamily (Swi2p, Sthlp, Ino80p, Cdhlp,
Swrlp and Yfr038w/Irc5p) and the function of various other members might be
restricted to distortion of DNA structure. Even among the established nucleosome
remodelers, there appears to be extensive variation with respect to substrate
requirement for maximal ATPase activity, as
naked DNA is sufficient

for maximal

activation of Swi2p, Sthlp and InoSOp while
Chdlp requires nucieosomai DNA for
maximal activity

132

. Additionally, only

Iswl/2p activity requires histone tails (H4)
for full ATPase activity 91·95·132. Regulation
of nucleosome

mobility

by

chromatin

remodelers has been proposed to occur

DNA unpeeling and
loop recapture

through either twist diffusion or bulge
diffusion (Figure 1). The former hypothesis
is based on the homology between SNF2
ATPases and DNA helicases and proposes
that twisting of DNA at entry-exit points

Wave propagation
^ ^
from internal site
Figure 1: Possible mechanisms of nucleosome
remodeling

diffuses through the nucleosome and pulls or

A. DNA-histone contacts (superhelical locations)

pushes DNA elements over the surface of

shown for a single DNA coil Different models
describe nucleosome dynamics and movement of

the nucleosome, effectively repositioning

DNA along nucieosomai axis by induction of

the nucleosome I1·87.91·133-137. i n contrast, the

superhelical torsion or DNA twisting (B). DNA
peeling and loop recapture from nucieosomai entry

bulge diffusion (or loop recapture) model

sites (C) or by wave propagation from an internal

argues for exposure of an interaction surface

site (D), This figure was adapted from 91 "",
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on nucleosomes by unpeeling of DNA at the entry-exit points or at internal sites. Reassociation of more distal DNA elements with this surface would induce the
formation of a DNA bulge that subsequently propagates through the nucleosome

l38

'

43

' . Of these two models, most biochemical evidence seems to point towards bulge
diffusion as the common mode of nucleosome mobility.
The SNF2-family is described in more detail in
87 1(M144 |49

numerous excellent reviews '

-

;

CHAPTERS

2 and 3 and in

and the remainder of this introductory section

on chromatin remodeling will focus solely on the highly related Swi2p and Sthlp
ATPases and the complexes they reside in (SW1/SNF and RSC, respectively).

1.4 THE S W I / S N F - T Y P E CHROMATIN REMODELERS

Fundamental insight into the existence and composition of SNF2-type ATPase
bearing multi-subunit complexes stems from several independent genetic screens
described in the middle of the 1980s, when two groups identified in total 10 genes
whose integrity was required for expression of HO, an endonuclease essential for
switching between yeast mating types

150 151

· . Accordingly, these genes were termed

SWI and were divided in several functional categories based on their association with
elements in the HO promoter ' '. Subsequent screens identified mutants that could
restore activity of the HO locus in the absence of functional SWI components, and
these were termed SIN (for SWI independent)

152

. In another screen, mutants were

identified that were unable to induce expression of the invertase gene SUC2 that
catalyzes conversion of sucrose to glucose and fructose. Accordingly, these mutants
were termed SNF (for sucrose non-fermenting)
mutants were termed SSN
155156

and GCN/AAT

l53

and the suppressors of SNF

154

. Together with several other screens performed (SPT

157 159

" )> these studies identified many core transcriptional

regulators and the coherence of their results exemplifies the exceptional power of
budding yeast genetics.
Importantly, following establishment of a functional connection between SWI
and SNF genes 1 6 0 · | 6 1 ; several groups independently showed that many SWI and SNF
proteins physically associated into a large multi-subunit complex, containing an
ATPase core subunit originally identified in both screens, Swi2p/Snf2p

160 164

" . As

such, the identification of yeast Swi2p/Snf2p founded the SNF2-type subfamily of
DNA stimulated ATPases92·165-169 and the SWI/SNF complex became the prototypical
nucleosome remodeler. The subsequent search for close homologs of SWI2/SNF2
10
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resulted in the identification of STH1 (for Snf Two Homolog 1 l70 ), also known as
NPS1 (Miclear Protein of Saccharomyces I)

m

. Sthlp proved strikingly similar to
170 171

Snf2p with up to 70% identity over a 650 aa stretch

'

and the presence of NTP-

binding and DEXD/H-box characteristic of DNA helicases was recognized. Although
the compelling similarity between Sthlp and Swi2p/Snf2p argued for highly similar
physiological processes, early experiments already indicated that Sthlp was essential
to yeast viability in contrast to the dispensable Swi2p/Snf2p.

1.4.1 A STRUCTURAL COMPARISON OFSWI/SNF AND RSC

Cairns et al

m

searched for identifiable homologs of multiple SWI/SNF

subunits and discovered that the yeast genome contained homologs for SnfSp,
Swp73p and Swi3p in addition to SnfZp. Like Sthlp, the homologs of these SWI/SNF
subunits were found to be essential for yeast viability, suggestive of co-operative
function between Sthlp and these proteins in a complex homologous to SWI/SNF.
Indeed,

these

proteins

chromatographically

co-eluted

and could

be co-

immunoprecipitated. resulting in the identification of RSC (for Remodels the Structure
of Chromatin). Aside from the initial 4 postulated subunits, gel electrographic and
mass spectrometry analysis indicated that RSC consisted of at least 15 different
172

proteins
In the years following the identification of RSC, the homology with SWI/SNF
was extended to five homologous subunits (Sthlp-Swi2p/Snf2p (E value 1.6e"238) l70,
Rsc6p-Swp73p (6.0e'46), Rsc8p-Swi3p (2.3e"48)

173

, Sfhlp-Snf5p (7.8e"10)

Saccharomyces Cerevisiae Drosophila Melonogaster

Table

1:

SWI/SNF

RSC

BAP

PBAP

BAF

PBAF

evolution
composition

was

fly

and

M*.

Mo™

Subunits are subdivided in

SnfS

evolutionary

ARP7

common subunits (da* gray),
evolutionary
complex
(middle
subunits

Snrl

SnfS/lnll

Snf5/!nil

SNF5

ARP7
ABM

BAPSS
Actin

BAP55
Actin

8AF53
Actin

BAFS3
Actin

Act in

**,

ARID

BAP170

BAF200

ARID

subunits

Rscl
Rsc2
Rsc4

Polybromo

Polybromo

BROMO
BAH

restricted

to

Rtt102

Rttl02
Npl6

ySWI/SNF and RSC (light

TAFI4

TAF14?

gray)

Snf6
Snfll

complex

specific

subunits Conserved domains
was based on " '47

BAF250

Rsc9

homologous

are as indicated.

ZZ* ™*

BA«0

Snrl

Swp82

or

SANT

BAP60

OSA

} BAF60.

BAF170
BAFI55

conserved

specific
gray),

:

BAF170
BAF 155

Sfh,

human,
conserved

Conserved Domains

mZ>
SWO

compared between budding
yeast,

and

SWI/SNF-type

complex composition through
SWI/SNF

m

Homo Sopiem

This table

CRC

Rsc3
Rsc30
Rsc58
Ldb7
Htll
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Npl6p-Swp82p (5.5e'12)

175

) and three shared subunits (Arp7p, Arp9p and Rttl02p

176 177

' ). Subunit stoichiometry appears conserved, with the homologs Swi3p and

Rsc8p present as dimers in their respective complexes

173 178

· . Understandably, both

complexes share a large set of protein modules (Table 1). The extensive
compositional homology between the RSC and SWI/SNF complexes is further
reflected in the overall structure as determined by electron microscopy.

I7

'' . At a

resolution of 30-50Â, the principal features of both complexes consisted of several
lobes positioned around a large central cavity. In both cases, this cavity was of such
dimensions that it could encompass a single nucleosome, suggesting that RSC and
SWI/SNF similarly embrace nucleosomes 9'178'179. Furthermore, electron microscopy
indicated the existence of RSC in two main conformations, indicating that RSC
possesses a swivelling arm that could be implicated in the nucleosomal embrace
Despite the structural similarity of SWI/SNF and RSC, early experiments already
demonstrated that dysfunction of various essential RSC components could not be
compensated for by over-expression of their homologs in ySWl/SNF, arguing that
protein motifs that mediate complex association must differ in critical features

l73

.

Besides the extensive structural homology between the RSC and SWI/SNF
complexes, there are various differences in composition (see Table 1). These
differences usually concern yeast-specific subunits and could indicate that the
homologous core provides a framework and is required for core ATPase activity in
vivo (in vitro, isolated ATPases display enzymatic activity ' ). The complex specific
subunits could mediate interaction with other factors and responsiveness to various
signal transduction pathways, complex targeting, activity modulation and possibly cell
cycle progression.
One of the notable differences between RSC and SWI/SNF concerns the
presence of heterodimeric Rsc3p and Rsc30p subunits that contain specific DNAbinding modules (Zn2+-clusters) and in are present in a subset of RSC complexes
ioo,i8i,i82 j ^

s

difference is especially interesting as no external factors that recruit

RSC to its target loci have been identified to date. On the other hand, SWI/SNF is
known to be targeted to promoters by numerous DNA-binding transcriptional
regulators

l83 191

" . The existence of the Rsc3p/Rsc30p heterodimeric subunits may

therefore indicate that sequence specific DNA binding is a feature intrinsic to the RSC
complex.

12
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Arguably the most important difference between SWI/SNF and RSC concerns
Rsclp, Rsc2p and Rsc4p

192 193

' . Each of these three RSC subunits contains tandem

bromodomains, bringing the total for RSC on seven, in contrast to the single
bromodomain present in SWI/SNF (Box 1). As the Rsclp and Rsc2p paralogs are
mutually exclusive RSC subunits

193

, this implies that the number of bromodomains

per RSC complex is restricted to five, which is still an impressive number considering
the limited number of bromodomains in the yeast proteome (fifteen, with seven in
RSC subunits). As bromodomains have been reported to interact with acetylated
lysine residues

194 202
" i

this emphasises RSC-specific roles in chromatin dynamics and

may be indicative of a broad spectrum of RSC-recruiting histone acetylation sites.
1.4 2 SWI/SNF AND RSC IN HIGHER EUKARYOTES
Homologs of the Swi2/Snf2-type ATPases were identified in various higher
eukaryotes in the early nineties (dBrahma, hBrm, hBrgl)

203 210

" . it was soon

discovered that the homology extended to other subunits aside from the catalytic
subunits, and isoforms of SWl/SNF-type complexes were identified in various
metazoa 2 ". However, the structural homology between RSC and y SWI/SNF
complicated the classification of mammalian SWI/SNF complexes into RSC-like and
ySWI/SNF-like activities. A breakthrough came with the identification of distinct
SWI/SNF complexes in Drosophila and human cell lines that differed with respect to
presence of dPolybromo/hBAFlSO, dOSA/hBAF250 and dBAP 170/hBAF200

212 213

' .

Whereas a fraction of Brm/Brgl/Brahma associated factors/proteins (hBAF, dBAP)
specifically contained a ySWIl-like protein (dOSA and hBAF250), another fraction
associated with polybromo (Polybromo-BAF and Polybromo-BAP) as well as the
metazoan specific subunit dBAP 170/hBAF200 " l 7 · 2 1 3 , but not dOSA/hBAF250

2I4

(Table 1). As the name indicates, polybromo contains six bromodomains as well as
two bromo adjacent homology domains (BAH)

215

, highly reminiscent of the

cumulative protein modules in Rsclp, Rsc2p and Rsc4p

192 193 216

· · . These structural

differences between metazoan SWI/SNF complexes provided the first handle to
structurally and functionally distinguish SWI/SNF- and RSC-like activities in higher
eukaryotes, with ySWI/SNF being similar to BAF and BAP and RSC resembling
PBAF and PBAP. Initial results are indicative of certain aspects of functional
specialization

212 217 218

· ·

)

but functional discrimination will require re-analysis of the

majority of the early work done on metazoan complexes as this predominantly
13
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focused on subunits that are conserved between RSC and ySWI/SNF (dBrahma,
hBrm, hBrgl and hSnfS).
Although the existence of OSAISWI1 versus Polybromo/RSCl/RSC2/RSC4
provides compelling evidence supporting the preservation of SWI/SNF and RSC
complexes throughout evolution, it remains unclear whether the Snf2p and Sthlp
paralogs in yeast and the BRM and Brgl paralogs in humans represent true respective
orthologs or whether independent gene duplication events in the fungal and animal
lineages resulted in the generation of separate sets of paralogous subunits with
different functional specialization. In this aspect it will be of interest to uncover why
yeast has retained two SNF5 homologs (ySnfSp and ySfhlp), whereas humans
possess only a single SNF5 homolog (hSNF5).

1.5 THE PHYSIOLOGICAL ROLES OF SWI/SNF-LIKE ACTIVITIES

1.5.1

YEAST SWI/SNF

Despite the extensive structural homology, the degree of insight into the
physiological functions of ySWI/SNF and RSC differs dramatically. ySWI/SNF is a
well-established transcriptional regulator, with roles in both activation and repression
of transcription 97·98·219 and can be recruited to promoters by a panel of transcription
factors. One of the best-studied examples concern the HO endonuclease locus, where
sequential recruitment of factors, exact timing of HO expression as well as functional
interdependence of ySWI/SNF and the histone acetyltransferase (HAT) complex
SAGA have been kinetically established

184 185

' . Several additional examples describe

the interplay between ySWI/SNF and HATs

'

and illustrate the central role for

ySWI/SNF in promoter-proximal regulation of transcription. In addition to a
transcriptional role, it has been reported that ySWI/SNF executes a structural role
during early steps of DNA double strand break repair and nucleotide excision repair
(NER)

1,7 ,,9 222

· ·

.

1.5.2 GENETIC INSIGHT INTO RSC FUNCTION

In contrast to SWI/SNF, pinpointing the exact physiological functions of RSC
has proven difficult, because of the existence of multiple RSC complexes, containing
Rsclp or Rsc2p 193 and the presence or absence of the Rsc3p/Rsc30p heterodimer,00.
Furthermore, the requirement of RSC for yeast viability precluded functional analyses
of loss-of-function alleles. Therefore, genetic analysis of RSC depended on
14
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conditional mutations (ι e mutants that allow inactivation of RSC subumts under nonpermissive conditions (heat shock)) or conditional expression of RSC subumts, rather
than deletions So far, genetic analyses have linked RSC to processes including gene
expression regulation, chromosome transmission, DNA damage repair and PKC
signaling

Furthermore, genetic evidence indicated that RSC and SW1/SNF

fundamentally differ with respect to interaction with chromatin as histone and
chromatin protein mutations that suppress SNF2 mutants actually enhance STHl
223

mutants
15 3 RSC AND GENE EXPRESSION

The functional differences between RSC and ySWI/SNF indicated by genetic
experiments are further underscored by molecular data Whereas ySWI/SNF subumts
are recruited by various physiological or artificial transcription factors and can
168173 m

activate transcription through tethering (GAL4- or LexA-fusions
promoter-proximal regions, this appears not to be the case for RSC

m

)

m

to

Although

strains harboring conditional alleles of RSC3 and RSC30 displayed transcriptional
deregulation of genes (3-5% of all genes), these genes were predominantly involved
in nbosome biogenesis, cell wall integrity and the stress response These late effects
could well be considered indirect or be attributed to the experimental setup that
required a heat shock Additionally, RSC dysfunction induced expression of CHA1,
but as this induction occurred independently of the canonical C7£47-regulating
transcription machinery (Cha4p) it was more likely a reflection of global alteration of
chromosomal structure than of direct transcriptional effects from RSC (See CHAPTER
2

224

) Therefore it was long thought that the role for RSC m transcriptional regulation

was if anything marginal and that RSC mainly functioned m structural regulation of
chromosome transmission
However, recent studies employing ChIP-on-chip (chromatin immunoprecipitation hybridization on DNA microarrays) approaches showed that RSC
association with intergemc (promoter) elements is slightly higher than with coding
regions, suggesting a direct role for RSC in promoter regulation

101

Consistent with

previous observations, two independent studies showed that RSC was enriched at
promoters of RNA polymerase III target genes, genes encoding nbosome and
mitochondrion factors and many nutrient and stress response genes

101102

Activation

of stress pathways or shift to nutrition-poor conditions induced a significant re15
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localization of RSC and concomitant alteration of expression profiles of the affected
102

genes

. These observations indicated that RSC can function as both activator and

repressor of transcription. Additionally, it was found that RSC associated with a
subset of meiotic genes

225 229

"

and cell cycle regulated genes (S-phase cyclins CLB5

and CLB6 as well as histones) and cell cycle association of RSC with the histone
locus HTA1/HTB1 correlated with gene inactivity and lack of TFIIB association

l01

.

Finally, analysis of targets for the crucial transcription regulators TFIID (90% of all
genes) and SAGA (10%, largely stress induced) indicated that many Rsc3p regulated
genes were also under control of SAGA (p<10"20), but not of TFIID 2 3 0 · 2 3 1 . Together
these data argue for a dynamic role for RSC in the expression of a subset of inducible
genes.

1.5.4 RSC AND GENOME MAINTENANCE

At the time that a transcriptional role for RSC was still contended, compelling
evidence already pointed towards a structural role for RSC in regulating genome
transmission. First, inactivation of RSC subunits usually resulted in a terminal arrest
at G2/M-phase with a nucleus containing a single DNA mass located at the bud neck,
arguing for defective chromosome segregation

171

. Second, these arrests usually

depended on the activity of spindle checkpoint proteins Madlp and Mad2p

100 131 232

·

'

that monitor microtubule attachments to kinetochore complexes. Third and
consistently with the previous, the structure of centromeric chromatin was altered in
several RSC mutants

131 232

'

and RSC mutants genetically interact with kinetochore

components NDCIO, and CSE4 l 3 1 . RSC was additionally found to directly associate
with centromeric DNA

13

', an observation that was contradicted by subsequent

analyses of genome-wide RSC distribution

101 102

' . Fourth, Rsc2p (but not Rsclp) was

shown to be required for transmission of the 2μ episome, a non-centromeric
extrachromosomal DNA circle that is stably propagated in most budding yeast strains
'

'

episome

by regulating nucleosomal structure of a m-acting element (STB) on this
234

and mediating association of cohesin complexes

234 236

" .

Fifth,

concomitant inactivation of RSC2 and factors involved in sister chromatid cohesion is
lethal

, Rsc2p is recruited to known chromosomal sites of cohesin association, and

accordingly Rsc2p-bearing complexes appear to be involved in some early stage of
cohesin loading or maintenance during Gl- and S-phases

16

128

130 237

- '

However,
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positioning of cohesin on chromosomes is highly mobile and is determined by
heterochromatin boundaries 2 3 7 ' 2 4 , . it is additionally modulated by processes like gene
transcription (e.g. cohesin accumulates at intergenic regions between convergent
genes

242 2 ,3

' ' ) and DNA repair

244 2 ,5

· ' . Whether the functional interaction between

cohesin and RSC is direct or rather reflects pleiotropic RSC functions in regulating
overall chromatin structure, gene transcription or DNA damage responses remains to
be seen. It must further be noted that data attributing these structural roles specifically
to Rsc2p-bearing isoforms should be interpreted with caution, especially in light of
the striking difference in abundance of Rsclp (-200 copies per cell) and Rsc2p
(~2,000 copies per cell) 246 and the RSC isoforms they reside in. Remarkably, genome
wide localization studies have not been able to identify target loci that displayed
selective association of Rsclp or Rsc2p 101 .

1.5.5 RSC AND DNA DAMAGE RESPONSE
The role for RSC in regulating genome integrity extends beyond chromosome
transmission, as several observations point towards a role for RSC in DNA damage
response following double strand breaks (DSB). Such role is supported by sensitivity
of strains expressing RSC mutants or reduced levels of RSC to DNA damaging agents
(methyl methane sulfonate (MMS), hydroxyurea (HU), UV and γ-radiation)
ii7,i22,i93,247-249 pm^g,. g e n e tic evidence inducing targeted DNA breaks or gene repair
by homologous recombination implicated RSC1 in homologous recombination (HR)
and non-homologous end joining (NHEJ) ^', Furthermore, recent observations show
that RSC is recruited to double strand breaks during early and late stages of repair
depending on the Mrell-Rad50-Xrs2 complex (MRX; MRN in higher eukaryotes)
117,120.121 ^ ^

p l a y s

c r u c i a l

r o l e s

^

b o t h

H R

a n d

N H E J

250-253

Β ο Λ

Rgçjp.

and

R^p.

bearing isoforms physically associated with the MRX nuclease complex. Therefore,
RSC appears to play broad structural roles in regulating chromatin at sites of DNA
breaks following a variety of DNA insults.

J. 5.6 SWI/SNFAND

RSC IN HIGHER EUKARYOTES

As mentioned, higher eukaryotic organisms contain various

remodeling

activities that are homologous to ySWl/SNF and RSC (Table 1). As the majority of
work concerning these metazoan SWI/SNF-type complexes (largely in Drosophila
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and mammals) focused on subunits that have paralogs in both ySWI/SNF and RSC
(i.e. Brahma, Brgl, Brm, SnfSAnil), it is very difficult

to attribute functions

specifically to ySWI/SNF- and RSC-like activities. However, it is clear that human
and Drosophila SWI/SNF functions encompass roles attributed to both ySWI/SNF
and RSC. Dysfunction of hSNF5 dramatically increases genomic instability
hSWI/SNF is recruited to kinetochores during mitosis

217

254

and

, arguing for roles for

metazoan SWI/SNF in regulation of chromosome transmission. As kinetochore
recruitment was solely observed for the polybromo-containing PBAF (RSC-like)
complex, this argued for an intriguing specific conservation of RSC function in
human cell lines.
In addition to gene expression

and chromosome transmission, human

SWI/SNF complexes regulate the response to DNA damage. Human SWI/SNF
interacts with the BRCA1 (Breast Cancer 1) tumour suppressor that is involved in
structural and transcriptional responses to DNA damage

and breast cancer-

associated

interaction

BRCA1

mutants

are

defective

for

SWI/SNF

258 259

'

.

Additionally, microarray analyses have shown that expression profiles of various
genes implicated in DNA damage response are affected in hBrgl and hSnfS mutants
209,260-263 i n t e r e s t i n g l y , such a transcriptional role in the response to DNA damage has
not been described for hSWI/SNF counterparts in yeast, ySWI/SNF and RSC.
Finally, human SWI/SNF complexes (both BAF and PBAF) function as
general cofactors in transcriptional regulation of a wide range of genes. These include
those under control of nuclear receptors, MeCP2 targets
induced genes

, interferon-responsive genes

264

, c-fos targets

and viral genes

265

, MyoD-

. Additionally,

human SWI/SNF complexes play crucial roles in regulation of Gl/S-transition by
controlling many E2F-dependent genes in pRb-dependent and -independent
262,268-270 p a t j l w a y S

γρ,^

cruc

iai

r o

254 260

'

"

i e jj exemplified by several observations. First,

restoration of Brgl or hSnfS in Brgl or hSnf5 deficient cells induces a Gl-phase
arrest that is highly reminiscent of cellular senescence, with concomitant downregulation of central Gl/S-phase genes
physically associates with pRb

149 272 275

·

·

149 209 254

· · '261,202,271_

and cyclin E

276

S e c o n d i

hSWI/SNF

, thus aiding the control of

Gl/S-phase transition. Third, hSWI/SNF complexes physically associate with the
promoters of E2F target genes and regulate expression of numerous E2F targets
254,261,262,271-273,275

L ] k t

m a n y

^ ^ ,

G 1 / S

.phase

re

g U i a t i n g genes, several SWI/SNF

subunits are well-established tumour suppressors and their dysfunction is implicated

18
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in a variety of tumours

'

. Prior to this thesis, no regulatory role during Gl/S-

phase transition had been reported for RSC and ySWI/SNF.
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2. THE CELL

CYCLE

Very similar to organisms, the main force that drives cells, the building block
of organisms, is the persistent drive to multiply. Despite this drive, normal cells only
multiply when the extra-cellular conditions (nutrition, hormonal signaling, space, cell
signaling) and intracellular conditions (general protein metabolism, ribosome
biogenesis, DNA quality (aging)) allow it. As entering another cell cycle without all
these demands met can have a disastrous outcome (cell death, or even worse,
tumourigenesis), it is easy to understand that the cell cycle is a highly regulated and
complex process. In this chapter, some fundamental principles of cell cycle
progression will be discussed from the perspective of budding yeast, and a summary
of the extensive complexity with respect to processes and directionality is provided in
Figure 2. Central to the cell cycle in all eukaryotic organisms are the initial

Figure 2: Basic cell cycling in S cerevisiae.
The fundamental players in S cerewsiae cell cycle regulation as well as their functional and physical interaction are
shown in a cyclic profile The cell cycle initiates by activation of CLN3 (top right) and progresses from there through
START (right), undergoing replication (bottom right), budding (bottom left), chromosome segregation (top left) and
mitotic exit (top right) to produce a novel daughter cell. This figure was deduced from the references in this chapter
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duplication of DNA content (S-phase) and subsequent separation of this DNA mass
into two identical fractions that are handed down to the daughter cells (Mitosis or Mphase). These phases are separated by two gap phases (Gl and G2), resulting in the
characteristic conventional cell cycle as depicted for yeast and mammals in Figure 3.
To ensure the proper order, timing and execution of these phases, cells employ a
network of interwoven regulation, at the DNA, RNA and protein level. The bulk
workload of this organizational nightmare rests on the shoulders of the cyclindependent kinases and -as the name implies- their cyclin partners.
When comparing the budding yeast cell cycle to the typical mammalian cell
cycle several fundamental differences become apparent. Firstly, as its name implies,
budding yeast has to execute a budding cycle that unfolds in parallel to the
conventional cell cycle, generating a growing bud on the mother cell that will become
the main body of the daughter cell. As a result, the budding and DNA cell cycles
intersect and at those points are regulated differently from the mammalian cell cycle.
However, these two cell cycles can be uncoupled, as observed during meiosis (DNA
replication without budding), mating or pseudohyphal growth (bud formation without
Cyclin Β
APC/C-COH1

APCC

APC/C-FZR

Figure 3: Comparison of fundamental cell cyde regulators In budding yeast and mammals
Temporal activity of cyclins as indicated for yeast {left panel) and mammalian (right panel) cell cycles. Whereas
the budding yeast genome encodes a single CDK1-type cyclin dependent kinase {Cdc28p) that associates with all
cyclins, mammals possess numerous CDK1-like kinases, the conventional cell cycle regulators being CDK4 and
CDK6 (Cyclin D), CDK2 (Cyclin E and A) and CDK1 (Cyclin A and B) Cydin-CDK driven regulation of the cell
cyde by substrate phosphorylation is complemented by temporally active destruction machineries: the APC/C
complex (Anaphase Promoting Complex/Cydosome) and SCF complexes (Skp1-Cullin-Fbox) Adivity of the
APC/C complex towards substrates is regulated by phosphorylation and expression/activation of the substrate
modulators CDC20/Fizzy and CDH1/Fizzy Related, restncting common mitotic APC/C complexes to two
sequentially adive isoforms. In contrast, SCF complexes are continuously present, but complex assembly together
with requirement for phosphorylation-mediated adivation of phospho-degrons on substrates restrids SCF fundion
to S- and G2-phases, SCF complex composition is exceptionally variable, with over 100 putative Fbox proteins
(the substrate recognition subunit) present in the human genome alongside 5-10 Cullins and 4 Skpl-like proteins.
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DNA replication) and in specific cell cycle mutants

. Secondly, in contrast to

mammalian systems, budding yeast does not disassemble its nuclear membrane during
mitotic progression. Instead, yeast nuclei containing aligned sister chromatids migrate
to the bud neck and chromatids are physically separated by septation of the nucleus,
splitting the original nucleus in two nuclei containing a Gl chromosomal content,
with one residing on the maternal side of the septation site and one on the daughter
side (the bud). Despite these clear differences between fungi and animals or plants,
the bulk of cell cycle progression signaling appears conserved between budding yeast
and higher eukaryotes (Figure 3).

2.1 CYCLINS AND C D K S

The discovery of cyclins and cyclin-dependent kinases is a great example of
the complementarity of various model organisms to gain insight into conserved
biological mechanisms. Groundbreaking insight into cell cycle regulation originated
from Leland Hartwells work in the early 1970s on characterization of numerous yeast
mutants that displayed cell cycle defects. Amongst these was CDC28, later to be
called CDK1; THE central workhorse in cell cycle regulation.
Similarly, Paul Nurse and colleagues were working on fission yeast and
identified a panel of genes that regulated entry into mitosis, the key component among
these being CDC2, or fission yeast CDKJ. However, Cdklp itself is not a cyclic
protein with respect to cellular levels, and cyclins themselves were not discovered
until the early 1980s. Finally, Tim Hunt and colleagues, working on early cell
divisions in the sea urchin Arbacia punctulata, found a protein that was degraded
every time cellular division commenced and termed this protein cyclin 2 8 1 . They
observed similar oscillation in levels of other proteins in various organisms and thus
the cyclin family was bom. The ultimate fusion of these pathways came when the
mysterious maturation-promoting factor (MPF

282

, also known as mitosis-promoting

factor) a protein activity that drove mitotic progression in Xenopus Laevis oocytes,
turned out to be a stoichiometric complex between CDK1 and cyclin Β

283 284

'

.

Hartwell, Hunt and Nurse were granted the Nobel Prize for Medicine in 2001.
Budding yeast contains a total of six known cyclin-dependent kinases (CDKs)
that besides Cdklp include Pho85p, Kin28p, Ssn3p, Ctklp and Sgvlp. All these
proteins have their unique (panel of) activating subunits and play roles in diverse
pathways ranging from phosphate salvage to transcriptional regulation. Although the
22
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functions of these different CDKs is not fully understood yet, it seems that Cdklp
performs the bulk of conventional DNA cell cycle regulation, and all the functions
that are regulated by the mammalian CDK 1/2/3/4/6 can be attributed to this kinase in
budding yeast. In light of its complex and dynamic task, it is easy to understand that
this protein undergoes extensive regulation by many factors.

2.2 CYCLINS

Without its dimeric cyclin partner, Cdklp is crippled, with a kinase activity
approximately 40,000 fold lower than the activated heterodimeric form. Budding
yeast contain 9 Cdkl cyclins, the three Gl cyclins CLN1 to 3 and the six B-type
cyclins (for their similarity to the mammalian mitotic cyclin B), CLB1 to 6 285. With
the exception of the central Gl cyclin CLN3, all the cyclins come in pairs that are
highly similar with regard to sequence and expression profile and they perform many
redundant functions, though unique functions have been reported. These cyclins are
periodically expressed (Figures 2 and 3), giving rise to the specific CDK1 complexes
with activities that are required to identify and regulate different cell cycle stages.
2.2 1 CLN3
CLN3 is a rather peculiar cyclin as it is only remotely related to the other Gl
cyclins and its expression and activity does not strongly oscillate with cell cycle
progression (though its expression is highest during Gl). Functionally, Cln3p is a
central Gl protein that relays external signals during Gl (e.g. nutrition) to a decision
to re-enter the cell cycle

285 291
" !

and accordingly, cln3A cells display the most

prominent phenotypes of all Gl-cyclin; dominant alleles induce small (whisky or
WHI

292

) cells while deletions induce large (LGE) cells). As the decision to enter

another cell cycle is probably the most important in the yeast cells life ('point of no
return') it relies on integration of many facets of cellular physiology. Cln3 undergoes
extensive regulation on all levels, ranging from transcriptional and posttranscriptional
control to modulation of protein activity and degradation

. Importantly,

accumulated Cln3p-Cdklp activity activates expression of late Gl-phase cyclins Cini
and Cln2 and of S-phase cyclins Clb5 and Clb6 293 through inactivation of Whi5p, the
functional analog of mammalian pRb.

23

CHAPTER 1

2.2.2 CLN'1/2
CLN1 and CLN2294 functions interact with signaling cascades emanating from
the Gl-phase pheromone-responsive mating pathway of budding yeast 2 9 5 " 2 " through
the cyclin-dependent kinase inhibitor Fari ρ 3 0 0 . Furthermore, Cini ρ and Cln2p initiate
many post-START events including spindle pole (the yeast centrosome) duplication
301

, polarized growth 3 0 2 and bud emergence 3 0 3 during Gl, thus activating the budding

cycle in parallel to the DNA replication-separation cycle.
Though the expression of CLN1/2 and of CLB5/6 coincides and peaks during
Gl/S, the activity of the S-phase cyclins Clb5p/Clb6p is kept at bay until Clnl/2pCdklp activity reaches sufficient levels to inactivate and induce degradation of Siclp,
a steric inhibitor of Clb5/6-Cdklp activity. This appears to be the sole essential
function of the three Gl cyclins, as deletion of SIC1 (or over-expression of CLB5/6)
overcomes the lethality associated with concomitant deletion of all three Gl cyclins
(clnlA, cln2A, cln3A) 304 ' 305 .

2.2.3 CLB5/6
The central function of Clb5p and Clb6p resides in regulation of DNA
replication and related S-phase events. Upon Siclp phosphorylation-mediated release
by Clnl/2p-Cdklp, the active Clb5/Clb6-Cdklp kinase couples initiate DNA
replication by phosphorylation of a panel of pre-replication complex (pre-RC)
components, thus triggering replication fork firing

306 310

" . Importantly, Clb5p-Cdklp

activity is also required for limiting replication fork firing to a single round "' 3 1 6 )
thus preventing undesired ploidy alterations. Indeed, subtle deregulation of Clb5pCdklp activity can result in multiple rounds of replication without intervening
chromosome segregation

3I3

. Roles for Clb5p-Cdklp have been reported in spindle

pole body maturation, orientation and identity 3 0 1 · 3 1 7 · 3 2 1 ) extending the requirement of
this kinase couple beyond regulation of DNA replication. Interestingly, although these
cyclins are non-essential in haploid yeast, they are essential during meiosis322"325.

2.2.4 CLB3/4
CLB3 and CLB4 expression peaks during late S-phase and Clb3p and Clb4p
levels remain high until late anaphase. Genetic evidence suggests that Clb3/4p play a
role in regulation of DNA replication

326
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implicated in prevention of re-replication

327

. Additionally, Clb3p and Clb4p repress

expression of the cyclins Clnl/2p and Clb5/6p, by inhibiting the activity of the MBF
and SBF complexes, the functional yeast analogs of E2F

. They also prepare the

cell for the arrival of the Clbl/2p cyclins by inactivating the machinery (APCCdhl 329,
see section 2.4.2) responsible for their degradation. Finally, Clb3/4p execute a
function in spindle maturation that is redundant with Clbl/2p function, but that cannot
be fulfilled by the Clb5/6p.
2.2 5CLB1/2
The last pair of B-type cyclins is CLB1/2, whose expression peaks sharply
during early anaphase. Of all B-type cyclins, Clb2p appears to be the most important
one, as its deletion displays the most prominent phenotypes, with enlarged cells and
an overrepresentation of G2 cells

330 333

" . Underlining this importance, Clb2p-Cdklp

kinase activity constitutes the vast majority (over 80%) of Cdklp activity during
mitosis. Clb2p plays important roles in inhibiting SBF and MBF activity
bud emergence

335 338
" 5

it regulates spindle elongation

cytoplasmic bud neck to regulate nuclear transmission

337

334

and in

and is recruited to the

339 3 ,0

·' .

Despite these functional categorizations, the expression patterns of each cyclin
pair is quite overlapping with the next and strict periodic expression patterning of
cyclins is clearly not essential for cell cycling as 5. cerevisiae strains lacking cyclin
couples are still viable. In the most extreme case, a strain expressing CLB1 or CLB2
as its sole B-type cyclin can survive in specific backgrounds ( ' 41' 4 ). Additionally,
a constitutively active Cdkl (CDK1-BYC) has been generated that can induce cell
cycle initiation in the absence of all three Gl cyclins, although it still depends on Btype cyclins. The current consensus argues that a mix between Cdkl-cyclin substrate
specificity and binding avidity, the extent of phosphorylation required for functional
alteration ofthat substrate

43 345
' 5

as well as Cdklp-cyclin predominance and catalytic

potency crucially regulates Cdklp-mediated cell cycle progression in yeast

309

.

Nevertheless, additional positive (Caklp and Ckslp) and negative (Swelp, Farlp and
Siclp) regulation is plentiful.

2.3 TRANSCRIPTION DURING THE CELL CYCLE

Results from large scale profiling indicated that 12% of all genes in budding
yeast

346 3 ,8

" ' and 8% of all genes in fission yeast3''9·350 display significant oscillations
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in their expression profile with respect to cell cycle progression, with an overlap of
-140 genes between these two yeasts 2 8 7 · 3 5 1 . Together with efforts in budding yeast to
identify whole-genome binding sites for the vast majority of known transcription
factors (-140 known transcription factors in the yeast genome 352"357) this has been a
great leap forward in understanding cell cycle progression from a transcriptional
perspective.
In budding yeast, transcriptional cell cycle regulation largely depends on a
panel of nine transcription factors each of which plays key regulatory roles in gene
expression during part of the cell cycle 2 8 7 · 3 5 6 . Additional complexity arises from the
existence of a multitude of auto-regulatory loops (e.g. Swi4p) and feed-forward loops
(e.g. Mcmlp) that further affect transcription factor function and regulation. Aside
from the intricate interplay between these transcription regulators, their main role lies
in the temporal expression of genes required for regulation of specific cell cycle
phases, including cyclins. It must be noted though that the temporal partitioning of
transcription factor activity is not as black-and-white as presented here, and roles for
these central cell cycle regulators have been reported in additional cell cycle stages
287,354

2.4 PROTEIN DEGRADATION DURING THE CELL CYCLE

Complementary to temporal protein production, cell cycle regulated protein
degradation provides an essential means to constrain protein activity to the right time
window. In most organisms studied thus far, this process is mediated by two distinct
ubiquitin ligase complexes that poly-ubiquitylate substrates, resulting in their
proteasomal degradation. Though effectively attaining identical outcomes, these
complexes are highly different with regard to substrate preference, cell cycle activity
and regulation358·359.
2.4.1

SCF
SCF (Skpl-Cull-F-box protein) consists of a small core (3-4 subunits) that

associates with a panel of substrate recruitment molecules that are characterized by
the presence of an F-box (a 44 amino acid module that was originally identified in
cyclin F280·345·360-364) Although to date only three such modulators have been reported
to associate with SCF, namely Cdc4p, Grrlp and Met30p, the yeast proteome contains
over 21 putative F-box proteins, theoretically allowing a high variability of complex
26
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composition and a wide substrate spectrum. Substrate recruitment is proposed to
occur through the WD40 domains of Cdc4p and Met30p and the leucine-rich domain
of Grrlp. Importantly, although SCF complex activity does not appear to be cell cycle
regulated, substrates

are made available

only through their phosphorylation

(producing a phospho-degron), effectively restricting most of its activity from Gl to
G2

360 365

· - 3 7 4 . Among the most notable targets of SCF are the CKIs Siclp and Farlp,

the replication complex component Cdc6p, the nutrient responsive transcription factor
Gcn4p and the kinetochore component CbDp J 0 4 . 3 4 5 · 3 6 0 . 3 7 5 - 3 7 9 . The identity of these
targets and the phenotypes of their mutant alleles underscore the key role for SCF in
Gl- and S-phase progression.

2.4.2 APC/C
Complementary to SCF function, the anaphase promoting complex or
cyclosome (APC/C) is only active from metaphase to late Gl-phase. . APC/C only
degrades the B-type cyclins (and not the Gl-phase cyclins) 380 ' 381 and the importance
of APC/C as such is stressed by experiments using non-degradable alleles of CLB2
that terminally arrest in telophase

338

and hyper-stable alleles of CLB5 that fail to

initiate S-phase during the following cell cycle

382

. For a poly-ubiquitylation

machinery APC/C is remarkably complex (at least 11 subunits) and its activation
depends on concerted substrate recruitment through one of two temporally active
adaptors, the WD40-containing Cdc20p and Cdhlp (and Amai ρ during meiosis), and
phosphorylation on APC/C itself, rather than substrate phosphorylation. It has been
proposed that recognition of APC/C targets occurs through conserved substrate
degron elements called destruction boxes (D boxes

383

) or KEN boxes

384

.

Upon Clb2b-Cdklp phosphorylation-mediated APC/C activation during
metaphase, APC/CCdc20 initiates destruction of a panel of proteins that is essential for
mitotic progression. These key substrates include Pdslp (Securin) whose degradation
culminates in activation of the cohesin-cleaving Esplp protease (Separase) and
dissolution of chromosomal cohesion at the metaphase to anaphase transition.
Additionally, APC/C degrades a portion of Clb2p-Cdklp activity
activation of separase
Hsllp

388

386

385

, thus facilitating

, and it also degrades the spindle assembly protein Kiplp

387

,

and other anaphase inhibitors.

During this time, Cdhlp is kept in an inactive form through Clb2p-Cdklp
mediated phosphorylation. Following partial degradation of Clb2p by APC/C
27
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activation of the mitotic exit network (MEN), Cdcl4p dephosphorylates Cdhlp which
on its turn replaces Cdc20p on APC/C and mediates Cdc20p degradation. APC/CCdhl
activity depletes the remainder of Clb2p-Cdklp activity during telophase

385

in

concert with cyclin-dependent kinase inhibitory activity of newly synthesized S iel ρ
389

. This APC/CCdhl activity allows both mitotic exit and pre-replication complex

formation

390

and keeps all residual Clb-Cdklp activity in check until Cdhlp is

inactivated by accumulated Cln-Cdklp and Clb-Cdklp activity during Gl/S-phase.
Finally, APC/CCdhl targets the kinases Cdc5p (polo-related kinase) and Hsllp as well
as proteins regulating chromosome movement to the spindle (Aselp and Cin8p) for
destruction 391 ' 392 .
Importantly, strong cell cycle directionality is imposed on the cell as cell cycle
regulating transcription factors and degradation machineries are themselves under
tight control of Cdklp-activity,.

2.5 VARYING THE CONVENTIONAL: ALTERNATIVE CELL CYCLING

Aside from conventional cycling of alternating mitosis and DNA replication,
there are variants to the cell cycle theme that alter the chromosome complement - or
ploidy state - of cells. Disregarding meiosis,
these ploidy alterations stem from cell cycle
deregulation. In haploid yeast, consecutive
rounds

of

DNA

replication

without

intervening mitosis or even lethal reductional
mitoses

393 394

·

have been observed upon

dysfunction of replication control {CDC6,
CLB5,

ORCs,

MCMs

^13.314.395.

Additionally, defects in various spindle pole
body components (MPS1, MPS2, MOB1,
CDC31, KAR1, NDC1, BEM2

396 401

" ) have

been reported to induce genome duplications
resulting from failed chromosome segregation.
However,

in

higher

multi-cellular

eukaryotes, ploidy alterations are normal
p h y s i o l o g i c a l p h e n o m e n a a n d m a n y cases o f
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Figure 5: Multiple variants of endocycling.
Endocycling

commences

progression anywhere

by aborting mitotic

between S-phase and

cytokinesis (dashed line)- This can result in
genomes that are entirely or locally amplified,
multinucleated cell can arise in the latter case
Forces driving endocycling include increases in cell
(and

organism)

volume,

increased

(local)

transcription and increased metabolic activity This
figure was adapted from 4°2
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somatic polyploidy have been described. These include mammalian hepatocytes,
megakaryocytes and trophoblasts, insect oocyte nurse cells, plant stornata cells and
endosperm (with ploidy states of over 24,000 Ν reported)

402 407

" . in such cells,

polyploidy usually represents a highly differentiated state with increased cell size and
elevated metabolic activity. To become polyploid, cells enter a process called
endocycling, which usually commences by aborting the mitotic cycle anywhere
between G2 (endoreduplication) and cytokinesis (endomitosis), followed by initiation
of another round of DNA replication 402~m (Figure 4). Depending on the position of
mitotic exit, cells have multiple chromosome sets contained within a single nucleus or
they become multi-nucleated. Importantly, endocycling cells use the same cell cycle
machinery as mitotically cycling cells, and the main difference resides in its
regulation. As in yeast, the main regulation occurs through alternative oscillations in
cyclin levels (high Gl/S-phase cyclins, low mitotic cyclins), their regulators (CKIs,
APC/C) as well as the replication origin licensing factors Cdc6, Cdtl and geminin
402,408-412 -j-j^ j s

j [ 33 j t

cruc a

m e a n s

that agents perturbing mitotic cycling could

(inadvertently) induce untimely endocycling. That this could prove catastrophic is
supported by a growing body of evidence arguing that tetraploidization precedes
aneuploidization during early tumourigenesis254·413"*15.

2.6 A CELL CYCLE OUT OF CONTROL
The complex interplay between all components that drive cell cycle
progression ensures that all criteria are met before cell cycling commences

416 417

·

.

Therefore, disruption of this control could result in undesired cell cycling and this
principle has been employed by viruses that require an actively cycling host cell 4 1 8 "
421

. However, the disastrous effects of uncontrolled cell cycling are best exemplified

by tumourigenesi. Indeed, many key cell cycle regulators are well-established tumour
suppressors. A crucial feature of virtually all tumours is deregulation of the Gl/Sphase transition machinery as that is the rate-limiting step in cellular proliferation
422,423

(Figure 5). Without exception, over-expression of Gl/S-phase cyclins or

inactivation of the relevant repressors has been implicated in a wide range of tumours
424-427 Understanding the exact interactions between regulators of this transition is
therefore central to understanding and fighting cancer.
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Budding Yeast

Figure 5: Functional analogy of cell cycle entry in yeast

Mammals

and human
Ora

The

complex

network

controlling

G1/S-phase

**

CyofciD

'»

vms

κ»

_·

progression shows many functional parallels between S

„—

œn/isiae and H sapiens Analogous functionalities can ! - Ί ί , , , , β - Ν

^y

„—^

—^l

L, ' ,

L, \ »

^—,
^

<—, k

be identafied for most critical steps, including inhibitors
(WhiSp-pRb, Sic1p-p21), stimulators (Cln3p-Cyclin D,
Cln1/2-Cydin E, Clb5/6p-Cyclin A, SBF/MBF-E2F) as
well as feedback and feed forward control Proteins with
analogous funcbons can be identified for most crucial
regulators

Protein function is visualized as in Figure 2

Besides the central role for Gl/S-phase transition in perpetual cell growth
during tumourigenesis, another crucial step in tumour progression is the acquisition of
a certain degree of genome instability. Various forms of chromosomal abnormalities
have been identified that result from impaired DNA damage responses (translocations
and micro-satellite instability

428

) in addition to chromosome instability (CIN), that

results in geno me aneuploidy. Already in the late nineteenth century, abnormal
chromosome numbers were recognized in human cancers4 and over a hundred years
later aneuploidy is still considered as one of the hallmarks of cancer. Accordingly, the
degree of aneuploidy has often been reported to correlate with cancer severity and
poor prognosis in the medical literature. Insight into the molecular mechanisms
underlying aneuploidy has indicated that CIN is largely due to dysfunction of the
mitotic spindle checkpoint. Accordingly, deregulation of mitotic checkpoint
components Madl, Mad2, Bubl, BubRl (Mad3p in yeast), Mpsl and Aurora-B (Ipllp
in yeast)

428

is observed in a wide range of cancers. However, observations of CIN

resulting from dysfunction of Aurora-Α and cyclin E (and Cdc4) 4 1 4 · 4 2 9 additionally
implicate centrosome deregulation in this phenomenon.
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3 AIM AND OUTLINE

OF THIS

THESIS

At the start of this thesis, very little was known about the physiological
functions of RSC. The aim of this work was therefore to address some very basic
questions regarding RSC:

WHEN, WHERE

and Howàoes RSC work? To this end, we

established a genetic approach to map the execution phases of essential RSC functions
(using degron alleles and genetic interactions), a molecular approach to identify and
characterize RSC target loci (by chromatin immunoprecipitation (ChIP) and gene
expression analysis (using qPCR)), and a proteomic approach to assess RSC
composition and to identify proteins that stably or dynamically associate with RSC
(using tandem affinity purification (TAP)tags). Importantly, in all our approaches the
focus was to study RSC as a function of cell cycle progression.
Although there is a degree of overlap between the experimental chapters of
this thesis, discussion of our proteomic analysis is largely restricted to

CHAPTER

4,

whereas the genetic part is largely described in CHAPTER 5 and APPENDIX 1.
In addition, this thesis contains two theoretical chapters
CHAPTER

(CHAPTER

2 and

3). Although there is a substantial degree of redundancy between the

introduction and these two additional published theoretical chapters. However,
CHAPTER

2 focuses more on the evolutionary aspect of chromatin remodeling,

whereas CHAPTER 3 is largely dedicated to the analysis of proteomic and genetic
environment of chromatin remodelers in budding yeast.
Finally, conclusions and perspectives drawn from the work performed during
the course of this thesis are discussed in CHAPTER 6.
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ABSTRACT

During interphase, the spatial reconfiguration of segments of chromosomes is
performed in plants, animals and fungi in an almost identical setting, namely
nucleosomal arrays that are contained within chromosome territories in the cell
nucleus At mitosis and meiosis chromosomes undergo extensive architectural
reconfigurations that lead to very high degrees of compaction SNF2 ATPases have
been implicated in these processes and belong to a ubiquitous superfamily of nucleic
acid stimulated enzymes In S cerevisiae there are seventeen members They are
subdivided into 10 subfamilies, with homologues in the human and A thaliana
proteomes Molecular genetics have revealed roles for SNF2 subfamilies in cellular
proliferation and differentiation We explore structure function relations within and
between SNF2 subfamilies, with particular emphasis on the large protein complexes
that SW12 types reside in
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WHO, WHERE, WHEN, AND WHAT?

INTRODUCTION

Eukaryotic cells face the intricate task of encompassing the huge amount of
biological information, contained in their genome, inside their nucleus. They manage
this by repetitively wrapping approximately 146 bp stretches of DNA around histone
protein cores, consisting of two copies of H2A, H2B, H3 and H4, thereby forming
nucleosomes, the building blocks of chromatin [^2.
Further condensation of these nucleosomal arrays is achieved by organization
into higher order structures, such as the 30 nm fiber 3. Formation of such structures
largely depends on intemucleosomal interactions, mediated by the flexible highly
positively charged N-terminal part of the core histonesA. These higher order structures
are stabilized by the presence of linker histones 3. Compaction of DNA thus allows
the efficient storage of large genomes into the nucleus. However, in this compact
form, genomic DNA is virtually inaccessible to enzymes. To deal with these
contrasting requirements cells have evolved mechanisms to induce dynamic
transitions between highly condensed (closed), and poised (open) chromatin.
Transitions between these two states are termed chromatin remodeling events and are
mediated by two fundamentally different types of molecular processes 5.
Firstly, there is a whole battery of histone tail covalent modifications,
including acetylation, methylation, phosphorylation as well as ubiquitylation and
UDP-ribosylation. These histone modifications may directly modulate the interactions
between histones and DNA. However, the recent identification of protein domains
specifically interacting with histone tails - such as Bromo- and Chromodomains that
can bind histone tails acetylated or methylated at lysines residues respectively suggests that nucleosomal histone tail modifications recruit protein complexes. The
emerging view therefore envisions a 'histone code' 6, where the functional state of
chromosomal segments is dictated by distinct nucleosome modification patterns that
promote binding of proteins that are compatible with this state. Notably, histone
posttranslational modifications often have a half-life in the range of minutes, due to
the existence of enzymes that remove the covalent modification, further underlining
the dynamic nature of chromatin7.
The second chromatin remodeling process involves ATP-dependent enzymes.
Characteristically, ATP-dependent chromatin remodeling factors contain a SNF2
related ATPase subunit that is essential for their function as chromatin remodelers.
SNF2 ATPases are a branch of the "DEXD/H" molecular motors superfamily. This
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superfamily is typified by the presence of seven conserved sequence motifs and
encompasses RNA and DNA helicases as well as enzymes that disrupt nucleic acidprotein interactions .
In yeast there are 17 such SNF2 related ATPases. On the basis of sequence
analysis they can be further divided into 10 subfamilies (Table 1). Conserved
orthologues of each class are present in various organisms ranging from mammals to
plants (Table 1 ). To date, chromatin remodeling activity has not been reported for any
of the RAD54, -26, -16, YFR038W, FUN30 or MOTI subfamily members. In this
review, we will therefore focus on the SWI2, ISWI, CHDl and INO80 subfamilies as
it is not yet clear whether the other SNF2 family members actually do remodel
chromatin. Phylogenese analysis has however identified one domain (PDO17670,
Table 1) that is present in the four above SNF2 subfamilies known to remodel
chromatin. Interestingly, this domain is also present in the YFR038W family, to
which we have tentatively allocated plant DDM1 .

ATP-DEPENDENT CHROMATIN REMODELERS ARE MULTI-SUBUNIT COMPLEXES
THAT INTERACT WITH NUCLEOSOMES

The first ATP utilizing chromatin remodeling complex to be discovered was
the S. cerevisiae 2 MDa, 11 subunit SWI/SNF complex 10 . Several subunits of this
complex were identified through genetic analysis of mutant strains defective in HO
endonuclease transcription, a key factor of the mating type switching reaction, and in
mutant strains unable to metabolize sucrose under non-fermenting conditions because
Table 1 : S.cerevislae SNF2-subfamlly members and their putative H.sapiens and A.thaliana homologues.
The 17 yeast SNF2-like proteins and their putative human and A Ihahana homologues were subdivided
into 10 groups on the basis of sequence homology Note that the proposed function for these ATPases in yeast
may not always directly be extrapolated to their higher eukaryotic counterparts Ammo aad sequence motifs
conserved in yeast as well as in the higher eukaryotes H sapiens and A thaliana are indicated Mobfs that are
solely present in yeast proteins, or absent in yeast, but shared between humans and A thaliana proteins are not
included A thaliana and H sapiens SNF2-homologues that did not conform to our criteria for the 10 yeast sub
families were not included in the table Sequence analyses and compensons were done using Prodom
(http //www toulouse mra fr/prodom/doc/prodom html), Pfam (http //www sanger ac uk/Software/Pfam/) and Blast
(http //www cmbi kun ni) The ProDom Family Accession numbers (PD numbers) of conserved motifs are given
Sequences of A thaliana SNF2 family members as well as useful phylogenetic data were obtained from the Plant
chromatin database website (www chromdb org) Footnotes: " This conserved mobf is absent in CHA2

s

This

domain is shared only by yCHOI, hCHDI and -2 as well as CHAS The other CHD family members were
nevertheless included in this subcategory because they contain Chromodomains
degenerate version of this motif can be found in CHA5
the SWR homologues

£

0

c

Only found in yCHD1, but a

Exclusively found in the INO80 homologues but not in

CHA19 seems to contain a rather degenerate version of this motif, as revealed by Blast

analysis ' This domain is not conserved in the A thaliana homologue CHA9 β The Ring finger is likely involved in
posttranslational modification of target proteins via attachment of ubiquibn or related proteins
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SUBFAMILY
Demonstrated
function in yeast

S. cerevisiae

Η. sapiens

A. thaliana

Conserved Domain

__SWJ2
Transcription

SWI2/SNF2 (YOR290C)

BRM (SMARCA2)

CHA3 (SYD)

Chromosome
segregation

STH1 (YIL126W)

BRGl (SMARCA4)

CHA12
CHA2

Bromodomam
PD017670
PD0O7692

A

_I5WI
Chromatin assembly/
Transcription

ISW1 (YBR245C)

SNF2H (SMARCASI

ISW2 (YOR304W)

SNF2L (SMARCAI)

C H D l (YERlS-fW)

CHDl

CHAH

SANT domain
PDOl 7670

ÇHD1
Transcription

CHA5

Deacetylation

Chromodomain
PD009988 f l

CHD2

PD017670 i :

CHD3 (Μι-2α)

CHA6

CHD4(Mi-2ß)

CHA4
CHA7

iNoao
Transcription/
DNA repair

INO80(YGL150C)

hlNOSO

CHA21

PD040099D

SWR1 (YDR334W)

SRCAPI

CHA13

PDOl 7670

YFR038W

HELLS (SMARCA6)

DOMI

PD017670

FUN30(YAL019W)

hHEL(SMARCADl)

CHA19

PD024211f

M O T I (YPL082C)

BTAF1 aAFJZO)

CHA16

PD149097
PD329525
PD126842

RAD26 (YGR025W)

ERCC6

CHA8

_YFR038W
7

_FUN30
?

MOT)
TBP-associated factor

RAD26
Transcription coupled
DNA repair

CHA9

PD126861f

RAD54
Recombi national
repair

RAD54(YGL162C)

RAD54

RDH54 (YBR073W)

RAD54b

CHA25

RAD16
RAD16(YBR114W)
Nucleotide excision
repair

LODESTAR

CHA41
CHA37
CHA27
CHA33
CHA30
CHA26

Non-homologous end
joining/post replication
DNA damage repair

RAD5 (YLR032W)

HMR silencing

RISI (Y0R191W)

CHA28

YLR247C

CHA36

7

HIP116(SMARCA3)
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they could not induce SUC2 transcription and therefore lacked invertase activity. The
largest subunit of the SWI/SNF complex, the 195 kDa Swi2p/Snf2p protein, is the
founding member of the SNF2 branch within the DEXD/H superfamily of nucleic
acid stimulated ATPases. Activity of the SWI2/SNF2 ATPase was shown to be
essential for SWI/SNF function, establishing Swi2p/Snf2p as the catalytic core of this
complex "' l2 . Convincing genetic evidence implicating the SWI/SNF complex in
chromatin dynamics came from the isolation of mutations that suppress swi/snf
phenotypes. Many of the mutated genes proved to encode chromatin proteins,
including histones l3'14.
SNF2 ATPases are known to reside in multi-subunit complexes that are
conserved throughout eukaryotic evolution

l5

. Biochemical studies in several

experimental model organisms have highlighted the importance of the known SNF2
chromatin remodelers in processes such as transcriptional regulation (SWI2, ISWI,
INO80), DNA replication and repair linked nucleosome assembly (ISWI) and DNA
repair (INO80, ISWI) l6. SNF2 type chromatin remodelers generally display robust
ATPase activity upon exposure to nucleosomal DNA substrates. However, despite
their high homology with helicases, none of the SNF2 chromatin remodeling enzymes
has been shown to display helicase activity. SWI2, ISWI and CHD bearing native
complexes from different organisms all score equally well in a generic in vitro
chromatin remodeling assay that measures the confomational equilibrium constant of
nucleosomes in the context of reconstituted nucleosomal arrays 17'18. SNF2 ATPases
are able to transiently alter nucleosomal DNA topology via introduction of
superhelical torsion l9'20 and thus increase histone octamer mobility on DNA 21'23.
However, the exact fashion in which these ATPases remodel chromatin in vivo
remains to be elucidated.
Based on the cofactors that stimulate ATP hydrolysis, the SNF2 ATPases
analyzed to date can be subdivided into three functional categories that reflect the
phylogenetic analysis shown in Table 1. (i) The SWI2 group is activated equally well
by naked and nucleosomal DNA 18. (ii) The ISWI group absolutely depends on the
presence of histone tails and particularly on the H4 N-terminus to display ATPase
activity 24. (iii) The CHD group also requires the presence of nucleosomes to display
maximal ATPase stimulation but, in contrast to ISWI, the trypsin sensitive histone
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tails are not required

. Whether the INO80 ATPases require specific nucleosome

moieties is currently not known.
Interestingly, this subdivision is also reflected by the presence of sequence
homology motifs located outside the catalytic SNF2 "helicase" domain (Bromo,
Chromo and SANT, see Table 1). Note however that the SANT is not exclusively
found in the ISW1 subfamily as it is found in SWI3 like subunits in all the SWI2
complexes. It is known that chromodomains can target proteins to particular subnuclear compartments

25 27

' , however causal links between the histone moiety

requirements of chromatin remodeling complexes and the presence of conserved
sequence homology motifs have not been drawn to date.
As mentioned, the SWI2, ISWI, CHD and INO80 ATPases are conserved
throughout eukaryotic evolution and are found in large multi-subunit complexes.
Similarly, many of the auxiliary subunits are also conserved over large evolutionary
distances ". We envision that auxiliary subunits can serve to target the complexes or
to regulate the intrinsic ATPases activity of the SNF2 enzymes. The sheer size of the
SWI2 and INO80 complexes (1 to 3 million Daltons) and the large number of
different proteins they appear to contain suggests that some auxiliary subunits also
confer additional biochemical properties to the basal nucleosome mobilization activity
of SNF2 complexes. A clear example is provided by the presence of RuvB like
helicases in the INO80 complex, which have been shown to display 3' to 5' helicase
activity 28"30. A second example stems from the presence of ARPs (actin related
proteins) in several ATP-dependent chromatin remodelers. Furthermore, like the
RuvB like helicase, ARPs are also found in some histone acetylase complexes
(NuA4/Tip60). Thirdly, the Acfl subunit of the Drosophila embryonic ISWI bearing
ACF and CHRAC complexes has been shown to confer a nucleosome spacing activity
onto ISWI '. Finally, Mi-2a and -ß, CHD-type ATPases, have been purified in
complexes that display histone deacetylase activity32'33.

FUNCTIONS AND MUTANT PHENOTYPES OF SWI2-TYPE CHROMATIN REMODELERS
LESSONS FROMS. CEREVISIAE

The identification of a variety of evolutionary conserved chromatin motors,
within distinct chromatographic complexes in a single organism has confronted the

55

CHAPTER 2

field with several questions. What are the exact functions of these chromatin motors,
and possibly even more important, what are the features that functionally distinguish
them? So far, yeast has proven to be an excellent organism to address these questions.
Several independent sets of data have firmly implicated yeast SWI/SNF in
transcriptional regulation. First of all, fusion of several yeast SWI/SNF subunits to the
Gal4p DNA binding domain induce transcription from GAL4 reporter genes in yeast
34

. Furthermore, yeast SWI/SNF has been shown to function as an essential

transcription co-activator for several genes, including HO, SUC2 and SIC1. Analysis
of the yeast transcriptome in swi/snf mutants has shown that this complex may
significantly regulate some 5% of the -6000 S. cerevisiae genes during vegetative
growth on dextrose 35'36. However, the number of SWI/SNF regulated genes may be
much higher under growth conditions that exercise the genome more extensively;
known SWI/SNF dependent genes such as SUC2 are only transcribed when invertase
activity is required and were not picked up in the above gene array experiments.
Strikingly, these analyses show that SWI/SNF is involved in repression of
about half of the identified genes. In depth analysis of specific SWI/SNF repressed
genes will provide evidence as to whether SWI/SNF acts directly or indirectly as a
repressor of these genes. One direct mechanism may involve the mobilization of
nucleosomes to occlude regulatory DNA elements targeted by transcription repressors
and activators. Hence the ability of factors to productively recognize their response
elements embedded within nucleosomes would determine whether SWI/SNF can be
used to regulate their activity. The strong genetic interaction between the nuclear
histone H3 acetylase complex SAGA, the mediator and yeast SWI/SNF also indicate a
role for SWI/SNF in transcription

37

. A further indication that SWI2 subfamily

members antagonize chromatin mediated transcription stems from studies in the fly.
Brahma, the only SWI2 subfamily member in Drosophila, has been classified as a
trithorax group gene implicated in the transcriptional regulation of the homeotic gene
clusters that control antero-posterior body plan differentiation

38 39

· . Evidence towards

a role in transcription for mammalian SWI2 type complexes abounds, and together
with the above establishes many SWI2 type complexes as transcription co-activators
with great certitude.
S. cerevisiae contains one very close homologue of the SIVI2 gene, namely
NPS1/STH1. Sthlp resides in the 15 subunit RSC complex w that bears four subunits
with a high degree of homology to SWI/SNF subunits (SWI2-STH1, SNF5-SFH1,
56
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SWI3-RSC8 and SWP73-RSC6) and actually shares two subunits with the SWI/SNF
complex (ARP7 and ARP9)

4I

. Despite this high degree of relatedness, genetic

analyses revealed striking differences between RSC and SWI/SNF. Firstly, STH1 is
essential, whereas, with the exception of MOTJ, all other SNF2 homologues are
individually dispensable for vegetative growth in S. cerevisiae. Secondly, histone and
chromatin protein mutations that suppress swi2 mutants actually enhance sthl mutants
42

. This genetically implicates RSC in the maintenance of chromatin structures.
Strains that harbor conditional alleles of several RSC subunits display

irreversible growth arrest under non-permissive culturing conditions. Most alleles
yield asynchonous arrests, however, some rsc3, sflil and sthl alleles have been shown
to cause cell cycle arrest at the G2/M phase transition. This implies that RSC
complexes may perform more than one essential function, one of which would be
required to traverse mitosis. An important experiment will consist in the inactivation
of RSC during specific cell cycle phases in order to identify the phase(s) during which
it executes this essential function.
The lethality of RSC depletion is probably not due to a transcriptional defect,
because, in contrast to SWI/SNF subunits, Gal4p fusions to different full-length RSC
subunits neither repress nor activate a LacZ reporter gene under the control of Gal4p
sites ' , 3 · 4 ' , . Despite these results, several studies have proposed RSC dependent
activation and repression of - 3 % of the yeast genes

45

. Whole genome expression

analysis has been performed on cells harboring conditional alleles of the RSC
subunits, Rsc3p and RSC30p 4 . Among affected genes many were cell wall integrity
genes and genes responding to cell stress. Might the shift to non-permissive culture
conditions as well as the fact that a significant percentage of cells undergo dramatic
change in cell wall morphology, provide alternative rationales to explain altered
expression patterns for these genes? The second set of deregulated genes identified in
these DNA microarray experiments consist of small and large ribosomal protein genes
that are thought to be sensitive to cell wall integrity 4 5 , perhaps again indicating that
the observed alterations in expression levels are a reflection of cytoplasmic processes
gone awry rather than being a direct consequence of RSC inactivation. A more
compelling case for the involvement of RSC in transcriptional regulation was made
by an independent study focused on CHAI, a gene involved in serine/threonine
catabolism. Depletion of Swh3p or Sthl ρ proteins results in an altered chromatin state
at the CHA1 promoter and concomitant derepression of this gene, implicating RSC as
57
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a regulator of the repressive chromatin status of the CHAJ promoter

We note that

CHA1 is situated next to HML, the silent alpha mating type donor locus Since CHA1
is normally repressed, it may be that RSC depletion interferes with the function of the
silencers that flank HML
Several lines of evidence seem to point out a role for RSC like complexes in
chromatin structure maintenance of yeast centromeric regions First of all, a
temperature sensitive sthJ allele significantly alters micrococcal nuclease and
restriction enzyme accessibility to the CDEII centromere core sequences of CEN3 and
CEN4 ^ Second, yeast strams harboring specific sthl or rsc3 temperature sensitive
alleles arrest growth at G2/M only in the presence of wild type alleles of the MAD2
and MAD1 genes respectively

4547

Since Madlp and Mad2p are known mitotic

spindle assembly checkpoint components, this suggests that RSC affects spindlekinetochore interactions during mitosis

LESSONS

FROM

M

MUSCULUS

The question that arises is whether metazoan SW12 complexes accomplish the
tasks of yeast SWI/SNF as well as those of yeast RSC9 Since the animal SWI2 type
complexes are bonafide transcription cofactors, their function is arguably equivalent
to that of the yeast SWI/SNF complex However, the presence of five additional
Bromodomains in RSC - bome by 3 yeast RSC specific subumts 48 - taken together
with the presence of the five Bromodomain polybromo protein in Brgl and m Brm
complexes has been used to suggest that mammalian SWI/SNF complexes are more
closely related to RSC than to yeast SWI/SNF

4950

Furthermore, the kinetochore

localization of mammalian SWI/SNF complexes also argues that they may carry out
equivalent functions as yeast RSC 50 Phylogenetic analysis may have shed some light
on this issue, we find that the SWI2 subfamily members Brgl, Brm, Drosophila
brahma, C elegans psa4 and S cerevisiae STH1, all share a small stretch of sequence
homology (PD151443, Table 1) that is absent in yeast SWI2 This leads us to propose
that S cerevisiae SWI2 does not participate in a particular non-transcnptional,
essential process, leaving this function entirely over to 577/7, whilst in mammals the
SW12 subfamily members might ally both functions Elucidating the function of RSC
in yeast may therefore provide a unique opportunity to uncover additional functions
carried out by mammalian SWI/SNF complexes in addition to their demonstrated role
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in transcription activation and repression (see below). Notably, we did not detect the
PD151443 domain in any available plant SNF2 type proteins.
Targeted deletion of a gene can provide much information as to its
physiological role. Complete absence of Inil/SNF5, the mouse homologue of the
SWI/SNF and RSC complex subunits Snf5p and Sfhlp, causes embryonic lethality at
the peri-implantation stage 51. This shows that functional SWI/SNF is essential for
mammalian embryonic development. Generation of Brm and Brgl homozygous
knock-out mice revealed a major difference between the two genes. Whereas
homozygous Brm'/' embryos developed normally and lead to viable animals, Brgl''
mice display the same peri-implantation phenotype as observed for Snf5/Inil "/" mice.
Furthermore, a 2-6 fold over-expression of Brgl was observed in mice lacking Brm.
This suggests that Brgl over-expression can compensate for the absence of Brm in
mice , 5 · 5 2 .
Despite the apparent necessity of Brgl for very early embryonic development,
several cell lines do not express detectable levels of Brgl, or Brm, which apparently
leaves these cells totally devoid of SWI2 type complexes 15. Strikingly, reintroduction
of Brgl into these cells resulted in a flattened morphology and growth arrest ",
underlining an essential function for Brgl containing complexes in proper cell cycle
progression.
Both Brgr /+ and Snf5/Inir/+ heterozygous mice proved to be significantly
more susceptible to development of a whole range of tumors, implying a role for
SWI2 type chromatin remodelers in tumor suppression 54'55. Such a role was further
confirmed by observations of a direct interaction between the Brgl and BRCA1
proteins, the latter being a well established tumor suppressor linked to breast and
56,57

ovanan cancer '
Whether plant homologues of SÌVI2 and STH1 are implicated in cell cycle
regulation has not yet been reported. SNF2 ATPases appear to be active during
mitosis however. For example mutations inactivating the Drosophila SNF2 family
member Lodestar have been shown to cause chromosome tangling and fragmentation
during anaphase 58.
SWI2 COMPLEXES PARTICIPATE IN REGULATED CELL CYCLE

PROGRESSION

Taken together, the results discussed above, clearly implicate vertebrate SWI2
type complexes in cell proliferation control. Such a role was further underlined by
59
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observations of direct interactions of Brgl as well as Brm with the pivotal tumor
suppressor Rb 59'60. Inactivation of Rb, as a result of hyperphosphorylation, has been
shown to be a key event in the transition from Gl to S phase. Consequently,
expression of a form of Rb that cannot be phosphorylated causes Gl arrest in various
cell lines. Strikingly, this arrest is not observed in cell lines lacking Brgl expression,
but can be restored by re introduction of active Brgl

61

. These data suggest a critical

role for Brgl in pRb regulated cell cycle progression. In this respect, recent
observations have suggested that a ternary complex composed of Rb, SWI/SNF and
an as yet undefined histone deacetylase (HDAC) activity is able to fully repress E2F
dependent Gl and S phase genes such as Cdkl, DHFR Cyclin E and Cyclin A. In
cells lacking apparent HDAC activity, an Rb-BRGl complex was still observed,
which had lost the ability to modulate Gl genes while retaining its repressive effect
on S phase genes 62. This has led to the formulation of an elegant model. This model
posits that in early Gl, the ternary Rb-Brgl-HDAC complex is able to repress both
Gl and S phase genes. Upon Rb phosphorylation by cyclin D/cdk4 the interaction
between the LXCXE motif in HDAC and the Rb pocket domain is disrupted,
eliminating its repressive effects on Gl genes such as cyclin E. Subsequent
accumulation of expressed cyclin E/cdk2 leads to SWI/SNF phosphorylation

,

thereby inactivating the remaining Rb-SWI/SNF complex and allowing cyclin A
dependent progression through S phase. A similar pathway has been described in
DrosophilaM.
It is known that phosphorylation of SWI/SNF components by ERK1 during
mitosis causes dissociation of SWI/SNF complexes from condensed mitotic
chromosomes and partial degradation of Brm

65

. Whether this also affects the

kinetochore associated mammalian SWI/SNF complexes is not known 50. Brgl levels
appear unaffected throughout mitosis, but mitotic Brgl containing complexes lack
remodeling activity

. Following mitosis, Brm levels are restored and subsequent

dephosphorylation of Brm, Brgl and Swi3 correlates with reactivation of the
complex, allowing it to cooperate with Rb to regulate passage through the following
Gl phase of the cell cycle ",

TARGETING ATP-DEPENDENT CHROMATIN REMODELERS TO SITES OF ACTION

In wild type S. cerevisiae, HO is only briefly activated during Gl in mother
cells, but not in the newly budded daughter cells. The sequential targeting events
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occurring at the HO promoter in both mother and daughter cells are relatively well
understood, making this gene a paradigm for gene expression regulation in general.
One of the central components in regulation of HO is the Swi5p transcription factor.
This protein resides in the cytoplasm from S phase till late anaphase. It migrates into
the nucleus upon dephosphorylation by Cdcl4p and binds to the distal upstream
regulatory sequence, URS1, of the HO promoter during late mitosis. Upon binding
this element, Swi5p rapidly recruits SWI/SNF to this upstream promoter region,
though only in mother cells. Shortly after binding to URS1, SWI/SNF apparently
initiates secondary interactions with another promoter region, UR.S2, and recruits the
SAGA acetylase complex to this region. Around the same time, Swi5p dissociates
from URS1, whilst SWI/SNF and SAGA remain bound until the end of Gl. Histone
acetylation by SAGA (likely in concert with SWI/SNF activity) allows the binding of
SBF, a heterodimeric transcription factor, to the promoter proximal URS2 67'68. The
events following SBF recruitment have not yet been determined, but its proximity to
the TATA box could indicate a role in recruitment of general transcription factors and
formation of an RNA polymerase II pre-initiation complex.
A second consequence of Swi5p migration into the nucleus during anaphase,
is Swi5p induced transcription of the ASHl gene. Following transcription during
anaphase, ASHl mRNA is transported along cytoskeletal filaments exclusively to the
daughter cell and therefore exclusively translated in daughter cells. Ashlp binds to the
HO promoter, where it inhibits Swi5p mediated recruitment of SWI/SNF to URS1 69.
How this occurs remains to be elucidated.
Harmonious synergy between ATP-dependent chromatin remodelers and
histone acetyltransferases (HATs) has recently also been demonstrated in vitro.
Experiments were carried out using a reconstituted nucleosomal array containing Gal4
binding sites next to a minimal promoter. Gal4p-VP16 recruited SWI/SNF activity
only to nucleosomes in the vicinity of the Gal4 sites, indicating a limited remodeling
range for SWI/SNF

70

. Interestingly, after removal of Gal4p-VP16, SWI/SNF

remained associated to promoter proximal regions of nucleosomal arrays containing
acetylated H3 or H4 histones (acetylated by yeast SAGA or yeast NuA4 respectively).
Translation of these observations into the events occurring at the HO promoter, could
explain why SWI/SNF remains bound to promoters once Swi5p leaves it.
Recently late mitotic expression of genes was shown to require both SWI/SNF
and SAGA activity, most likely due to the highly condensed state of chromatin during
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mitosis, suggesting global co-operativity between both groups of complexes in yeast
71

. Metazoan examples of such interdependence between HATs and chromatin

remodeling complexes 72 include CBP mediated recruitment of SWl/SNF complexes
to the IFNy enhanceosome

73

as well as sequential requirement for SWl/SNF and

HAT function during RAR/RXR transactivation 74. Besides the examples mentioned
above, the number of factors specifically targeting mammalian SWl/SNF complexes
to chromatin is gradually reaching impressive proportions, with examples, ranging
from nuclear receptors 75 through NFI/CTF 76 and the erythroid regulator EKLF 77 to
the myogenic factor MyoD

(for review see ' ).

An ISWI type complex from yeast, bearing Isw2p, has been shown to be
targeted by the transcription repressor Ume6p to regulatory sequences present in
many early meiotic genes. Upon recruitment, Isw2p represses transcription in a
pathway parallel to, but independent from RPD3-SIN3, underlining an important role
for ISWI family members in gene repression " .
Despite the increasing number of targeting factors specifically recruiting SNF2
complexes to chromatin, to date no such example has been shown for the yeast RSC
complex. The absence of identified recruitment factors could reflect a global - nontargeted - fiinction for RSC. An alternative explanation could lie in the recent
identification of Gal4p type putative DNA binding zinc fingers in the Rsc3p and
Rsc30p subunits 45. The presence of these domains could point towards an intrinsic
sequence specific DNA binding activity of RSC that precludes requirement for
external targeting factors. Further studies addressing the DNA sequence specificity of
these zinc fingers will de required to test this hypothesis.

CHROMOSOME

SUPERSTRUCTURE

AND

ATP-DEPENDENT

CHROMATIN

REMODELERS

Chromosomes occupy distinct territories within eukaryotic nuclei 82. This is
most likely achieved by selective domain unfolding of compacted mitotic
chromosomes into a more loosely constrained DNA mass during telophase. Interphase
chromosomes are thought to be subdivided in individual domains that confine the
action of CM acting elements such as transcription enhancers and silencers to their
respective gene promoters. Exactly how a promoter and an enhancer find each other is
still a contentious issue, with the most simplistic model envisaging a "random
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collision" course of events where the enhancer and promoter passively diffuse through
the nucleoplasm until they meet. This model has been challenged by two key
observations. Firstly, histones and DNA are virtually immobile within the nucleus,
with diffusion constants approaching zero in 4 hour time courses whilst nuclear
factors display diffusion rates in the order of several micrometer per second
Secondly,

ligand-dependent

site-specific

recombination

experiments

83

.

have

demonstrated that beyond 10 kilobasepairs, the likelihood of random collision
between two site specific recombination sites is too low to account for promoterenhancer interactions u. Both studies strongly suggest that spatial remodeling of
chromatin is an active process.
A number of active searching models have been envisaged for enhancers.
They can be classified as follows; (i) "sliding" models, where proteins emanating
from an enhancer slide along the chromatin fiber until they meet their target promoter
and activate it, (ii) "tracking" models where a protein bound enhancer tracks along the
chromosome until it meets a promoter, (iii) "spreading" models where the
chromosomes bear facilitator complexes that serve as stepping stones for enhancers in
search of a promoter and (iv) "condensation" models where an enhancer actually pulls
surrounding DNA towards itself in order to find promoters. Each of these models
makes slightly different predictions for the mode of action of chromatin boundaries 85.
Although we currently know little about the molecular mode of action of chromatin
boundaries, they are thought to be sites of transitions between different epigenetic
signals that mark genetic loci, such as histone tail posttranslational modification
patterns 86"88. Recent work has indicated that a known boundary element borne by the
Drosophila Gypsy retrotransposon loses enhancer-promoter interaction blocking
activity when two or more copies are inserted next to each other between an enhancer
and a promoter89'90. These results strongly suggest that this boundary forms loops and
that a molecular mechanism ensures that enhancers scanning for promoters are
excluded from entering or leaving such loops. Furthermore, a transcription unit
flanked by Gypsy on both sides was shown not to be activated whilst a second
transcription unit located downstream of the first one remained under the influence of
the enhancer. When a third boundary was inserted directly upstream of the distal gene,
it was still active. This implies firstly, that enhancers searching for a promoter can
have the capacity to "jump" across the base of boundary mediated chromatin loops
and secondly, that the base of boundary loops can contain more than two boundaries
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and still remain invisible for the enhancer. In this case, boundaries may therefore
facilitate long range enhancer-promoter communication by effectively rendering large
DNA segments "invisible" during the process of uniting a promoter and an enhancer.
Studies on mating type switching in S cerevisiae have revealed the presence
of a so-called recombination enhancer which biases the choice of chromosome arms
that is used for the mating type switch gene conversion event " . The function of this
recombination enhancer can be overruled by imposing particular loops within the
chromosome via insertion of Lad response elements in the vicinity of the loci
involved in mating type switching that donate and receive sequence information

92

.

Although homologous recombination and transcription control are distinct processes,
both therefore appear to involve the formation of chromatin loops.
The yeast SWI/SNF complex has the capacity to introduce loops within
reconstituted nucleosomal arrays

93

. We do not know whether the loops induced by

SWI/SNF change in size over time or what their half-life is. Neither do we know
whether other SNF2 ATPase bearing complexes can introduce loops in chromatin. It
therefore will be important to set up experimental systems that report chromatin
looping 4, an issue that may become central in the field of ATP-dependent chromatin
remodeling and chromosome structure in the near future.
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ABSTRACT

ATP-dependent chromatin remodeling is performed by multi-subunit protein
complexes. Over the last years, the identity of these factors has been unveiled in yeast
and many parallels have been drawn with animal and plant systems, indicating that
sophisticated chromatin transactions evolved prior to their divergence. Here we
review current knowledge pertaining to the molecular mode of action of ATPdependent chromatin remodeling, from single molecule studies to genome-wide
genetic and proteomic studies. We focus on the budding yeast versions of SWI/SNF,
RSC, DDM1, ISWI, CHD1, INO80 and SWR1.
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INTRODUCTION

DNA forms the backbone of numerous processes in the cell. In order to play
its role well, DNA has to be available when needed and otherwise be silent and tightly
compacted to fit in the nucleus. DNA is packed in nucleosomes, where 147 base pairs
of DNA are wrapped about 1.7 left-handed turns around the histone octamer '.
Nucleosomes have the capacity to form higher order structures that are called
chromatin fibres 2. Chromatin remodeling is mediated by two distinct classes of
molecular processes, which are highly intertwined. The first class remodels chromatin
by post-translational modification of histones, such as acetylation, methylation,
phosphorylation, ubiquitylation, and sumoylation 3'4'5. The second class is ATPdependent and is catalyzed by chromatin remodeling complexes. By changing the
DNA-histone interactions ATPases can slide, eject, insert or restructure histone
octamers6'7.
Over the past decade it has become clear that remodeling by ATPases and by
covalent modification are closely linked processes. Furthermore, ATPases appear to
fulfil both redundant and non-redundant roles as well as appearing to function
consecutively and sometimes antagonistically. Histone modifiers and ATP-dependent
remodelers share subunits and interact with both DNA and RNA polymerase subunits,
raising many fascinating mechanistic questions.
Here we review ATP-dependent chromatin remodeling enzymes in light of the
ever more sophisticated approaches that are being deployed to understand their
molecular mode of action, all the way down to single molecule analyses. Furthermore,
we used a large, well curated, proteomic database as a backdrop to review recent
literature on ATP-dependent remodeling.
This review focuses on five SNF2 subfamilies, i.e. SWI2/SNF2, ISWI, CHD1,
INO80 and DDM1, because these have demonstrated nucleosome remodeling activity.
Orthologs of these ATPases are present in fungi, plants and animals suggesting that
their basic cellular functions have been maintained throughout eukaryotic evolution.

CURRENT INSIGHT IN ATP-DEPENDENT CHROMATIN REMODELING MECHANISMS

In this section we review the biophysical knowledge that has accumulated over
the last decade concerning ATP-dependent chromatin remodeling factors. In the
course of chromatin remodeling, histone octamers can be restructured, partly released
from DNA or repositioned. Restructuring entails insertion of histone variants, while
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repositioning can either involve octamer sliding over the DNA or complete
dissociation. Nucleosomes count fourteen histone-DNA interactions 1, which all have
to be broken when the nucleosome is moved, though this does not have to occur
simultaneously. Approximately 1 kcal/mol is needed to break each DNA-histone
contact, which adds to 12-14 kcal/mol for each nucleosome

8

. Single-pair

fluorescence resonance energy transfer indicated that at physiological salt
concentrations a 164 bp DNA segment containing a nucleosome positioning sequence
is fully wrapped around a single octamer for 250 ms before spontaneous partial
unwrapping and rewrapping within 10-50 ms 9. Unwrapping may be enough for
protein complexes to access DNA, but to reposition and restructure nucleosomes in a
defined manner, ATP-dependent chromatin remodelers have to come into play.
All known ATP-dependent chromatin remodelers belong to the super family 2
(SF2) of DEAD/H-box nucleic acid-stimulated ATPases

10 n

' . SF2 super family

members include DNA and RNA translocases, some of which also have helicase
activity, as well as type I restriction enzymes. In Saccharomyces cerevisiae there are
five different subfamilies of SNF2-type ATP-dependent chromatin remodelers for
which nucleosome remodeling has been documented. Four of these can be classified
on the basis of conserved protein motifs in the ATPases. SWI2/SNF2-types have
bromodomains that bind acetylated lysines 12'13, ISWI-types harbor SANT and SLIDE
domains that involve histone tail and linker DNA binding, respectively l4, CHD-types
bear chromo domains that can bind methylated lysines

15

and INO80-types have

l6

DBINO domains that are predicted to bind DNA . Finally, YFR038w, known in
plants as DDMl, represents a distinct subfamily for which no specific protein motif
has been found, aside from homology within the ATPase domain 17 · 18 . The first four
types are known to reside in multi-subunit complexes that can harbor up to 17
subunits. Whether YFR038w/DDMl forms a stable complex with other proteins
remains to be established.
ATP-dependent chromatin remodelers display similar rates of ATP hydrolysis
(^max - 1000 ATP/min) when provided with normal chromatin l9'20, but when naked
DNA, octamers or nucleosomes deficient of linker DNA or histone tails are served as
substrate, striking differences in ATPase activities are observed. Yeast Swi2 and Sthl
ATPase activity is maximally stimulated by free DNA with no further stimulatory
effect by nucleosomes 20'21. ISWI and INO80 are stimulated by DNA, but maximally
by nucleosomes

20 22 23

· · . ISWI binds nucleosomes that display free DNA best and
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needs the N-terminal tail of histone H4 to be fully active

. The ATPase activity of

dMi-2 (CHD-type) is highly stimulated by nucleosomes lacking free DNA and only
slightly by naked DNA

20 25

' . Contrary to the ISWI bearing Drosophila NURF

complex, Xenopus Mi-2 complex appears not to rely on histone tails but on another
moiety that is provided by H3/H4 tetramers

20

. ATP hydrolysis by DDM1 is

comparable to that of the SWI2/SNF2-types as it is greatly stimulated by naked DNA
and only slightly more by nucleosomes 19.
Although the ATPase subunits of all chromatin remodelers have some
homology with helicases, no intrinsic helicase activity has been reported and no single
strand DNA regions appear to be introduced in the course of remodeling 26'27'28. The
INO80 complex does have helicase activity 29, but this is due to the presence of two
RuvB-like helicase subunits in the complex. Despite the lack of helicase activity, the
isolated ATPases do display ATP-dependent triple-strand displacement. The
SWI2/SNF2-type Sthl ATPase from yeast needs a double helix to begin triple strand
displacement30, whereas ISWI only displaces a third strand when it is located within
50 bp of a nucleosome 3I .
How exactly ATP hydrolysis is converted into a mechanical force that can
break DNA-histone interactions is still unknown. Models that have been proposed so
far involve DNA translocation, nucleosome sliding, intra- and inter-nucleosomal
DNA looping and DNA twisting. Although variations exist in stimulation of ATP
hydrolysis, SWI2/SNF2 and ISWI have in common that ATP hydrolysis results in
DNA translocation

30 31

' . DDM1, INO80 and CHD-type remodelers have not been

tested for translocation, yet. ATPase subunits alone also translocate DNA 30'32, though
ISWI-like ATPases need nucleosomes to efficiently hydrolyze ATP, which may
reflect their requirement for histone tail binding n'M. ATP is turned over continuously
during translocation until the end of the DNA molecule is reached, which can be
illustrated by the facts that ensemble ATPase activity is proportional to the length of
the linear DNA molecules provided and that DNA minicircles maximally stimulate
ATPase activity 30. The effectiveness of single stranded DNA in stimulating ATPase
activity suggests that translocation occurs along one strand of the DNA duplex

30

.

Introduction of 5 or 10 bp DNA gaps showed that chromatin remodelers track in a 3'5' direction along the DNA 31'35. Moreover, experiments on the SWI/SNF complex
revealed that it binds to the minor groove, as DNA binding was disrupted by the
minor groove binding agent distamycin A27'36.
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Exactly how many DNA binding sites and histone contacts chromatin
remodelers comprise is still unknown. The yeast RSC complex (SWI/SNF type) has
about six of its subunits bound to free or remodeled DNA and at most four when
bound to nucleosomes before remodeling 3 7 . SWI/SNF and RSC are known to bind to
the nucleosome core, whereas ISWI not only binds the nucleosome core but also
linker DNA 3 5 ' 3 8 . Binding DNA at two different locations gives chromatin remodelers
the opportunity to form DNA loops. DNA looping has so far been reported for
SWI2/SNF2- and ISWI-type

remodelers

21 39 40 41

· · · . in general

SWI/SNF-type

remodelers seem to form larger DNA loops than ISWI-type remodelers, about 50 and
10 bp respectively

30 35 38 39 42

' · ' · . The DNA bulge/loop length is correlated with the

nucleosome step size of remodelers, though with 28 bp the SWI/SNF nucleosome step
size is somewhat shorter than its DNA loop size 4~. Magnetic tweezer experiments
with RSC on naked DNA and SWI/SNF on nucleosomal DNA reveal that loop length
increases moderately with increasing ATP concentration 2 1 ' 4 4 . Whereas SWI2/SNF2type remodelers induce rapid and large DNA loops of approximately 400 bp within
2 sec on bare DNA, on nucleosomal DNA they create average loop sizes of only
100 bp at 13 bp/s 2l'A4. Intranucleosomal DNA looping is the most substantiated and
therefore favoured model at the moment to describe the mechanism of chromatin
remodeling 7 . 21 · 30 · 35 · 38 . 39 . 41 · 44 . 45 . i n this model nucleosomal DNA is thought to be pulled
in by means of DNA translocation, causing breakage of part of the octamer-DNA
contacts. The octamer can then move to a new position on the DNA via bulge/loop
propagation. Notably, in this model the complete release of octamers from DNA is not
necessary. This model has also been proposed for octamer transfer in trans, since the
part of the octamer that is not bound to DNA during loop formation can bind to
another DNA molecule after which the octamer can be further released from the DNA
of origin

46

. A closely related model invokes intemucleosomal DNA looping. This

model predicts octamer sliding when the chromatin remodeler forms a DNA loop with
the right size at the side of the nucleosome4Ί.
An additional mechanism of ATP-dependent chromatin remodeling can be
envisaged, namely octamer conformation remodeling, for example by altering H3/H42
tetramer handedness 4 8 . However, cross linking of histone octamers did not prevent
SWI/SNF mediated nucleosome repositioning, indicating that octamer quaternary
conformation remodeling is unlikely to be an absolute prerequisite step

28 39 41

' · . A

chromatin remodeling complex that explicitly performs octamer restructuring is the
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SWR1 complex (INO80 type), which exchanges H2A with the yeast H2A variant
Htzl or its ortholog in mammals H2A.Z 4 9 · 5 0 . In fact, the SWI/SNF complex can also
promote exchange of H2A and H2B, as was first suggested in 1994

26

and later

observed on Mouse Mammary Tumor Virus (MMTV) promoters reconstituted with
nucleosomes 51'5 . The rates of H2A/H2B dimer loss appeared to be strongly affected
by the underlying DNA sequence since dimer loss was mainly observed on the second
nucleosome of the MMTV array

5I

. Not surprisingly, this reaction can also be

53

modulated by transcription factors .
There is no evidence for sequence specific binding of chromatin remodelers to
DNA. Indeed, SF2 members are thought to interact with the phosphodiester backbone
of DNA and usually bind single- and double stranded DNA in a sequence independent
fashion " . A s discussed above, the observed DNA sequence specific nucleosome
remodeling of SWI/SNF on the MMTV promoter is likely a consequence of
distinctive octamer-DNA interaction rather than specific remodeler-DNA contacts. It
is known that nucleosome positioning can be influenced by DNA sequence,
independent of chromatin remodelers 54. In budding yeast this positioning code occurs
genome-wide and explains approximately 50% of the in vivo octamer positions 54.
Eukaryotic genomes may even use this positioning code to define specific
chromosome functions. Chromatin remodeling enzymes can overrule this octamerDNA sequence preference and reposition nucleosomes when necessary. SWI/SNF
causes disordered nucleosome positioning, thereby promoting transcription factor
binding and gene activation 55. In contrast ISWI type remodelers space nucleosomes
with regular distance from one another to generate tightly packed, nuclease
inaccessible DNA 56 ' 57 · 58 ) although there are exceptions to this, like the Drosophila
NURF complex 59. Drosophila ACF, another ISWI complex, can assemble histone HI
on chromatin, further indicating that ISWI remodelers are involved in higher order
chromatin organization7·57·60. Drosophila CHD1 also catalyzes the periodic spacing of
nucleosomes 57. The effect of INO80 and Yfr038w on nucleosome spacing has not yet
been reported.
ATP-dependent chromatin remodelers can generate negative supercoils in
DNA, which to date has been observed for SWI/SNF, ISWI and CHD type complexes
21 and 6I. Magnetic tweezers experiments on RSC demonstrated that negative coils
were introduced in the translocated DNA and positive coils accumulated in front of
the translocated DNA, indicating that DNA moves in a right-handed fashion through
75
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the remodeler 21. Supercoils can be introduced by DNA twisting. At low remodeling
enzyme concentrations the presence of nicks reduced remodeling efficiency two to
threefold for both RSC and Sthl, indicating that DNA twisting is needed for
chromatin remodeling by this complex

30

. On the other hand, ISWl still moved

62

nucleosomes when nicks were introduced . This does not mean that ISWl does not
twist DNA to remodel chromatin, since it can establish ATP-dependent superhelical
torsion in DNA " . Recently, DNA twisting was argued to be an early step in
nucleosome remodeling by both ISWl and SWI/SNF 38.
It is currently not clear whether all SNF2-type chromatin remodeling
complexes actually employ a common mechanism, though it seems reasonable to
assume that at least part of the catalytic cycle is conserved 63·64'65·66. Even if the basic
mechanism of nucleosome movement would be the same for all ATP-dependent
chromatin remodelers, their effects on chromatin are different. Some of these
differences are due to the presence of specific subunits bound to the ATPases . Yeast
ISWla and ISWlb complexes, for example, harbor the same ATPase subunit but
move octamers in opposite directions in mononucleosome experiments 68. The diverse
and sometimes contradictory effects that remodelers have on chromatin are also
exemplified by experiments conducted with the histone chaperone Napl. In the
presence of ATP and a 1000-fold excess of this chaperone protein, yeast RSC
complex disassembled nucleosomes, thereby dissociating H2A/H2B dimers first 69.
However, upon addition of as many octamers as Napl chaperones, RSC reassembled
all naked DNA into nucleosomal particles 69. On the other hand, Drosophila CHD1
has only been reported to assemble nucleosomes onto DNA in the presence of Napl
and ATP 57. Rather than functional differences, these different results may well reflect
subtly different experimental set-ups. Moreover, since different subunits within one
complex may also reflect participation in different processes, it is conceivable that
they only influence the outcome of remodeling in specific chromatin contexts.
Application of approaches such as exchange of protein domains can be very helpful to
formally establish intrinsic molecular differences among the SNF2 enzymes70.
What about the rate of chromatin remodeling? Coupled restriction enzyme
reactions on an 11-mer nucleosome array using SWI/SNF and RSC complexes
provided a lowest estimate of 4.5 min per nucleosome per complex 71. Recently, using
an elegant DNA duplex unzipping set-up on single reconstituted nucleosomes,
SWI/SNF was shown to slide nucleosomes approximately 28 bp in 0.5 to 1 min, with
76

BIOPHYSICAL AND PROTEOMIC PERSPECTIVES

a catalytic efficiency of 0.4 min- per nM enzyme

. On the other hand, single

molecule experiments show that SWI2/SNF2-type remodelers pull on nucleosomal
DNA at approximately 13 bp/s, and altered nucleosomal states generated by SWI/SNF
are obtained in less than a second 39'44. Together these results suggest that octamer
repositioning represents the end-product of a much faster running ATP hydrolysis
cycle.
We expect that application of single molecule techniques like atomic force
microscopy and magnetic and optical tweezers will soon provide a more detailed view
of the kinetic parameters of ATP-dependent nucleosome remodeling. To date the
focus has mainly been on 'simple' mononucleosomes positioned on short stretches of
DNA. The next level of chromatin complexity is the 'beads on a string' structure. As
single molecule techniques provide precise force and distance measurements they can
also be applied to study higher order chromatin structural transitions, even with
megabase-sized nucleosomal arrays or native chromosomes

7

. Single molecule

techniques hold the promise that they will reveal how the structure of nucleosomal
arrays is changed by individual chromatin remodeling complexes and what histone
moieties are engaged by ATP-dependent remodelers. Furthermore, they can also be
applied to address the role of individual subunits and their domains. Finally, we
expect single molecule techniques to shed light on the structural consequences that
histone variants and post translational modifications have on chromatin higher order
folding and remodeling.

COMPARISON OF S.

CEREVISIAE

CHROMATIN

REMODELING

COMPLEXES: A

PROTEOMIC PERSPECTIVE

ATP-dependent chromatin remodeling is performed by multi-subunit
complexes. Subunits are generally defined as proteins that physically interact with
each other in the context of biochemically stable complexes. To date, application of
mass spectrometry on purified complexes has uncovered the identity of most subunits
of the budding yeast chromatin remodeling complexes. Besides core subunits, the
complexes transiently associate with other proteins, so-called interactors. Here we
compare the different ATP-dependent remodeling complexes from a proteomic
perspective. We used data from unbiased yeast two-hybrid and mass spectrometry
coupled affinity screens that is available in public protein interaction databases and in
the literature

73 74 75 76
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-

Furthermore, co-immunoprecipitation data have also been
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incorporated in the BIOGRID database (http //www thebiogrid org/, ) To visualize
and analyze protein-protein interaction networks we employed the user-friendly
Osprey program

77

that is freely available on the Biogrid website and we encourage

interested readers to use this program to interactively browse the Osprey networks
displayed on the figures (see on-lme supplemental material)
The present approach has the drawbacks that in the genome-wide proteomic
screens true positive interactions may have been missed and that false positive
interactions may be present We do expect that future proteomic surveys will rely on
more sophisticated bioinformatic approaches that result in more accurate interactomes
than what we present here, where all physical interactions were considered without
applying any type of filter or weighting matrix
The interactomes of the budding yeast Sthl, Snf2, Ino80, Swrl, Iswl, Isw2,
Chdl and Yfr038w ATPases are shown in Figure 1 We clustered interacting proteins
with overlapping gene ontology (GO) process annotations to survey the different
processes in which remodelers play a role We colored edges to highlight interactors
that are subunits of the ATPase complexes according to functional mterdependence
and biochemical criteria such as co-elution of the subunits by ion exchange and size
exclusion chromatography

DDM1 SUBFAMILY INVOLVEMENT IN DNA METHYLATION AND HETEROCHROMATIN

Orthologs of DDM1 are found throughout the eukaryotes, like yeast
(YfrOSSw), mouse (Lsh) and human (HELLS) In Arabidopsis thaliana DDM1 is
required to maintain DNA methylation patterns

l8

In A thaliana ddml mutants,

transposons and pencentromeric satellite repeats are no longer silent, which leads to
the occurrence of new phenotypes at high frequencies through transposon induced
mutations

l878

and

79

Moreover, small RNAs involved in post-transcnptional

silencing are strongly reduced over transposons and satellite repeats 80 Finally, the
level of pericentric H3K.9 methylation (heterochromatin) is greatly decreased while
the level of H3K4 methylation (euchromatin) is increased Demonstration of plant
DDM1-mediated chromatin remodeling remains restricted to in vitro assays, showing
ATP-dependent nucleosome repositioning on a short DNA fragmentl9 Future studies
should reveal how DDM1 links nucleosome remodeling to DNA methylation In S
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cerevisiae however, Yfr038w activity cannot involve small RNA mediated RNA
degradation nor DNA methylation as budding yeast has not been reported to harbor
these features. The only interactor of Yfr038w is Srb4 (Figure 1), a subunit of the
mediator complex that functions in transcription regulation 81, a fact that may perhaps
suggest a role for Yfr038w in transcription.
Mouse Lsh co-localizes and immuno-precipitates with heterochromatin protein
1 (Hpl), suggesting that Lsh is involved in pericentric heterochromatin formation 79.
Nevertheless, Lsh also associates with other chromosomal sequences 82. Recently, it
was shown that Lsh cooperates functionally and associates physically with the de
novo DNA methylases DnmtSa and Dnmt3b 83. Finally, analysis of explanted Lsh' mouse embryonic ovaries showed that Lsh is essential to complete homologous
chromosome synapsis M. Whether this phenotype is due to loss of DNA methylation
at interspersed retroviral elements and centromeric tandem repeats, or to an inability
to remodel nucleosomes for meiotic factors involved in homolog synapsis remains to
be established 84. Whether yeast Yfr038w plays a role in meiosis is as yet unknown.

THE

SWI2/SNF2

SUBFAMILY: ROLES IN TRANSCRIPTION,

DNA

REPAIR AND SISTER

CHROMATID COHESION

The first ATP-dependent chromatin remodeling complex to be described was
the yeast SWI/SNF complex 85'86. This complex was identified through analysis of
mutants that showed similar pleiotropic phenotypes, in addition to being impaired for
mating type switching (SW1) and for sucrose metabolism under non-fermenting
conditions (SNF). Subsequently, mutations were isolated that could suppress these
phenotypes and most of these affected the capacity of chromatin to repress
transcription

7

. Despite the broad range of cellular processes that depend on

SWI/SNF, this twelve subunit complex is not essential for viability and at 100-200
copies per cell it is not very abundant88'89. In rich growth medium, proper expression
levels of 5% of S. cerevisiae genes strongly depend on SWI/SNF 90'91. This may be an
underestimate of the SWI/SNF targets as many SWI/SNF-dependent genes are
regulated by changes in environmental/growth conditions and would not be expressed
under the conditions where the microarray experiments were conducted. The role of
SWI/SNF in gene transcription was further confirmed genetically as it was shown that
SWI/SNF becomes essential to cells that lack the H3/H2B histone tail
acetyltransferase Gcn5 or that carry mutations in mediator subunits 92. SWI/SNF also
80
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plays a role in nucleotide excision repair and double strand break repair, although the
exact nature of its involvement in DNA repair is still under investigation93·94·95·96.
In 1996, a second SWI/SNF-type complex was purified on the basis of
sequence similarity with SWI/SNF subunits and it was prosaically named 'Remodels
the Structure of Chromatin' (RSC) 88. RSC contains 17 subunits of which ten are
essential. Five RSC subunits are paralogs of SWI/SNF subunits and three are shared
with SWI/SNF (Figure 1). RSC is about ten-fold more abundant in the cell than
SWI/SNF and comprises two isoforms (Campsteijn et ai, submitted, 88·97). RSC has
been implicated in transcription regulation
chromosome stability

100 01

98

, sister chromatid cohesion " ,

94

·' and DNA repair .

Although RSC and SWI/SNF show a high degree of structural similarity, they
differ at the phenotypic level102. SWI/SNF appears to antagonize chromatin assembly
since point mutations in histones that destabilize histone octamer-DNA interactions
suppress swi/snf phenotypes

10

. On the other hand, multiple mutations in chromatin

components that suppress swi/snf phenotypes actually exacerbate rsc phenotypes,
suggesting that RSC collaborates with chromatin re-assembly factors, such as Spt6
that reforms chromatin in the wake of elongating polymerases
reaction that is coupled to histone acetyltransferase activity

l02 1<M 105
' ' 5

likely in a

106

.

The Swi2/Snß ATPase interaction network can be divided into several
clusters based on associated GO processes (Figure 1). The largest cluster comprises
the twelve subunits (Figure 1, bold pink edges). Tafl4 is not only a subunit of
SWI/SNF, but also of INO80, TFIID, TFIIF, the mediator complex and the Sas3
histone H3 acetyltransferase-based NuA3 complex that recognizes trimethylated
histone H3 K4

107

. This impressive list of complexes indicates that Tafl4 is a

specialized regulatory factor that functions in chromatin remodeling in a process that
is tightly coupled to RNA polymerase II mediated transcription initiation. However,
the actual nature of Tafl4 activity is as yet undefined. The Tafl4 paralog Sas5 and a
third yeast factor, Yaf9, all bear a so-called YEATS domain that is probably involved
in binding histone H3 l08. Sas5 is a subunit of the H4 K16 acetyltransferase SAS-I and
Yaf9 is a subunit of both the NuA4 H4/H2A acetyltransferase and of the SWR1
complex

l09 110

· . Since genetic analyses showed that cells lacking two of the three

YEATS domain-containing proteins were very sick or unviable

1I0

, Tafl4, Sas5 and

Yaf9 likely play overlapping roles in RNA polymerase II transcription at the level of
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inscription, erasure and interpretation of epigenetic marks that discriminate silenced
genes from poised genes.
Another cluster of Swi2/Snf2 interactors consists of the sequence specific
DNA binding transcription factors, Hirl, Hir2, Yapl, Hap4 and Gcn4 ' " (Figure 1),
that are likely to recruit the SWI/SNF complex to their targets. Hirl and Hir2 are
involved in restricting histone gene expression to S-phase. Hap4 is part of the yeast
equivalent of the NF-Y CCAAT factor that is a global regulator of respiratory gene
expression and Gcn4 activates amino acid biosynthesis genes.
The yeast SUMO homologue, Smt3, and the Rio2 and Mckl kinases will be
discussed later in this review.
The main cluster in the Sthl interactome contains the 17 RSC subunits (Figure
1, bold blue edges). Rscl, Rsc2 and Rsc4 harbor tandem bromodomains, which
together with the bromodomain in Sthl, endow RSC with seven of the fifteen
bromodomains in the yeast genome. We have found that depletion of Sthl deregulates
about 40% of all yeast open reading frame mRNAs, suggesting that RSC plays a
unique role in maintenance of transcriptional homeostasis (Özdemir et al, unpublished
data). This finding may relate to a finding by Soutourina et al. ' l 2 who showed that the
C-terminus of the Rsc4 subunit interacts with Rpb5, a shared subunit of RNA
polymerases I, II and III " 2 . Indeed, RSC stimulates passage of RNA polymerase II
through a nucleosome and this process is strongly stimulated by SAGA and NuA4,
suggesting that histone acetylation recruits RSC l06. A role for Sthl in transcription is
further supported by interaction with a cluster of general transcription factors
including the TATA box binding factor, Sptl5/Tbpl, Tafl4 and the TFIIH associated
Met 18/Mms 19 factor.
Similar to SWI/SNF, DNA sequence-specific transcription factors are found in
the RSC interactome; Rtgl, Gcn4 and Crtl. Rtgl is a transcription activator of genes
involved in inter-organelle communication

,13

· " 4 . Crtl also binds to Sn£2, Iswl and

Isw2 (Figure 1), and represses genes that have to be induced in the course of the DNA
damage response " 5 .
A unique set of Sthl interactors comprises the cohesin subunits Smcl, Smc3,
Medi and Scc3 that are involved in chromosome cohesion and double strand DNA
break repair

ll6

· " 7 . RSC is indeed required for cohesion of sister chromatids along the

chromosome arms, but not at centromeres " 6 .
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SWI/SNF and RSC share Arp7 and Arp9, two actin related proteins (ARPs).
Interestingly, ARPs are also found in INO80, SWR1 as well as in the Esal HATbased NuA4 histone acety(transferase complex also known as Tip60 in humans " 8 .
The role of ARPs in chromatin remodeling has been proposed to involve chaperone
activity " 9 and binding to chromatin harboring specific histone post translational
modifications

l20

. Notably, neither Iswl, Isw2 nor Chdl appear to contact ARPs

(Figure 1).

THE

ISWI

SUBFAMILY- ASSOCIATION WITH TRANSCRIPTION REGULATION AND

DNA

REPLICATION

The ISWI (Imitation of Switch) subfamily comprises two ATPases, Iswl and
Isw2, both estimated to be present at -.1500 copies per yeast cellS9. They are present
in a variety of complexes that have multiple functions, including transcription factor
displacement, promoter nucleosome remodeling, transcription elongation and
replication 121.
Iswl has been reported in two complexes; in ISWla with Ioc3 and in ISWlb
with Ioc2 and Ioc4

122 123

· . Recent findings indicate that the ISWla complex is

involved in nucleosome repositioning at promoters to block transcription

68123 l24

'

-

This repositioning can impede binding of the TATA box binding protein Tbpl/Sptl5
121

. Upon transcription initiation, ISWlb predominantly re-positions nucleosomes in

the coding region, which in tum regulates RNA polymerase to shift into the
elongation phase ' 1'1 . Thus Iswl can function in both transcription repression and
activation, given the complex it resides in.
Inspection of the interactome of Iswl (Figure 1) reveals a cluster of proteins
that function in transcription regulation, including the Rpc40 subunit of RNA
polymerases I and III. Another transcription-linked interactor is Sin3, a partner of the
Rpd3 histone deacetylase that functions as repressor of promoter activity when
associated with the large Rpd3 complex, while Sin3 participates in transcription
elongation when part of the small Rpd3 complex 125. These findings illustrate the fact
that individual nucleosome remodeling enzymes can have dual outcomes in
transcription regulation, depending on the location of the nucleosome and the
transcriptional phase 125'126.
A notable Iswl interactor is Esc8, which shows a high degree of homology
with Ioc3. Esc8 has been implicated in telomere and mating type loci silencing
83
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Indeed, Esc8 interacts with Sir2, the founding member of the Sirtuin class of NADdependent histone deacetylases that is an established sub-telomeric domain silencing
127

factor

. Iswl also interacts with Pril, a subunit of DNA primase, with

topoisomerase I (Topi) that relaxes supercoiled DNA and with Mini-Chromosome
Maintenance 5 (Mcm5), a subunit of the MCM helicase complex that melts DNA in
front of replication forks. Intriguingly, Mcm5 has also been shown to play a central
role in epigenetic gene silencing in 5. cerevisiae
Isw2 is also present in two conformations 1 2 1 · 1 2 ' , · 1 2 7 · ι 2 9 ρ i s w 2 binds l t d , a factor
involved in transcription repression

130

, whose targets include early meiotic genes.

This complex functions in parallel to the Sin3/Rpd3 histone deacetylase complex
130,131

and both complexes are targeted by the Ume6 repressor.
The

second described Isw2 complex is known as the yeast chromatin

accessibility complex (yCHRAC) and comprises Disi and Dpb4 in addition to Isw2
and ltd

l32

. yCHRAC has been implicated in the maintenance and inheritance of

telomeric silencing marks during S-phase

l32

. Dpb4 functions with Dpb3 and together

they may form a H2A-H2B-like dimer through their histone-fold motifs

133 134

' .

Notably, Dbp4 and Dpb3 are also subunits of DNA polymerase epsilon, whose
dsDNA binding and transcription silencing activity they appear to promote 1 3 2 ' 1 3 3 .
The link to replication is further backed by the presence of three factors in the
Isw2 interactome that play roles in DNA replication as well as in gene expression
regulation, namely Abfl, Memi and Rapi. Abfl (autonomous replicating sequence
(ARS)-binding factor 1) is a DNA binding protein that is involved in transcriptional
activation, gene silencing, DNA replication and chromatin remodeling
binds to over 360 loci in the genome

137

135 136

· . Abfl

including a large number of ARSs. Memi

binds to another subset of ARSs and also stimulates DNA replication initiation

138

.

Rapi has been implicated in replication origin regulation, mating type silencing and
telomere length determination as well as being crucial for transcription activation of
ribosome subunit genes
loci

l37

135 139

· . Altogether, Abfl, Memi and Rapi target -. 700 yeast

, and it is striking that these factors cluster with Isw2 as they share the

uncommon properties of functioning in transcription activation and repression, and in
the regulation of replication origins. Whether Ume6, the fourth transcription regulator
of the Isw2 interactome, directly impinges on replication origins or replication factor
dependent transcriptional silencing is currently unknown.
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The Isw2 interactome further contains the nucleolar proteins, Noc2, Noc3,
Nop4, Nop? and Nugl (Figure 1), that also link to nucleolar factors in the SnfZ and
Chdl interactomes (see also the interactive version of Figure 2, provided as
supplemental data). These proteins are implicated in rRNA processing and ribosome
biogenesis and maturation

140

. However, Noc3 can also bind to chromatin to promote

the association of DNA replication factors and stimulate replication initiation

140

. How

Isw2 impinges on DNA replication and epigenetic inheritance of transcriptional
silencing remains to be elucidated. An explanation as to why replication and
transcription silencing are coupled may perhaps be found in the fact that ongoing
transcription can antagonize replication origin usage 141.

CHD1, A ROLE IN CHROMATIN REMODELING DURING TRANSCRIPTION ELONGATION

The CHD subfamily includes many paralogs in higher eukaryote species

142

.

The sole yeast CHD1 subfamily member, Chdl, is present in yeast at about 1600
copies per yeast cell 89. Early microarray and ChIP data revealed that loss of Chdl
deregulates transcription of 2-4% of all yeast genes and that it is present on chromatin
throughout the genome '43.
An important complex that is present in the Chdl interactome is casein kinase
- Ckal, Cka2, Ckbl and Ckb2
molecules per cell

89

144

. There are more than 10,000 casein kinase

and they have a variety of roles and substrates in the nucleus.

Drosophila Mi-2, a distant relative of Chdl, also associates with casein kinase and it
can be phosphorylated by this kinase

145

. Furthermore, dephosphorylated dMi-2

displayed more nucleosome remodeling activity than the phosphorylated form

l45

. The

possibility exists that the interaction between chromodomain-bearing SNF2-type
ATPases and casein kinases serves not only to regulate their remodeling activity but
also to target casein kinase to specific loci at specific times.
Chdl physically interacts with 3 distinct RNA elongation complexes; PAF
(Rtfl, ^ 6500 per cell), FACT (Pob3, Sptl6; ~ 20,000 per cell) and Spt4/5
complexes (^2300 per cell) (Figure 1,

l46

). Interestingly, all of these elongation

factors interact physically with casein kinase

144

. This coherent set of physical

interactions very strongly implicates Chdl in transcription elongation and mRNA
144 147

processing
Recently, in vitro transcription experiments clarified some of the relationships
between SWI/SNF remodeling, p300 mediated acetylation, the elongation factors
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FACT and PAF and histone H2B monoubiquitylation

l48

. The ligand inducible

retinoic acid receptor was shown to rely on recruitment of SWI/SNF and the acetylase
p300 to generate a RNA polymerase II preinitiation complex. FACT associated with
stalled RNA polymerase II after which PAF was recruited, followed by H2B
ubiquitylation factors. Interestingly, in this reconstituted system, monoubiquitylation
of H2B substantially increased transcription and spreading of PAF, FACT and the
ubiquitylation

factors

into

the

transcribed

region

l48

.

In

humans, H2B

monoubiquitylation also leads to in vivo histone H3 K4 trimethylation
recruits human Chdl

151

Η9 |50

·

>

which

. However, since Chdl was not included in the Pavri study

148

,

Chdl's contribution to elongation per se remains to be determined.
Fifteen out of thirty-two Chdl-associated proteins are subunits of both the
yeast SAGA and SLIK complexes, including five TBP associated factors Taf5, Taf6,
Taf9, TaflO and Tafl2 that are also subunits of the TFIID complex (Figure 1, bold
orange edges,

152 153

· ). SAGA and SLIK are 1.8 MDa Gcn5-dependent histone H3/H2B

acetyltransferase complexes. Ubp8 is a deubiquitylase that is common to both
complexes. Ubp8 plays an important role in mRNA biogenesis
the H2B monoubiquitylation mark imposed by Rad6

146 152 154

155

· ·

as it removes

, presumably in a

ubiquitylation/deubiquitylation cycle that accompanies transcription elongation in
order to prevent inappropriate intragenic transcription initiation

l0

'' . Intriguingly,

H2B monoubiquitylation also lies at the crossroads of transcription and DNA repair
156

Finally, besides an as yet undefined role in transcription elongation, Chdl
might also play a role in DNA replication dependent processes because two of its
chief interactors, the Sptl6 and Pob3 subunits of yeast FACT, have also been
implicated in replication

157 138

· .

INO80 SUBFAMILY; HISTONE OCTAMER

RESTRUCTURING IN DNA

REPAIR AND

TRANSCRIPTION

Like the SWI2/SNF2 and ISWI subfamilies, the INO80 subfamily has two
representative ATPases, Ino80 and Swrl, estimated at 6850 and 656 copies per cell,
respectively

89

. They are the catalytic subunits of the INO80 and SWR1 complexes

29,50,159 Q v e r ^

6

I ^ J few y e a r s INO80 and SWR1 have been shown to play important

roles in DNA repair and transcription regulation. Both complexes share actin (Actl)
and Arp4 and both harbor exclusive ARPs (Figure 1). Arp4 interacts with histone
86
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H2A that is phosphorylated on serine 129 at double strand DNA breaks (DSBs)

120

.

Consequently Arp4 could mediate association of INO80, SWRl and of the NuA4
H4/H2A acetyltransferase complexes with a 10 kb domain surrounding DSBs
NhplO, an INO80 subunit, has also been reported to bind phosphorylated H2A

120

.

29

.

Since the recruitment of SWRl and INO80 is preceded by NuA4, this complex
possibly helps the recruitment of SWRl to DSBs by means of Bdfl binding to
histones acetylated by NuA4 160.
Like Actl and Arp4, Rvbl and Rvb2 are shared by INO80 and SWRl. They
are part of the AAA+ super family of ATP binding proteins

29 161

'

and belong to a

group of ATP-dependent DNA helicases that catalyze four-way junction migration in
bacteria. Surprisingly, the Drosophila Rvbl and Rvb2 orthologs, Pontin52 and
Reptin52, have been shown to play opposite roles in transcription regulation
downstream of ß-catenin

162

. Whether this took place via their role in the fly

equivalents of NuA4, SWRl or INO80 remains an open question though. The yeast
Rvb factors are necessary for the catalytic activity and for proper assembly of the
ΓΝΟ80 complex 1 6 '. Microarray data has shown that Rvbl and Rvb2 regulate about
500 yeast genes that overlap with the 153 Ino80 targets

l61

. INO80 may therefore

function in transcription regulation as well as in DSB repair, a notion that is
strengthened by the presence of Tafl4 in INO80 (Figure 1).
The Ino80 ATPase forms a complex with 13 other proteins (Figure 1, bold
mustard edges), of which les4, Ies5 and Ies6 co-purified at low salt concentration only
" 9 . Arp5 and Arp8 have also proven to be necessary for the enzymatic activity of
INO80 ' 1 9 and they have been observed to bind directly to histone cores ' l 9 .
Tafl is located in the Ino80 interactome (Figure 1). Tafl is not part of SAGA
and is better known as TAFn250 163, the largest subunit of TFIID. Besides being a
kinase l 6 4 , Tafl may also be an acetyl transferase l 6 5 . Despite its prominent position in
the basal transcription factor complex TFIID, the role of Tafl kinase activity is
unknown and whether Tafl interacts functionally with INO80 is unknown. Tafl also
connects to the ISWla subunit Ioc3 that itself connects back to Rvbl and Rvb2. Tafl
might thus modulate ISWla interaction with promoters and RNA polymerase II, in
parallel to the switch in phosphorylation of serines 5 and 2 of the heptad repeatbearing carboxy-terminal tail of subunit 1 of RNA polymerase II that accompanies
promoter clearance by RNA polymerase II complexes l 2 3 ' 1 6 6 .
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Finally, Fkh2, a transcription factor of the forkhead family that regulates the
cell cycle and pseudohyphal growth, is found in the Ino80 interactome, further
strengthening the link between INO80 and transcription regulation.
SWR1 forms a complex with 14 other proteins, including Htzl (Figure 1, bold
red edges). Htzl is the yeast ortholog of the variant histone H2A.Z. Htzl is
incorporated by SWR1 into nucleosomes in an ATP-dependent nucleosome
remodeling/restructuring reaction ' , 9 · 5 0 · 1 1 0 · 1 6 7 ' 1 6 8

Various ChIP experiments have

shown that Htzl is highly enriched at promoter sites. This does not necessarily mean
transcription is O N ' however, since promoters of inactive genes are also enriched
with Htzl

168 169

·

. Htzl incorporation may therefore be interpreted as an epigenetic

mark for 'poised' genes. The mechanism of this process is not yet fully understood
but histone tail acetylation seems to play a role 5 , I 6 9 since NuA4 complex acetylates
Htzl K14 after its assembly into chromatin by SWR1

167 170

' . How the SWR1 complex

is recruited to chromatin is not known, though the SWR1 subunit Bdfl might be
involved. Bdfl is important for transcription initiation at TATA-containing promoters
and is also part of the TFIID complex ' 7 I . Bdfl contains two bromodomains which
may recognize acetylated histone tails and thus recruit SWR1 to acetylated histone
octamers, much like the bromodomains of SWI/SNF, RSC and SAGA l 3 · , 6 9 · 1 7 2 . As
outlined in the last section of this review, genetic evidence strongly implicates SWR1
and Htzl incorporation in epigenetic control of euchromatin.

REMODELING AND DOUBLE STRAND BREAK REPAIR

Both INO80 and SWR1 complexes can be recruited to chromosome breaks by
binding Arp4 that is bound to serine 129 phosphorylated H2A. The role of SWR 1 in
DNA repair may relate to acetylation of the H4 N-terminal tail that has been
implicated in Mecl promoted DSB repair ' 0 , and, as this complex is known to
restructure octamers to incorporate H2A.Z histone, it is tempting to think that SWR1
also restructures nucleosomes that harbor phosphorylated H2A. Indeed, Papamichos173

Chronakis et al.

showed that Ino80 is required to maintain phosphorylated levels of

H2A at DSBs and that Ino80 antagonizes Swrl mediated Htzl incorporation 173 . They
proposed that INO80 and SWR1 catalyze H2A variant exchange cycles that control
cell cycle re-entry after DNA damage. Essentially, in this model, INO80 allows cells
to segregate broken chromosomes by maintaining the specialized phosphorylated
H2A harboring chromatin structures surrounding DSBs, thus permitting checkpoint
8Θ
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adaptation

l73

. INO80 is also known to be required for H3 and H2B loss in -. 40 kb

domains surrounding the DSB [14. Recently, Murr et al. 17î showed in a set of elegant
experiments that similar principles apply to mammalian cells
complex appears like a mixed NuA4—SWR1 complex

l76

175

, where the Tip60

. On the other hand,

SWI/SNF and RSC are also recruited to break sites, whereby SWI/SNF associates to
the breaking sites before RSC 94. SWI/SNF was therefore proposed to act during the
strand invasion stage and RSC when the invading strand is extended 94. Notably, an
additional early role in DSB repair was proposed for RSC in a separate study

177

.

Altogether, SWI/SNF, INO80, RSC and SWR1 appear to work in concert with
histone kinases, acetyltransferases and deacetylases to promote DSB repair

178 17

· '. To

what extent, if any, chromatin remodeling for repair differs from remodeling for
transcription is unknown. Furthermore, when homologous recombination ensues,
finding out whether and how remodeling differs at the broken and at the intact
chromosome (the sister chromatid in S/G2/M or on the homolog in diploids) are
interesting issues that remain largely unexplored.

INTERRELATIONS BETWEEN THE DIFFERENT ATPASE INTERACTORS

The currently available yeast protein physical interaction network we
employed contains 5106 protein nodes and 30418 binary interactions 73. The SNF2type ATPase interactor network contains 190 protein nodes (Figure 1, Figure 2 and
Figure 3). In the previous section we compared the different S. cerevisiae ATPdependent chromatin remodeling complexes from an ATPase-centered point of view
(Figure 1). This provided insight in the processes these complexes drive individually
and collectively and indicated extensive interactions with the enzymes that add posttranslational modifications to their substrate, namely histones and polymerase
associated factors. More insight on proteomic and genetic interrelations of the
different subfamilies of ATP-dependent chromatin remodelers can be obtained from
their subunits' interactions. To this end the entire Biogrid physical interaction dataset
was superimposed on the remodeler template of Figure 1, after which all newly added
proteins were deleted, resulting in 1081 interactions among the 190 ATPase
interactors (Figure 2). Even a cursory look reveals that many of the actual complex
subunits (Figure 1, bold colored edges) indeed interact amongst themselves (Figure 2,
bold colored edges). Below we highlight a number of inter-complex interactions that
were not discussed above.
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Figure 2. Physical Interactions amongst ATPase Interactors. Physical Interactions involving the 190 protein nodes shown
on Figure 1 were downloaded from the Biognd website http://www,thebiogrid org). We Included the following types of
interactions: Affinity capture coupled to mass spectrometry, affinity capture coupled to western analysis, co-purification,
yeast two hybrid and reconstituted complex. Nodes for known bona fide subunits as well as Interactions within each
individual ATPase interactome are highlighted in the same colors Nodes for proteins that are subunits of multiple ATPase
complexes are colored black. The interactions between the Iswl ATPase and RSC subunits are indicated by green edges.
Casein kinase 2 interactions by Bordeaux red edges, TAF14 interactions in brown and TBP interactions in black. The
remaining binary interactions are shown in grey. This network has 190 nodes and 1081 binary interactions, of which 657
are located within any one of the ATPase's interactomes. An interactive version of this network is available as
supplemental material in the form of an Osprey data file,

HlSTONESAND HIGH MOBILITY GROUP PROTEINS

In the entire physical data set that is currently available, histones interact with
75 (H3) to 226 (H4) factors. H2A.Z interacts with 35 factors and the HI linker histone
homolog (Hhol) interacts with 6 other proteins. The SNF2-ATPase interactome
displayed in Figure 1 encompassesfrom27% (H4) to 39% (H2A) of the core histone
interactors, indicating that about one in three of all documented histone interactors
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interact physically with one or more of the SNF2-type ATPase interactors we consider
in this review. In the case of Htzl, 63% of its interactors are represented.
A major class of abundant chromatin components are high mobility group
(HMG) proteins. They bind the minor groove of DNA with limited or no sequence
specificity, often bending DNA 1 8 0 · 1 8 1 . Three HMG subfamilies can be distinguished:
HMGA (contains AT-hooks), HMGB (contains Box domains) and HMGN (binds to
nucleosomes)

l80

. They function in chromatin remodeling, transcription, replication,

and recombination

180 182 183 184

· · .

j n $. cerevisiae only the HMGB proteins are present.

There are 6 HMGB proteins known in yeast of which five, i.e. Nhp6a, Nhp6b, NhplO,
Hmol and Abf2, are represented in the SNF2-ATPase network. In terms of their own
interactors; 85% are present in the network for NhplO (in INO80, RSC, ISW1 and
ISW2)

185 186

' , 61% for Abf2 (in RSC, ISW1, SWI/SNF and CHD1) 1 8 7 · 1 8 8 , 59% for

Nhp6a^ (in RSC, ISW1, ISW2, and FACT and Spt5 in the CHD1) Ί» 3 . 1 8 4 · 1 8 9 . 1 9 0 . 1 9 1 ,
while 25% of Hmol's interactors (ISW1, cohesin subunits, RSC and SWR1) 192 · 193 are
represented. As a random sample of 190 factors would be expected to yield 3.7% of
any factors' interactors, it is clear that yeast HMG proteins are intimately linked to
ATP-dependent chromatin remodeling, much like the histones, playing diverse roles
in chromatin organization.

SUMOYLATION

Smt3 is the yeast equivalent of SUMO. It is represented here because several
groups reported a large set of yeast proteins that are conjugated to Smt3 19 ' , · 195 · 196 · 197
Altogether, 265 yeast proteins have been reported to be modified by Smt3, equivalent
to -^ 5% of the yeast proteome. The remodeler interactome in Figure 2 contains 33
Smt3-linked nodes, indicating a 3-fold enrichment of sumoylated factors in this
network. The Iswl interactome is most enriched with Smt3 interactors (9/31),
including Iswl itself, and the HMG factor Hmol. Second comes RSC (9/44), then
SWI/SNF (5/30, including SnO itself) and INO80 (5/24), followed by CHD1 (3/32),
ISW2 (2/17) and SWR1 (1/19). Exactly what happens to Smt3-conjugated proteins
remains to be elucidated and this may well differ for different factors, although a
functional link with transcription repression appears to be a recurrent theme

198 199

·

. As

sumoylation, ubiquitylation, acetylation and methylation all target lysines, there are
some obvious opportunities for regulatory interactions when the same lysine is a
target for multiple modifications, as has been proposed for histone sumoylation2<)0.
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Figure 3. Synthetic genetic interactions within the SNF2 ATPase
interactome. All the available synthetic genetic interaction involving the

hUC

190 nodes shown in Figure 1 and Figure 2 were downloaded from the
biognd website. We included synthetic lethal and synthetic growth defects

-MI.I-,

Synthetic lethal interactions displayed by alpha-tubulin (Tubi) are shown

Nucleus * Nucleolus

Cyloskeleion
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ÜpidPMd· shown in black, those involving Rscl in light blue, those of Iswl and its

in purple, Nhp6 interactions in light brown, Swi2/Snf2 interactions are

J4ot OoWTTwned

irtochonona
^ttochonpna

interactors Lgel, Sin3 and Esc8 in several shades of green, those made
by the Ino80 interactors Ies3 and Ies5 in shades of red. and those made

by the PAF complex subunit Rtfl in orange Note the large number of genetic interactions that converge on the SWR1
complex and Htzl (see text for details). Color scheme, nodes are colored according to current knowledge as to the
subcellular location of each protein 222. as indicated in the legend. This Osprey network has 190 nodes and 198 edges
and is available as supplemental material in the form of an Osprey data file

SYNTHETICINTERACTIONS BETWEEN TUBULIN AND THE RSC AND SWR1 COMPLEXES

A link between RSC and microtubule mediated chromosome (re)capture is
suggested by the fact that several RSC subunits, but no other SNF2-type remodelers,
display synthetic lethal interactions with alpha-tubulin 201 (Figure 3, purple edges). On
the other hand, Htzl is recruited to centromeric regions in a SWR1-dependent manner
202

and the SWRl-specific subunits Htzl, Arp6, Swcl and Swc6 show synthetic

phenotypes with gamma-tubulin, which nucleates microtubules 203. RSC and SWRI
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therefore appear to perform distinct microtubule apparatus-related tasks. Whether
these observations reflect indirect transcriptional responses or direct connections to
the chromosome arms (RSC) or the kinetochore (SWR1) is currently unknown204.
RSC AND ISWI REU TE TO COHESINAND TO THE TA TA BOX BINDING FACTOR TBP

One of the interrelationships already visible in Figure 1 that was not discussed
previously is the interaction between Iswl and eight RSC subunits (Figure 2, green
edges). Furthermore, Ioc3 contacts Rsc8, thereby linking the promoter nucleosome
targeted ISWla complex to RSC function. Since human ISWI has been implicated in
the establishment of cohesin complexes

205

, sister chromatid cohesion could be a

process that connects Iswl to RSC in yeast. Also Isw2 interacts with cohesin, by
means of the cohesin subunit Scc3 (Figure 1). With their link to cohesin "•205) RSC
and ISWI complexes may therefore be involved in the genesis of higher order
chromatid organization. Furthermore, the relation between RSC and Iswl appears to
involve TBP, since a member of the SNF2 ATPase family called Moti in yeast and
BTAF1 in higher eukaryotes

163

, interacts with Ioc3, Iswl, Rsc3 and Sthl. Moti is

thought to act as a mobilizing factor for TBP206.
TBP interacts with 39 factors in Figure 2 (32% of all its interactors, black
edges on Figure 2). Tafl4 is another promiscuous factor in the remodeler network. It
also has 39 interactors (50% of all its interactors, brown edges in Figure 2). Besides
contacting TAFs found in SAGA and TFIID, TBP and Tafl4 have different
interactors in the remodeler network; TBP being primarily a RSC interactor (11/17
subunits) while Tafl4 primarily interacts with SWI/SNF (10/12 subunits) and INO80
(all subunits). What these differences between TBP and Tafl4 mean at the functional
level remains to be understood. Searching the 78 physical partners of Tafl4 for
'repair' yielded one node, Ino80, while 70 had a 'transcription process' annotation.
This strongly suggests that Tafl4 does not participate in DNA repair in a specific
way.

IMPLICA TION OF CASEIN KINASE 2 IN CHROMA TIN REMODELING

Casein kinase 2 (CK2) has a variety of functions in the cell, including the
regulation of transcription and cell growth. CK2 interacts with 24 of the 190 factors in
the SNF2 interactome (Figure 2, Bordeaux edges), versus 127 in the entire yeast data
set, representing a 5-fold 'enrichment' of CK2 interactors in this network. As
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discussed above, Chdl and elongation factors Pob3 and Sptl6 (FACT), Rtfl (PAF),
and Spt5 all appear to extensively contact CK2 144 and are therefore likely substrates
for CK2. The SWR1 complex may also be targeted by CK2, via Swc5 and Bdfl. Bdfl
plays a role in transcription initiation by binding to TFIID and is indeed known to be
phosphorylated by the CK2 complex

207

. As previously noted, Bdfl interacts with

TBP, and TBP is also connected to the CK.2 complex (Figure 2).
In the remodeler network, CK2 is also connected to nucleolus-linked processes
through interaction with the eight nucleolar proteins Pwpl, Nopl, Nop4, Nop7, Nugl,
Noc3, Nogl and Rrp5. In light of the replication connection of Noc3, it remains to be
seen whether the nucleolar CK2 links involve intranuclear localization of ARSs to the
vicinity of the nucleolus and/or a direct function in ribosome biogenesis89·140.
PRESENCE OF OTHER ENZYMES IN THE SNF2-A TPASE NETWORK

Besides casein kinase, the interactome displayed in Figure 1 harbors four other
kinases; Riml5, Mckl, Rio2 and Tafl. Riml5 is a PAS kinase family member that
controls yeast cell entry into the resting phase and early meiotic gene expression208. It
functions downstream of PKA and TOR and appears to control the transcription
factors Msn2, Msn4 and Gisl

209

. As Rim 15 is an interactor of the RSC Sthl ATPase,

phosphorylation of RSC at Msn2, Msn4 or Gisl target genes may be a means by
which Rimi5 controls transcription 210. Mckl is a GSK3-type kinase and it interacts
with the Swi2/Snf2 ATPase. It further interacts with Rscl, Psal and Ume6 and has
been implicated in chromosome segregation and entry in meiosis 2"'212. Rio2 is
essential for processing the 20S pre-rRNA into 18S 213. Its presence in the SWI/SNF
interactome could therefore reflect a so far unidentified link between SWI/SNF and
the nucleolus.
Besides kinases there are two phosphatase regulators in the yeast chromatin
remodeler interactome, both of which are located in the Swrl interactome, namely
Sis2/Hal3 and Pill. Sis2 is the negative regulatory subunit of Ppzl (protein
phosphatase 1) and connects to the alpha subunit of CK2 (Figure 2). Ppzl is important
for the osmotic stress response 214. It regulates intracellular pH and Gl progression,
probably because intracellular pH normally rises at this point of the cell cycle

215

.

Whether Swrl is a target for Ppzl is unknown, although as both Sis2 and Ppzl are
partially nuclear this is a possibility. Pill is a component of eisosomes, which are
large immobile patch structures at the cell cortex associated with endocytosis, and
94
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Pill may therefore appear as an inappropriate node in the remodeler interactome.
However, Pill interacts with six SWRl subunits and with Rtg2, a specific subunit of
the SAGA related SLIK H3/H2B acetyltransferase, as well as with Radi and Rad59
DSB repair factors. Pill therefore has a high probability of being a true SWRl
interactor. We speculate that Pill connects chromatin remodeling to chromatin
interactions with the nuclear membrane and perhaps actin.

GENETIC INTERRELATIONS GLEANED FROM LARGE SCALE SYNTHETIC LETHAL
SCREENS

So far we reviewed physical interactions of chromatin remodeling complexes.
As yeast has been a leading model system for high throughput genetic analysis
whereby 'synthetic' phenotypes are scored in double mutants, we superimposed the
available genetic data on the SNF2 ATPase network (Figure 3).
A major drawback of this approach is that until recently, essential genes were
not included when screening for synthetic phenotypes on a genome-wide scale,
because viable deletions alleles were used in such screens. The synthetic lethal or
sickness map shown in Figure 3 therefore largely lacks interactions involving the
essential factors of the network.
There are obvious genetic interactions between the SWRl interactome and the
other subfamily interactomes. This suggests that SWRl drives a process, in a unique
fashion that is redundant with Rscl (Figure 3, blue edges), Iswl and its partners Esc8,
Lgel and Sin3 (Figure 3, green edges). The same applies to the Rtfl subunit of the
PAF complex in the Chdl interactome (Figure 3, orange edges) as well as the Ies3
and Ies5 proteins in the InoSO interactome (red edges) and the SAGA/SLIK
complexes (not colored in Figure 3). Except for Spt20, all the SWRl synthetic genetic
interactions are shared by Htzl, supporting the notion that the main function of SWRl
is to restructure nucleosomes by replacing H2A molecules with Htzl. However,
absence of Htzl is also lethal in the absence of Swi2/Snf2

2I6

, while SWRl subunits

do not show genetic interactions with Swi2/Snf2 (Figure 3). This suggests that Htzl
can be incorporated by a SWRl-, and SW1/SNF-, independent mechanism, perhaps by
forming a complex with NAP1 69'167.
Swi2/Snf2 in tum is essential when Gcn5 is missing and this is likely due to
redundancy of the bromodomains of both proteins, that targets them to acetylated
nucleosomes13,1".
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Interestingly, the Iswl interactor Lgel displays a total of 156 synthetic lethal
interactions in a synthetic genetic interaction network that contains 2629 factors and
13333 edges (Biogrid, http://www.thebiogrid.org/). Of those, 17 are present in our
remodeler map and nine involve SWR1 subunits (Figure 3). Remarkably, 133 of the
156 Igei A synthetic lethal interactions are shared with brelk, and 101 are shared with
rad6A, both of which are central factors to H2B ubiquitylation

217 218

' . Furthermore,

Brel and Lgel associate physically, strongly suggesting that the redundant function of
Lgel and the SWR1 complex pertains to H2B ubiquitylation that leads to H3 K4 trimethylation

150

. This in tum suggests that Htzl incorporation and H3 K4 methylation

are two redundant epigenetic euchromatic marks in yeast.

CONCLUSIONS

What exactly happens when an ATP-dependent remodeling enzyme engages
nucleosomes is still not fully elucidated and single molecule approaches hold much
promise in this respect. In our opinion, it will be important to compare multiple
remodelers side by side in the different single molecule set-ups, so as to find out what
aspects of their reaction cycles are shared and which ones are unique. The next
frontier in single molecule studies will be to enable ex vivo studies, whereby native
chromatin is isolated and studied at the single molecule level.
ATP-dependent chromatin remodeling is performed by multi-subunit
complexes that have a great diversity of interacting proteins. A high degree of
cooperation appears to occur amongst these complexes, whereby multiple ATPases
and their subunits are involved in different - though sometimes redundant - steps of
processes such as transcription

initiation, elongation or DNA replication.

Furthermore, ATP-dependent remodeling complexes specifically interact physically
and functionally with many enzyme complexes that modify histones at the post
translational level, as well as with modified forms of nucleosomal histones. Much
remains to be discovered in yeast, still. One outstanding question is whether subunits
actually exchange between complexes, an issue that is mechanistically even more
important when a subunit is shared by different types of complexes, such as ARPs,
Bdfl, Tafl4, etc. A second emerging issue concerns post-translational regulation of
chromatin

complexes

themselves.

For

example,

we

have

identified

16

phosphorylation, 22 acetylation and 2 methylation sites on 13 RSC subunits
(Campsteijn et al. submitted). It will be important to discriminate modifications that
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globally affect complexes, such as those that would accompany complex assembly or
cell cycle progression, from those that are imprinted onto complexes only at defined
times at defined loci. Additionally, implementing variables such as cell cycle
progression and cell type in proteomic and biochemical approaches will undoubtedly
shine new light on issues regarding functional redundancy, compositional dynamics
and targeting.
It is likely that much more insight will be gained from future high throughput
genetic screens. Quantitative analysis of colony size
alleles of essential factors

220

19

, inclusion of hypomorphic

, as well as screens involving more than two mutations

should greatly help unravel redundant functions. Additionally, synthetic genetic
interactions can be identified under conditions that challenge the ability of yeast to
survive exposure to specific drugs, such as those that result from DNA insults or
mitotic spindle defects. Finally, devising computational ways to integrate high
throughput chromatin IP, transcriptomic, proteomic and genetic data should further
afford detailed insight into the function of chromatin components in medically
relevant fields of research221.
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ABSTRACT

The RSC complex is one of two yeast paralogs of the multi-subunit SWI/SNF
type nucleosome remodelers that are conserved throughout evolution. We assessed
RSC composition and subunit exclusivity using a generic Tandem Affinity
Purification tag (TAP-tag) fused onto 12 known RSC subunits and identified proteins
by liquid chromatography coupled tandem mass spectrometry. Using this approach,
28 proteins were found to reproducibly co-purify with RSC and Ldb7p/Ybl006cp was
confirmed to be an integral RSC specific subunit. Additionally, we uncovered two
chromatographically-distinct RSC isoforms that co-exist, both containing a large core
of 13 subunits (Rsc4p, Rsc6p, Rsc8p, Rsc9p, Rsc58p, Sfhlp, Sthlp, Arp7p, Arp9p,
Rttl02p, Htllp, Npl6p and Ldb7p) that is complemented either by Rsc2p or by Rsclp,
Rsc3p and Rsc30p. Furthermore, using yeast cultures blocked at various cell cycle
stages, we found that the Rsclp, Rsc3p, Rsc30p complex does not persist during Sphase, suggesting an important cell cycle-specific role. Finally, our TAP-tag pull
down experiments identified a specific set of RSC complex-associated histone
modifications in addition to 40 post-translational modifications on RSC subunits.
Taken together, the proteomic analysis described here provides powerful molecular
handles to further dissect the physiological roles of RSC.
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INTRODUCTION

Eukaryotic cells need to replicate, condense and separate chromosomes while
still allowing the rapid transitions between condensed and poised chromatin that are
required for punctual alterations in transcription patterns. To meet these demands,
eukaryotes have evolved multi-subunit protein complexes that alter chromatin
structure by covalently modifying nucleosomes 1'4, or by utilizing ATP to remodel
nucleosomes and mechanically restructure chromatin (SNF2-type ATPases) '
The SWI2/SNF2 enzymes, represented by the Sthlp and Swi2p/Snf2p
ATPases in yeast, form a subfamily within the SNF2-ATPase family, typified by the
presence of a C-terminal bromodomain 6. The multi-subunit complexes containing
these catalytic subunits, RSC (Remodels the Structure of Chromatin 7) and SW1/SNF
(mating type Switching deficient/Sucrose MHi-fermenting 8'9) respectively, have been
implicated in a multitude of cellular processes 10'14. Despite the structural homology
between SWI/SNF and RSC (extending over 5 paralogous and 3 shared subunits),
they differ in that RSC is essential for yeast viability and harbors 7 bromodomains
(residing in Sthlp, Rsclp, Rsc2p and Rsc4p) 715"17; whereas SWI/SNF is not essential,
is ten times less abundant (200 copies per cell) and harbors only a single
bromodomain. Analogs of both SWI/SNF and RSC are found in higher eukaryotes
(5RGl/hBRM-i4ssociated Factors (BAF) in mammals and 5RM-/lssociated Proteins
(BAP) in Drosophila). Some isoforms of BAF and BAP are typified by the presence
of polybromo subunits (Polybromo-BAF and -BAP (PBAF and PBAP), suggesting
they are functionally more related to RSC than SWI/SNF 18"21.
Whereas the function of SWI/SNF as a transcriptional regulator is well
established 22'23, the physiological processes controlled by RSC remain unclear

l5

.

RSC has been implicated in transcriptional regulation of many nutrient and stress
response genes, RNA polymerase III target genes and genes for ribosome and
mitochondrion factors 2'''25. Furthermore, the enrichment of RSC at some cell cycle
regulated genes argues for a transcriptional role in regulation of cell cycle progression
25

. Finally, RSC has also been implicated in double strand break repair 26 · 27 and

mitotic chromosome segregation processes 28'31.
Studying the functions of RSC is complicated by the apparent existence of
multiple RSC complexes that are distinguished by either of the two mutually
exclusive paralogs Rsclp or Rsc2p, and by the presence or absence of the Rsc3p and
Rsc30p subunits 32'33. Although these multiple RSC complexes were reported in 1999
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, evidence that attributes specific functional and molecular differences to the various
isofoims is limited. Genetic experiments using rscl and rsc2 deletion strains indicate
that these two subunits have partially overlapping roles and specifically implicate
RSC2 in chromosome segregation processes 28·29·34. However, the large differences in
abundance between Rsclp (-200 copies per cell) and Rsc2p (-2,000 copies per cell)
35

and consequently the RSC isoforms they reside in, complicate attribution of unique

functions to these isoforms.
To date, a combination

of conventional

chromatography

and co-

immunoprecipitation experiments has led to the identification and characterization of
17 RSC subunits 7·24·29·32·33·36-42. Although these approaches are highly informative
with regard to protein-protein interactions, these experiments did not provide
comprehensive insight into the exclusivity of such interactions or RSC isoform
specificity. The recent development of methods for rapid purification of yeast protein
complexes using the tandem affinity purification tag (TAP-tag) ''3, coupled to liquid
chromatography tandem mass spectrometry, has provided invaluable proteomic
insight into protein interactions 44"47. We exploited these recent advances to analyze
the various RSC isoforms with respect to composition and interacting factors.
Furthermore, we also introduced cell cycle progression as a variable in our proteomic
analysis.
Our results demonstrate that in S. cerevisiae, RSC exists as two predominant
isoforms both consisting of a large conserved core, complemented by either Rsc2p
(80-90% of cellular RSC) or Rsclp, Rsc3p and Rsc30p (10-20%). Whereas the Rsc2p
complex remains constant during the cell cycle, the Rsclp/Rsc3p/Rsc30p complex
fluctuates as a function of cell cycle progression and does not persist during S-phase.
Furthermore, liquid chromatography coupled tandem mass spectrometry analysis (LCMS/MS) analysis of TAP-tag purifications of different RSC specific subunits
confirmed integral RSC subunits and identified several interacting factors. Finally,
our TAP-tag pull-down experiments revealed post-translational modifications on
histones that associate with RSC as well as modifications on 13 RSC subunits. This
work defines proteomic distinctions between Rsclp- and Rsc2p- bearing RSC
isoforms, a RSC interactome and numerous post-translational modifications that offer
powerful handles to further study the physiological roles of RSC.
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MATERIALS AND METHODS
YEAST STRAINS, PLASMIDS AND CULTURING

All the yeast strains used by us were descendants of W303 strains. Degrons
(amino terminus) and TAP-tags (carboxyl terminus) were introduced by ends-in
homologous recombination of plasmids at the endogenous loci. Verification of the
integration events was based on PCR analysis and western blot detection of the
modified gene products. For sporulation, diploids were grown overnight on YEP
(Keast extract Peptone) -10% glucose agar plates, and sporulated on 1% KAc, 40
μg/ml adenine agar plates. Yeast strain and plasmid details are available on request.

TAP-TAG PURIFICATIONS

Strains bearing TAP-tag subunits were inoculated in 5 ml of appropriate SD
(Synthetic Dextrose) -glucose amino acid dropout (selective) media, grown at 30°C
and consecutively diluted to 500 ml selective medium. When strains solely harbouring
TAP-tag alleles were employed, cells were collected and grown overnight in 5 L
YEP-glucose supplemented with 40 μg/ml adenine and harvested in late log-phase
(ODeoo 1.2 - 1.8). When degrons were employed, cells from the 500 ml selective precultures were collected and subsequently grown overnight in 4 L YEP-galactose
supplemented with 40 μg/ml adenine and 0.1 mM CUSO4 at 250C, to prime
subsequent degradation of degron fusions

48

. Cells were again collected and further

0

incubated in 5 L preheated (37 C) YEP-galactose for 4 hours to induce degradation of
degron fusions prior to harvesting. For Pgai::SWEl strains, cells were grown to 500 ml
in selective media, subsequently cultured overnight in 5 L YEP-glucose supplemented
with 40 μg/ml adenine for overnight growth. Finally, Swelp over-expression was
induced by incubation in 5 L YEP-galactose for 5 hours at 37°C prior to harvesting.
Alpha pheromone was employed at a final concentration of 10 μg/ml (including a
0

boost after 2 hours) and cells were harvested after 4 hours at 37 C.
Following harvesting, the cell pellet was resuspended in an equal volume of 2x
lysis buffer (67 mM Tris (pH 7.5), 670 mM NaCl, 10% Glycerol, 0.13% Triton Χ
Ι 00, 0.67 mM DTT, 6.7 mM EDTA supplemented with complete protease inhibitor
cocktail (Roche)) and two volumes of glass beads (0.1 - 0.5 mm diameter) and
49

applied to a Biospec bead beater . Efficient cell lysis was commonly achieved on ice
by 10 - 15 pulses of 30 seconds interspersed by 1 minute cooling intervals. Crude cell
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lysates were clarified by ultracentrifiigation at 100,000 g for 30 minutes and nucleic
acids were then precipitated using 0.1 % (v/v) polyethylenimine. Further TAP-tag
purification steps were performed as described

50

. Proteins were electrophoretically

separated on 8 to 12 % SDS-PAGE gels (20 χ 20 cm) and visualized by silver
staining.

PRO TEIN IDENTIFICA TION BYL C-MS/MS
S A M P L E PREPARATION

Purified proteins (100 μΐ) were diluted into 8 M urea, 100 mM Tris [pH 8.0],
reduced by 10 mM DTT for 30 minutes at room temperature and subsequently
alkylated in 55 mM iodoacetamide for 60 minutes. The sample was diluted twice to a
final urea molarity of 2 M and digested with 1 μg lysC at 37 0 C for 4 hours and 2 μg
modified trypsin at 37 0 C for 16 hours. Digested samples were acidified with formic
acid and purified by poros R3 beads (ABI/MDS Sciex, Toronto) or by STAGE tips 5 I .

N A N O LC-MS/MS M E A S U R E M E N T S

Peptide sequencing experiments were performed using a nano-HPLC Agilent
1100 nanoflow system connected online either to a QSTAR pulsar quadrupole time-of
flight tandem mass spectrometer (ABI/Sciex MDS, Canada) or to a 7-Tesla linear
quadrupole ion trap-Ion Cyclotron Resonance Fourier transform (LTQ-FT) mass
spectrometer (Thermo Electron). Peptides were separated on 15 cm 100 μπι ID
PicoTip (New Objective) columns packed with 3μπι Reprosil CI8 beads (Dr. Maisch
GmbH) using a 60-120 min gradient from 10% buffer A (0.5% acetic acid) to 35%
buffer Β (80% acetonitrile in 0.5% acetic acid). Peptides eluting from the column tip
were electro sprayed directly into the mass spectrometer with a spray voltage of 2.1
kV for both mass spectrometers
For the QSTAR mass spectrometer, peptide selection and fragmentation was
set by the Analyst data acquisition software version 1.0 (ABI/Sciex MDS, Canada) for
cycles of 7.5 s containing precursor selection in the mass range of 350 - 1300 during
1.5 s and four MS/MS experiments in the mass range of 80 - 1300 during 1.5 seconds
each. Peak lists were generated by scripts provided with Analyst QS version 1.0
software on the basis of the recorded fragmentation spectra.
Signals were enhanced around 730. For the LTQ-FT mass spectrometer,
peptide selection and fragmentation was set by the Xcalibur 1.4 data acquisition
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software (Thermo Electron, Germany). The mass spectrometer was operated in the
data-dependent mode to sequence the four most intense ions per duty cycle. Briefly,
fiill-scan MS spectra of intact peptides (m/z 300-2000) with an automated gain
control accumulation target value of 1E6 ions were acquired in the Fourier transform
ion cyclotron resonance (FT ICR) cell with a resolution of 50.000. The four most
abundant ions were sequentially isolated and fragmented in the linear ion trap by
applying collisionally induced dissociation using an accumulation target value of
20.000 (capillary temperature, 250oC; normalized collision energy, 30%). A dynamic
exclusion of ions previously sequenced within 180s was applied. All unassigned
charge states were excluded from sequencing. A minimum of 500 counts were
required for MS2 selection. Peak lists were generated by the extractmsm component
of the Bioworks Browser 3.1 software provided by the manufacturer (Thermoelectron,
Germany).
PEPTIDE IDENTIFICATION BY MASCOT SEARCHES

Proteins were identified by searching peak lists containing fragmentation
spectra with Mascot version 2.1 (Matrix Science) against an in-house curated NCB1S.
cerevisiae protein sequence database (ftp://ftp.ncbi.nih.gov/blast/db/FASTA/, 6298
yeast entries downloaded at 11-29-05) complemented with 205 contaminants,
determined by initial searches against all entries of the Swissprot database. A reversed
protein sequence database of our curated NCBI yeast database was also installed
locally and searched to determine the false-positive rate of protein identifications
(Supplemental Figure 1).
Mascot search parameters for protein identification of the RSC interactome
specified an initial mass tolerance of 20 ppm (LTQ-FT dataset) or 0.2 Da (QSTAR
dataset) for the parental peptide and 0.8 Da (LTQ-FT) or 0.2Da (QSTAR) for
fragmentation spectra and a trypsin enzyme specificity allowing up to 3 miscleaved
sites. For samples digested with ArgC or GluC, we specified relevant protease
enzyme rules. Carbamidomethylation of cysteines was specified as a fixed
modification, and oxidation of methionines, deamidation of glutamine or asparagine,
and acetylation of lysine were set as variable modifications.
Additional searches were also performed to identify post-translationally
modified peptides by setting Methyl (R), Methyl (K), Di-methylation (R), Dimethylation (K), Tri-methylation (K), Acetyl (K), Acetyl (N-term), Phosphorylation
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(STY) and ubiquitylation (K) as variable modifications. Reported post-translationally
modified peptides were confirmed by visual inspection of MS/MS spectra.
Internal mass calibration of measured ions was performed by parsing Mascot
search

result

html

files

with

MSQuant

open-source

software

(www.msquant.sourceforge.net) into text files. A final mass tolerance for the parental
peptide was determined at 6 ppm for the LTQ-FT dataset and 90 ppm for the QSTAR
dataset. Only multiple charged peptides with precursor masses greater than 350 were
considered in the subsequent validation analysis. A minimal Mascot peptide score was
set at a false-positive peptide identification rate of 40%, resulting in a Mascot cut-off
score of 19 for the LTQ-FT dataset and 23 of the QSTAR dataset. Reverse database
searches showed that the above mentioned criteria resulted in the absence of falsepositive identifications for proteins identified by 3 or more peptides. More stringent
criteria were required to identify proteins sequenced by one or two peptides with high
confidence. False-positive identifications for proteins identified by 2 peptides was
absent after excluding all modified peptides from the data subset and, raising the cut
off peptide score to 35 and 28, for the LTQ-FT and QSTAR datasets respectively. A
false-positive rate of 2.1% was obtained for proteins identified by 1 unmodified
peptide with a peptide cut-off score of 40, and a Mascot peptide delta score of 10 for
datasets obtained from both mass spectrometers. A total of 20,657 validated budding
yeast-specific peptides were sequenced in this study that led to the identification of
345 different proteins (Supplemental Table 1).
A quantitative analysis of the mass spectrometry data was performed by a
label-free, spectral counting method developed by Ishihama and coworkers
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.

Exponentially modified Protein Abundance Index (emPAI) values for pooled samples
were calculated as described previously, normalized as indicated and are also
provided in Supplemental Table 2A-C.

FLOW CYTOMETRY ANALYSIS

Cells were collected into 70% ethanol and kept at least 2 h at -20oC.
Subsequently, cells were suspended into 50 mM sodium citrate, sonicated briefly,
treated for 2 hours with 0.2 mg/ml RNase A at 370C, followed by DNA staining with
1 μΜ Sytox dye (Molecular Probes). DNA content was quantified at FL1 on a
Becton-Dickinson Calibur fluorescence activated cell sorter.
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CHROMA TIN IMMUNOPRECIPITA TION (CHIP)

Formaldehyde cross linked native yeast protein-DNA complexes were prepared
as described " , with some adjustments. Rotating cell suspensions (20-40 ml) were
treated with 1% formaldehyde for 15-20 minutes at room temperature. Subsequently,
glycine was added to a final concentration of 330 mM and incubation continued for an
additional 5-10 minutes. Cells were gently washed thrice with cold TBS. The
remaining cell pellet was suspended in lysis buffer (50 mM HEPES-KOH (pH 7.5),
150 mM NaCl, ImM EDTA, 0.1% sodium deoxycholate (DOC), 0.1% SDS, 1%
Triton X-100 and 1 mM DTT) and lysis was performed with glass beads for 2 hours
on a vortexgenie 2 (Scientific Industries). Next, the lysate was sonicated on ice (4
times 20 second pulses, with 40 second intervals) and clarified by centrifugation.
For immunoprecipitation, typically 400 μΐ chromatin solution was incubated
overnight with 15 μΐ IgG Sepharose 6 Fast Flow bead suspension (Stratagene),
prewashed in lysis buffer containing 0.1% BSA. Precipitates were washed twice for 5
minutes with lysis buffer, twice with lysis buffer at 500 mM NaCl, once with 10 mM
Tris (pH 8.0), 0.25 M LiCl, 1 mM EDTA, 0.5% DOC and 0.5% Nonidet P40 (NP40)
and once with TE (10 mM Tris (pH 8.0), 1 mM EDTA). Immunoprecipitated material
was eluted for 10 minutes at 650C in 400 μΐ 25 mM Tris (pH 7.5), 10 mM EDTA and
0.5% SDS. Decrosslinking was performed for 4-5 hours at 65°C in the same buffer
and released DNA was purified by phenol extraction followed by ethanol precipitation
in the presence of 20 μg glycogen.
Quantitative PCR was performed in a Bio-Rad MyiQ™ Single Color RealTime PCR Detection System using a 2x iQ™ SYBR* Green Supermix. For ChIP, 1/50
of the immunoprecipitated material was used and abundance of immunoprecipitated
fragments was compared to 1 % input.

RESULTS

Previous proteomic approaches focused on a single RSC subunit 36 and did not
identify all known RSC subunits or uncover Rttl02p as a subunit shared between
RSC and SWI/SNF 29 . It therefore remained unclear to what extent RSC subunits
associate with other protein complexes.
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To resolve this issue, we performed TAP-tag fusion purifications using 12 of
the known RSC subunits (Htllp, Npl6p, Rsclp, Rsc2p, Rsc3p, Rsc58p, Rsc6p, Rsc8p,
Rsc9p, Rttl02p, Sfhlp and Sthlp)

7,24.29,32,33,36-41,54

Analysis of the respective

purifications by silver staining showed virtually identical patterns, examples of which
are shown on Figure 1A. The purified material was also subjected to liquid
chromatography coupled tandem mass spectrometry analysis. Stringent protein
identification criteria were established by reverse database searches to eliminate false
positive protein identification for proteins identified by two or more unique peptides
(see Materials and Methods). False positive rates for proteins identified by a single
unique peptide were limited to 2.1% (Supplemental Figure 1).
Results from a total of 24 independent purifications (cumulating 20,657
peptides) were pooled and categorized according to RSC™1 alleles. Validated peptide
and protein data is provided as Supplemental Table 1 for peptide lists and
Supplemental Table 2A-D for protein tables. After exclusion of reported TAP-tag
purification contaminants (Supplemental Table 2D), including numerous ribosomal
subunits 4 5 ' 5 5 , the proteomic yield of these purifications was assessed by plotting the
number of identified proteins (Zproteins) as a function of the number of different RSC
TAP-tag subunits with which these proteins co-purified (Figure IB, gray bars).
Similarly, an estimate of protein abundance was obtained by plotting cumulative
Figure 1: A proteomic analysis of RSC
A. TAP-tag alleles of twelve known
RSC
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purifications (gray bars) were normalized to Rsc6p, Rso9p and Rsc58p and subsequently averaged for the twelve RSC
associate with RSC in our experiments (Supplemental Table 2C) and that have not been reported to assoaate with
histones in the literature
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peptide numbers for each protein (Zpeptides/protein) against the number of RSC
purifications in which the proteins were identified (Figure IB, black bars). This
representation clearly shows that known RSC subunits were highly enriched in our
purifications, underscoring the quality of these purifications. The abundance of copurifying factors was further inferred using the exponentially modified protein
abundance index (emPAI

52

), a value that reflects protein concentration more

accurately than absolute peptide numbers do 52. Organizing proteins identified in
purifications of the twelve RSC TAP-tag alleles according to their cumulative emPAI
value (normalized to RSC subunits) resulted in clustering of all known RSC subunits
at the top of this list (Supplemental Table 2A). Furthermore, near-stoichiometrical
emPAI values (0.2 - 2.5) were observed for core histones (Figure 1C, Supplemental
Table 2A), consistent with the role of RSC as a nucleosomal particle remodeling
factor 56. In contrast, the 53 proteins that were only identified by one RSCTAP subunit
(out of a total of 104) displayed low emPAI values (0.048 on average), arguing that
they either represented incidental purification contaminants or weak interactors
(Figure IB). The only exceptions to these cases were identification of 8 SWI/SNF
subunits by 16 peptides on average in the Rttl02pTAP preparation (average emPAI
values of 0.290 for the 8 SWI/SNF subunits compared to 0.004 for the other 45
factors in this category). This confirms previous reports that Rttl02p is not only a
RSC subunit (Figure 1A) but also a subunit of the SWI/SNF complex, much like
Arp7p and Arp9p29·36'39 (Supplemental Table 2A). The apparent absence of SWI/SNF
subunits in silver stained Rttl02pTAP purifications (Figure 1A) likely reflects the
lower cellular abundance of SWI/SNF compared to RSC (respectively -200 and
-2,000 complexes per cell), an interpretation that is consistent with lower emPAI
values obtained for SWI/SNF subunits compared to RSC subunits in Rttl02pTAP
purifications (0.290 and 1.66, respectively; Supplemental Table 2A). In contrast to
this shared feature, our data indicate that Sthlp, Rsc3p, Rsc6p, Rsc8p, Rsc9p, Rsc58p,
Sfhlp, Npl6p and Htllp are all integral RSC subunits that do not stoichiometrically
associate with other multi-subunit protein complexes (Figure 1 A, Supplemental Table
2A). Although we do not describe Rsc4pTAP, Arp7pTAP and Arp9p1AP purifications
here, our own unpublished data, previous work by others 39 ·'" and the high emPAI
values observed for these 3 factors in the present twelve RSC TAP-tag purifications
relative to other recurrently identified factors discussed below (Supplemental Table
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2A, 1.22 versus 0.03 on average when core histones were ed), unambiguously
categorizes Arp7p, Arp9p and Rsc4p as integral RSC subunits.

LDB7 is AN INTEGRAL SUBUNIT OF RSC

In our RSC purifications we reproducibly identified Ldb7p (Supplemental
Table 2A), a non-essential protein that was originally identified in a screen for
deletion strains that displayed reduced affinity for the alcain blue dye, indicative of a
reduced membrane potential 5 7 . Silver staining of Ldb7pTAP purifications revealed a
polypeptide profile characteristic of purified RSC complexes (Figure 2A, compare to
Npl6pTAP). LC-MS/MS analysis of the Ldb7pTAP purification confirmed that Ldb7p
strongly interacts with RSC (Supplemental Table 2A). All known RSC subunits were
identified and the data suggest that Ldb7pTAP does not pull down other multi-subunit
protein complexes (unlike Arp7p, Arp9p and Rttl02p), arguing that Ldb7p is an
integral, RSC-specific subunit. Ldb7p harbors clusters of trypsin cleavage sites and
long arginine and lysine-free stretches that may explain why very few Ldb7p peptides
were identified in any of the RSC purifications (2 on average). The low peptide
numbers are unlikely to reflect substoichiometric interaction or RSC isoform-specific
association of Ldb7p since even the Ldb7pTAP purifications only yielded 3 Ldb7p
peptides (compared to 13 for Rttl02p and 97 for Sthlp). As many of the RSC
interactors were also identified in the Ldb7pTAP purification, results of the Ldb7TAP
LC-MS/MS analysis were included in the RSC interactome shown in Table 1, raising
the total different RSC subunit TAP-tag purifications in this study to thirteen.
Figura 2 Verification of RSC interactors by
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WIRING A RSC INTERACTOME

Aside from the 17 RSC subunits, peptides corresponding to 118 yeast proteins
were identified with high confidence by at least one of the thirteen RSC subunit TAPtag purifications (Figure IB, Supplemental Table 2A). In order to identify bona fide
RSC interactors, we wished to determine the significance and specificity of these
interactions. To this end we purified four TAP-tag proteins that function in a variety
of cellular processes: the RNA polymerase II PAF complex component Leolp

58 59

' ,

6I

the DNA repair protein MusSlp

, the transportin Kapl04p , and Cialp, a protein

involved in iron-sulfur protein assembly

62

. Purifications were subjected to silver stain

and LC-MS/MS analyses (Figure 2B, Supplemental Table 2C). Previously described
interactors were identified for Leolp (Paflp, Rtflp, Cdc73p and Ctr9p) 59 , MusSlp
(Mms4p) 6 3 , and Kapl04p (Mrt4p, Nab2p, Hrplp and Dimlp) ^A\ while Cialp did
not appear to stoichiometrically associate with other known factors (Supplemental
Table 2C). No peptides attributed to RSC subunits were identified in the Leolp r A P ,
Mus81pTAP, Kapl04p TAP and Cialp T A P purifications (Supplemental Table 2C),
indicating that these factors do not co-purify

with RSC and, importantly,

demonstrating that none of the RSC subunits listed on Table 2 are TAP-tag
purification contaminants in this experimental set-up. The results of the control
Table 1 : The RSC interactome

Interactors

After elimination of known TAP-tag
purification

contaminants, proteins that were

identified with at least three different RSC subunits
were designated likely RSC interactors (with NCBI
accession numbers in brackets). Proteins that were
also identified in one or more control purifications
a

marked (*),
interacting

: Relative abundance of RSC

factors

is

assoaated emPAl value

represented by their
52

, normalized to the

emPAl value of Rsc6p, Rsc9p and Rsc58p The
cumulative number of peptides identified for each
b

interactor is indicated in brackets. : Cellular
abundance was not available for histories Htalp
and Htblp and the values presented here are
solely based on Hta2p or Htb2p

35

WD, not

35

determined .
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«RSC
subunits

emPAl' 1 («pepi

Copies
per cell

Histories
Hhfl/2p
Htal/2p
HtbV2p
Hhtl/2p
Hholp

13'
TO
10
7
3

1.847(72)
2.35« (42)
0.200 (47)
Ο.ββΐ (27)
0.004 (4)

1,205.000
32,100"
443,000 b
461,000
6560

Proteasome
RptSp
Rptlp
Rpn2p
Rpnllp
Rpt3p
Cdc48p
Rpt4p

6
A
4'
3
3
3
3"

0.013 (22)
0.003 (9)
0.002 (9)
0.015(17)
0.011 (6)
0.002 (6)
0.003 (5)

ND
105
4,750
16,400
ND
78,400
ND

8'
7'
6
6
5'
5'

0.030(36)
0.086(32)
0.034(24)
0.008(24)
0.164(52)
0.015(23)
0.022(15)
0.011(10)
0.096(18)
0.052(19)
0.022(16)
0.012(10)
0.014(12)
0.181 (24)
0.042(17)
0.003 (7)

ND
ND
103,000
31.900
22,000
3,430
3,490
ND
9,420
3,810
ND
2,400
5,590
46,800
7,720
13,500

Others
Adhlp
Yralp
Samlp
Ilv2p
Sam2p
Mktlp
Clclp
Mgelp
Sgt2p
Abf2p
Tub2p
Nsplp
Tub! ρ
Stmt ρ
Gvp36p
Siktp

s'

5"
4"
4
A
4
3
3'
3'
3'
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purifications thus provided a useful backdrop against which to attribute significance to
potential RSC interactors. A RSC interactome was assembled of 28 proteins that were
found to co-purify with at least three of the thirteen different TAP-tagged RSC
subunits (Table 1, Supplemental Table 2A). This is a stringent threshold that allowed
inclusion of all verified positive interactors (see below) and yet excluded incidental
identifications with low emPAI values. The 90 proteins that fell below this threshold
may therefore be considered as putative interactors.

OTHER RSC ASSOCIATING FACTORS

To assess the validity of the assembled RSC interactome several potential
interactors were TAP-tagged, including Abf2p, Sgt2p, Stmlp and Rptlp. Abf2pTAP
(ARS binding factor 2

M

) was purified (Figure 2C) and LC-MS/MS analysis

unambiguously identified Rsc8p, strengthening the notion that Abf2p is indeed a bona
fide RSC interactor (Supplemental Table 2C). Interestingly, Abf2pTAP co-purified a
range of proteins implicated in chromatin dynamics, including the SNF2-type
ATPases Motlp and Iswlp, the type I topoisomerase Toplp as well as histones and
the non-histone high mobility group (HMG) factor Nhp6Bp (Supplemental Table 2C).
These results are unlikely to reflect DNA-mediated interactions as our purification
protocol typically included a polyethyleneimine (PEI) DNA precipitation step.
Furthermore, Abf2p was not identified in control TAP-tag purifications of proteins
that are known to associate with DNA (Leolp and Mus81p). Thus, Abßp appears to
have a broad role in chromatin metabolism which is consistent with previous reports
that Abf2p co-purified with various nuclear proteinsA .
The validity of RSC interactors that were also found in some control
purifications was tested by purification of Sgt2p, a cytoplasmic tetratricorepeat
protein, and Stmlp, a DNA binding protein reported to have roles in telomere
maintenance and aging

65 66

' , but also to associate with ribosomes

67

(Figure 2C).

Whereas we confirmed the interaction of Sgt2p with two proteins, namely Yorl64cp
and Mdy2p ',7'68 and added a third, Get3p, we did not identify a single peptide
corresponding to known RSC subunits, despite the high quality of this purification
(Figure 2C, Supplemental Table 2C). Although this could indicate that a minimal
fraction of Sgt2p associates with RSC, we consider it more likely that Sgt2p
represents a TAP-tag purification contaminant in our set-up. In contrast, we identified
Rttl02p upon tagging and purification of Stmlp (Supplemental Table 2C). Taken
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together with the parallel identification of the fission yeast homologs of STM1 and
SFH1 as spindle pole interacting proteins 69, this suggests that a fraction of Stmlp
associates with RSC in vivo.
Seven 19S proteasome regulatory cap subunits were reproducibly found to
interact with RSC (Table 1, Supplemental Table 2A). Like Sgt2p, multiple
proteasomal subunits were also identified in the control purifications (Table 1,
Supplemental Table 2C). However, the proteasome has been implicated in a variety of
cellular processes in which these control proteins are involved, including transcription
(Leolp

70 71

' ) and DNA damage repair (MusSlp

72 73

' ). Additionally, proteasomal

subunits have been reported to directly interact with several of our controls, including
Kapl04p and Cialp, arguing for bonafide interactions between the proteasome and
these factors ^ This is further supported by the absence of proteasomal subunits in
Abf2p and Sgt2p purifications (Supplemental Table 2C). We verified the interaction
between RSC and the proteasome by purification of Rptlp

associated factors

(Figure 2C). LC-MS/MS analysis identified 17 out of 19 known components of the
19S regulatory particle as well as the proteasome-associated factor Cdc48p. The
absence of proteolytic subunits suggests that 26S proteasomal particle integrity was
lost under the purification conditions employed here (Supplemental Table 2C).
Importantly, Rsc8p was identified with high confidence in this purification, indicating
that the 19S proteasome regulatory particle indeed interacts with RSC.

THERE ARE TWO PREDOMINANT ISOFORMS OF RSC

RSC has been reported to exist in various compositions, especially with
respect to the mutually exclusive Rsclp and Rsc2p subunits 33. Furthermore, it has
been suggested that both complexes can harbor the Rsc3p/Rsc30p heterodimer

32

.

Silver stain and LC-MS/MS analyses of similar amounts of RSC purified from strains
harboring RSCl'41' or RSC2HI' confirmed that Rsclp and Rsc2p are mutually
exclusive subunits (Figure 3A, Table 2). Interestingly, Rsc2pTAP purifications yielded
no or very low levels of Rsc3p and Rsc30p, as determined by the number of identified
peptides and calculation of emPAI values 52 and conversely, RsclpTAP and Rsc3pTAP
contained no or very low levels of Rsc2p (Figure 3A, Table 2, Supplemental Table
2A). As no such purification bias was observed for any of the other RSC subunits, this
strongly suggests that Rsc3p and Rsc30p preferentially associate with the Rsclp
isoform of RSC.
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Figure 3: Cell cycle phase - specific RSC complex purifications.
A. RSC complexes were purified from cells harboring RSC1Ttp,

RSC2TAP or R S C 3 r A P alleles and were detected by

silver staining. Arrowheads indicate position of the various TAP-tag fusions. Asterisks indicate degradation products of
Rsc3p T A P . Known degradation products of Sth1p T A P (o), R s d p ( · ) and known TAP-tag purification contaminants (•) are
indicated. B. Clarified whole cell extracts obtained from STH1TAP,

RSC1TAP,

RSC2TAP or RSC3T'P strains were subjected to

Superose 6 gel filtration chromatography Fractions of 30 μΙ were collected and TAP-tag protein fusions were detected using
a peroxidase conjugated anti-peroxidase rabbit antibody (PAP; Sigma-Aldrich), The point elution of the 669 kDa marker
(monomelic thyroglobulin) is shown fora reference. C. RSC composition changes during the cell cycle. RSC was purified
using an STHf"''allele from asynchronously growing cells (Asyn), cells arrested in G l using a-pheromone (G1), in S-phase
by CdoiSp" depletion (S-phase), at the G2/M transition by over-expression of Swelp (G2/M), at the metaphase/anaphase
transition by depletion of Cdc20p M (Metaphase) or in telophase by depletion of CdcISp" (Telophase). Composition of RSC
was analyzed by silver staining. All cultures were grown under identical conditions, not all samples were run on the same gel.
The arrowhead indicates the position of Sth1p T A P . D. Strains bearing the 5 Τ Η ί " ρ , RSC1TAP,

RSC2T"' or RSC3™ P alleles

were synchronized in G1 using a-pheromone at 30°C. Following release into the cell cycle, aliquots of cells were taken at 10
minute intervals for lysis to determine protein levels and for flow cytometry analysis to determine DNA content (bottom panel).
Levels of the respective subunits were visualized by western blot (WB) using PAP (top panel). Equal loading was verified by
Ponceau S staining (Pon. S, middle panel).
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To further substantiate the notion that Rsc3p and Rsc30p preferentially
associate with the Rsclp-containing RSC isoform, we assessed the migration profile
of these protein complexes on a Superose 6 gel filtration column using clarified
extracts oîSTHlTiP, RSCl'A'\ RSC2'AP or RSC3TiP strains. As Rsclp and Rsc2p have
virtually identical molecular weights and domain structure, the Rsclp complexes
would be expected to migrate at a slightly higher apparent molecular mass as a
consequence of the presence of the Rsc3p/Rsc30p dimer. Indeed, both RsclpTAP and
Rsc3pTAP, reproducibly co-fractionated and migrated at a higher molecular mass than
Rsc2pTAP (Figure 3B). SthlpTAP co-eluted with both RsclpTAP and Rsc2pTAP (Figure
3B), consistent with it being an integral component of both complexes. As previously
reported 32, we also observed full length and truncated forms of Rsc3pTAP outside the
RSC-containing fractions (Figure 3A, 3B). However, only the full-length form of
Rsc3pTAP (20-40% of total Rsc3p) associated with RSC (Figure 3A and 3B). Taken
together, these results demonstrate that the two prevalent, chromatographically
distinct, RSC complexes reported by Cairns et al. 7'33, consist of a large core of
common subunits complemented by either Rsc2p (80-90% of total RSC) or
Rsclp/Rsc3p/Rsc30p (10-20%). The difference

in abundance between these

complexes is reflected by the lower relative emPAI scores for Rsclp, Rsc3p and
Rsc30p in our RSC purifications (Table 2, Supplemental Table 2A).

RSC COMPOSITIONFLUCTUATES DURING THE CELL CYCLE

STH1 was originally identified as a cell division cycle gene ' 7 and subsequent
genetic experiments have shown that RSC is required for progression through mitosis
17,32,74 j

0

jgggjg j 1 0 W these genetically assigned functions relate to the composition of

RSC, we determined its molecular composition as a function of cell cycle progression.
To this end, yeast strains were generated that harbor a TAP-tag allele of the central
RSC ATPase STH1 combined to one of the cell division cycle alleles cdc45'd [Sphase], Pgai.:SWEl [G2/M], cdc2(îd [metaphase-anaphase], cdclS"1 [telophase], or
STHl'{P MATa cells were arrested in Gl with α-pheromone [Gl]. Sthlp

TAP

was

purified from these synchronized cells (Supplemental Figure 2) and complex
composition was visualized by silver staining (Figure 3C). Whereas the association of
most subunits with Sthlp T A P appeared to be constant throughout the cell cycle, we
observed a reduction in the level of the Rsc3p/Rsc30p band in S-phase (Figure 3C).
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Normalized emPAl value (#pep)
Subunit i.i
Sth1p(1359)
Rsclp (928)
Rsc2p (889)
Rsc3p (885)
Rsc30p (883)
Rsc4p (625)
Rsc9p(581)
Rsc8p(557)
Rsc58p (502)
Rsc6p (483)
Arp7p (477)
Arp9p (467)
Npl6p(435)
Sfh1p(426)
Ldb7p(180)
Rtt102p(157)
Htl1p(78)

BSCT"'
1.3(42)
0.2(10)
0.0(0)
1.0(24)
0.1 (4)
0.8(14)
0.9(16)
6.5(34)
1.4(18)
0.9(15)
0.8(11)
2.3(18)
1.8(17)
0.7(7)
0.4(2)
0.9(5)
5.4 (6)

«SM™'
0.8(41)
0.0 (0)
0.6 (28)
0.0(1)
0.0(1)
0.7(17)
0.8(20)
3.8 (33)
1-3(22)
0.8(17)
0.7(11)
13(17)
1.0(19)
0.2 (6)
0.0 (0)
0.2 (4)
2.6 (5)

Rsca™·
1.6(64)
0.4(24)
0.0(1)
3.S (42)
0.2(14)
0.4(16)
0.9 (23)
2.9(36)
1.2(25)
0.9(19)
1.3(22)
3.1 (23)
1.9(25)
0.6(11)
0.3 (3)
0.5 (6)
6.1 (8)

Asyn
1.2(63)
0.1(13)
0.3 (29)
0.2(19)
0.1 (9)
0.4(17)
0.8 (24)
3.2 (39)
1.4(26)
0.8(21)
0.7(16)
1.5(21)
1.2(26)
0.5(11)
0.0(0)
0.5 (8)
6.1 (6)

Gl
1.6(55)
0.1 (9)
0.5 (25)
0.1 (9)
0.1 (6)
0.3(11)
0.7 (20)
3.5 (30)
1.4(22)
0.9(18)
1.0(16)
1.2(16)
4.4(23)
0.5 (8)
0.2 (2)
1.6(8)
4.4 (5)

S
2.0(44)
0.0(1)
0.2 (8)
0.0 (0)
0.0 (0)
0.4 (8)
0.8(13)
3.0(25)
1.0(12)
1.1(14)
1.3(12)
1.4(12)
1.3(14)
0.8 (9)
0.0 (0)
0.7(5)
2.6(3)

G2/M
1.0(45)
0.3(15)
0.6 (25)
0.3 (16)
0.1 (6)
0.7(18)
0.5(16)
3.1 (30)
1.4(22)
1.1 (17)
0.5 (9)
1.5(15)
2.6 (23)
0.8(10)
0.3 (3)
0.8 (6)
4.6(6)

Meta
1.6(41)
0.1 (3)
0.6(16)
03(8)
0.0 (0)
0.4 (7)
1.1(13)
1.9(18)
1.0(14)
0.8(10)
0.9(10)
0.8 (8)
1.0(12)
0.1 (2)
0.0 (0)
0.9 (S)
3.1 (4)

Telo
1.8(54)
0.1 (9)
0.5 (23)
0.2(12)
0.1 (4)
0.6(15)
0.7(16)
2.9(26)
0.9(15)
1.4(21)
0.7(13)
0.6(11)
1.4(17)
0.3 (7)
0.0(0)
0.6(6)
1.8(4)

Table 2: LC-MS/MS analysis of RSC purifications
Purifications and LC-MS/MS analyses were performed as described (see Materials and Methods). Data
are represented as the exponentially modified peptide abundance index (emPAl 52 ), normalized to the averaged
values for Rsc6p, Rsc9p and RscSSp. For each protein, the number of unique peptides is also indicated Cell cycle
staged purifications were performed using Sth1 pTAP.

To further substantiate these observations, LC-MS/MS measurements were
performed on comparable amounts of RSC purified from each cell cycle phase. LCMS/MS analysis of the S-phase RSC complex yielded very low emPAl scores and
peptide numbers for Rsc3p, Rsc30p and for Rsclp (Table 2, Supplemental Table 2B).
This indicates that Rsclp, Rsc3p and Rsc30p do not associate with SthlpTAP in Sphase.
To extend this observation, we analyzed the cellular levels of Sthlp, Rsclp,
Rsc2p and Rsc3p in synchronously cycling cells. Cells were synchronized in Glphase using a-pheromone, and upon release into the cell cycle, aliquots were
collected every 10 minutes (Figure 3D). Interestingly, the RSC3TAP strain showed a 10
minute delay relative to the other RSCf

strains, perhaps indicating a subtle defect in

Gl/S progression (Figure 3D). Western blot analysis showed that the levels of Sthlp,
Rsclp and Rsc2p remained constant during S-phase (Figure 3D). In contrast, a
decrease in Rsc3p levels was evident during a 10-20 minute interval encompassing Sphase, arguing that Rsc3p is absent at this point of the cell cycle (Figure 3D). S-phase
cell extracts did not reveal reduced Rsclp levels (Figure 3D), even though LCMS/MS data indicated that Rsclp did not associate with SthlpTAP in cells arrested by
depletion of Cdc45p (Table 2). To assess whether Rsclp dissociates from RSC in Sphase, extracts from RsclpTAP bearing strains (Figure 3D, 30 minutes) were subjected
to gel filtration chromatography. Unexpectedly, Rsclp remained associated with a
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high molecular weight complex during S-phase (data not shown). One possible
explanation for this apparent discrepancy could be that in S-phase the Rsclp
containing complexes lack full length Sthlp and are therefore not purified with
SthlpTAP. Alternatively, prolonged arrest (4h) in S-phase may have resulted in
dissociation of Rsclp from SthlpTAP bearing complexes. Nevertheless, our
observations strongly argue for the existence of two prevalent RSC isoforms
containing either Rsc2p or Rsclp/Rsc3p/Rsc30p, of which the latter does not persist
during S-phase.

RSC ASSOCIATED HISTONE POST-TRANSLATIONAL MODIFICATION PATTERNS

RSC reproducibly co-purified high levels of core histones (30% average
sequence coverage in any RSC purification, Table 1, Figure 1C, Supplemental Table
2A). As RSC contains various chromatin anchoring modules, of which its 7
bromodomains (of 15 bromodomains present in the yeast proteome) are the most
notable, we wished to determine the post-translational modifications imprinted on
histones that co-purified with RSC. Histone sequence coverage obtained by
cumulating LC-MS/MS results from 13 TAP-tagged subunits ranged from 78.5%
(H4) to 100% (H2A) and most peptides were identified several times (Figure 4).
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Figure 4 A RSC complex associated histone code
The yeast core histone sequences are represented by Hta1p (H2A), Htblp (H2B), Hhtlp (H3) and Hhflp (H3) The
sequence elements that were identified by LC-US/MS are shown in gray and overall percentage of coverage is as indicated LCMS/MS data of all RSC punficabons was pooled and the different (combinabons of) modifications idenbfied in any of the RSC
purifications are as indicated The accompanying spectra refer to the histone modifications as indicated m roman letters Detailed
mass spectrometry charactensbcs for the modified peptades and their provenance are provided in Supplemental Table 3A
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Searches for post-translational modifications revealed independent histone
acetylation marks (H4K8, H2AK7, H2BK11, H2BK16, H2BK17, H3K27, H3K56) as
well as several doubly acetylated peptides on histones H3 (K9-K14, K18-K23) and
H4 (K12-K16) (Figure 4 and Supplemental Table 3A). Besides acetylation, the only
modifications observed were dimethylation of H3K36 and of H3K.79. These
modifications are hallmarks of transcribed open reading frames and elongating RNA
polymerases II

75

, and therefore support the notion that the role for RSC in

transcriptional regulation extends beyond promoter functions.

DISCUSSION

The S. cerevisiae RSC complex is an evolutionary conserved SWI/SNF-type
chromatin remodeling complex that harbors seventeen subunits of which twelve are
essential for viability. Yeast SWI/SNF and RSC show a high degree of structural
conservation as indicated by the fact that three subunits are shared by SWI/SNF and
RSC, and that five RSC subunits are paralogs of SWI/SNF subunits. However, it
remains unclear whether the Snf2p and Sthlp paralogs in yeast and the BRM and
Brgl paralogs in humans represent true respective orthologs or whether independent
gene duplication events in the fungal and animal lineages resulted in the generation of
separate sets of paralogous subunits with different functional specialization.
In the present study, we report results of a thorough proteomic analysis of S
cerevisiae RSC, achieved though systematic TAP-tag purification of RSC subunits.
Our data strongly argues for the co-existence of two distinct RSC complexes in yeast.
These RSC isoforms consist of a common core of 13 subunits that is complemented
by Rsc2p or by Rsclp, Rsc3p and Rsc30p. Whereas the level of the Rsc2p complex
remains constant during the cell cycle, the Rsclp/Rsc3p/Rsc30p containing RSC
complex fluctuates in abundance as a function of cell cycle progression. Specifically,
we find that Rsc3p is depleted during S-phase, arguing that this subunit plays an
important, cell cycle-phase-specific role.
We investigated the chromosomal localization of both RSC isoforms and
found them to be enriched at the same loci (Supplemental Figure 3), consistent with
previous observations

25

. Furthermore, in asynchronous cell populations, neither

complex appeared to display a preference for centromeres, the cw-acting STB element
of the 2 micron plasmid, a reported cohesin binding site (ChrV556), early and late
firing replication forks or tRNA genes (Supplemental Figure 3). These observations
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argue that the Rsclp and Rsc2p complexes are intimately connected despite their
molecular differences.
To gain further insight into the physiological roles of RSC, we wired a RSC
interactome. We confirm previous notions that the non-essential factors Ldb7
38

Npl6p , Htllp

37

42

,

29 36

and Rttl02p ' associate with RSC and show that the former three

are RSC-specific subunits, while Rttl02p is also part of the SWI/SNF complex
(Supplemental Table 2A). Aside from the integral RSC subunits, the RSC interactome
wired here provides several insights into RSC function. The HMG-domain protein
Abf2p is an established mitochrondrial DNA binding protein and is as such
predominantly mitochrondrial, although a fraction is thought to be nuclear

and we

and others have observed interactions of Abf2p with various proteins involved in
nucleosome dynamics 4 5 . Various chromatin remodeling complexes contain HMGdomain proteins 7 7 or function in concert with such proteins 7 8 , and our suggest that
the functional interaction between chromatin remodelers and HMG-domain proteins
extends to Abf2p and possibly Hmolp 4 6 , A 7 .
The recently published global TAP-tag data sets of Gavin et al. 46 and Krogan
et al

47

, reveal 127 and 61 proteins assigned to 12 and 19 computationally derived

'complexes' respectively that interact with RSC subunits. Our set of 118 putative RSC
interactors unambiguously

identified

in at least

one TAP-tag purification

(Supplemental Table 2A) shares 20 and 8 factors with the Gavin et al. 46 and the
Krogan et al. 41 sets respectively, while the latter two data sets share only 4 factors
(histones H2B and H4, Hmolp and Reblp). Overlaying our set of 28 RSC interactors
that co-purified with at least 3 different RSC subunits (Table 1) with the data of Gavin
et al. 4 6 revealed many similarities. For instance, Gavin et al.

46

found Abf2p and

Stmlp to associate with RSC subunits as well as core histones and seven complexes
defined by Gavin et al. harbor both Abf2p and RSC subunits (Figure 5). Furthermore,
there are five complexes described by Gavin et al.

4

that share Tubi ρ or Tub2p and

Samlp or Sam2p, and some of these make contacts with the 19S regulatory particle
(Figure 5), all factors we identified as likely or confirmed RSC interactors (Table 1 )
that may link chromatin remodeling to microtubules and unexpected aspects of
methionine metabolism 7 9 ' 8 0 . Altogether, mapping the 28 RSC interactors listed on
Table 1 onto the complexes identified by Gavin et al. ^ reveals 28 protein
'complexes' that were connected to at least two of our RSC interactors (Figure 5).
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Figure 5: Correspondence between potential RSC interactors defined here and the genome-wide yeast protein
complexes defined by Gavin ef al.
To visualize the correspondence between the RSC interactome shown in Table 1 and the yeast protein
'complexes' defined by Gavin ei al m, we began by collapsing the 17 integral RSC subunits into a single node {large
green node - RSC; comparable to Gavin ei al complex 428), Next, the 28 interactors we defined (blue nodes, see
text) were mapped onto the 491 'complexes' defined by Gavin ef al "3. Twenty-eight out of the 491 complexes harbor
2 or more of the 28 RSC interactors and of those, 11 also harbor integral RSC subunits (green nodes) and 17 do not
(red nodes). Note that Gavin complex 213 [Ade5, 7, Rebl; Topi, Npl6; Rps3; Rps4b; Rps5; Rsc2; RscS] is the only
one of twelve 'complexes' to harbor integral RSC subunits that does not harbor one of the potential RSC interactors
listed on Table 1. Complex numbering and naming are as assigned by Gavin ef al * and, where shown, protein
module numbers * are between brackets.

RSC physically associates with the proteasome in our experiments and indirect
links between RSC and the 19S proteasome regulatory particle were also reported by
Krogan et al. 47 and Gavin et al. 46. It will be of interest to determine whether this
reflects proteasomal degradation of RSC subunits or a functional interaction with
respect to transcription or DNA damage response 8 '. Additionally, our interactome
contained various proteins implicated in mRNA biogenesis and nucleocytoplasmic
shuttling (Nsplp

82

, Mktlp

83

and Yralp

84 85

· ), which could relate to

nucleocytoplasmic transport defects induced by mutant alleles of several RSC
subunits 24 · 86 .
We found that RSC reproducibly co-purifled high levels of core histones
(Figure 1C, Table 1, Supplemental Table 2A). Analysis of the post-translational
modifications of these histones revealed single acetylation marks and several doubly
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acetylated peptides on histones H3 and H4 (Figure 4, Supplemental Table 3A). These
may provide insight in the targeting mechanism of the RSC chromatin remodeling
complex since RSC contains 3 tandem bromodomain-containing subunits (Rsclp,
Rsc2p and Rsc4p) that may be capable of recognizing such tandem modifications,
much as reported for Tail ρ 87 . Consistent with this hypothesis, it was recently shown
that promoter-proximal nucleosomes of loci enriched with RSC
acetylated on H3K9, H3K14 and H4K12

88

25

were hyper-

and that Rsc4p bromodomains bind

4I

H3K14AC in vitro , all being acetylated residues that we identified on histones that
co-purified with RSC subunits (Figure 4, Supplemental Table 3A). Additionally,
acetylation of H3K.56 was shown to be linked to recruitment of SWI/SNF subunits to
histone loci 89 . SWI/SNF contains a single bromodomain, located at the extreme Cterminus of the Sthlp paralog, Snf2p. The fact that we also co-purified the H3K56Ac
modification with RSC could be taken to suggest that this modification is a ligand for
the Sthlp and Snf2p C-terminal bromodomains. With the possible exceptions of
H3K14AC

90

, H3K56AC

89 91 92

· ·

and H2BK17Ac (to our knowledge novel), all

acetylation sites on histones associated with RSC are attributable to activities of the
histone acetylases Gcn5p and Esalp 3 ' 9 1 . In support for the functional link between
RSC and histone acetylation that is suggested by the above histone post-translational
modification profile, it has previously been shown that bromodomain mutations in
Rsc4p are lethal when GCN5 is knocked-out4I.
Besides acetylation, the only other histone modifications we observed are
dimethylation of H3K36 and of H3K79. Both modifications are hallmarks of
transcribed open reading frames and elongating RNA polymerases II

75

and this

further supports the notion that the role for RSC in transcriptional regulation extends
beyond promoter functions. We note that 25 additional histone modifications were
identified in acid extracted yeast histone preparations (A. Cohen and A. Özdemir,
unpublished data) and that we observed phosphorylation, acetylation and methylation
of RSC subunits in our preparations (Supplemental Table 3B), arguing that the histone
post-translational modifications we find associated with RSC are unlikely to reflects
mass spectrometry bias.
In conclusion, we provide here a high-quality proteomic analysis of the yeast
RSC complex that indicates the co-existence of 2 RSC isoforms that consist of 14 and
16 subunits that are differentially regulated during the cell cycle. The chief RSC
interactors were histones, suggesting that RSC exerts its cellular functions
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preponderantly through interactions with nucleosomes. Several histone modifications
were identified that may be involved in RSC targeting. Furthermore, RSC itself
appears to be extensively modified at the post translational level, including 22
acetylated- and 2 methylated lysines as well as 15 phosphorylated residues (11
serines, 3 threonines and 1 tyrosine), distributed over 13 subunits (Supplemental
Table 3B, Supplemental Figure 4). As none of the 28 RSC interactors we defined here
have been reported to be acetyltransferases or kinases, other experimental strategies
will have to be applied to identify the enzymes that modify RSC subunits. The
proteomic analysis described here thus provides multiple molecular handles to further
dissect the physiological roles of RSC.
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Supplemental figure 1 : Peptide and protein identification by Mascot searches
Peptide and protein identification by Mascot searches of the NCBIyeast database supplemented with contaminant
proteins (6298 entries) were validated by negative control searches using a reversed C-N protein sequence database
(6298 entries) for tandem mass spectrometry data obtained from two mass spectrometers, respectively QSTAR (ABI/Sdex
MDS) and LTQ-FT (Thermo Electron)

Mascot search parameters for protein identification specified an initial mass

tolerance of 20 ppm (LTQ-FT dataset) or 0 2 Da (QSTAR dataset) for the parental peptide and 0 8 Da (LTQ-FT) or 0 2Da
(QSTAR) for fragmentation spectra and a trypsin enzyme specificity allowing up to 3 misdeaved sites
Carbamidomethylation of cysteines was spedfled as a fixed modification, and oxidation of methionines, deamidation of
glutamine or asparagine, and acetylation of lysine were set as variable modifications. A final mass tolerance for the
parental peptide was determined at 6 ppm for the LTQ-FT dataset and 90 ppm for the QSTAR dataset

Only multiple

charged peptides with precursor masses greater than 350 were considered in the subsequent validation analysis.
A & B. Supplemental Figure 1 A and Β show the Mascot peptide score distribution for the normal and the reverse
database search with data from both mass spectrometers. Mascot scores were binned Into groups with bin sizes of 1. The
number of highest scoring unique peptide per protein per LC-MS run was summed for all Mascot score groups and plotted
versus all score groups. Identical peptide sequences identified by the normal and the reverse search were exduded from
these plots False-positive rates of peptides per Mascot score group were calculated as the ratio between the number of
peptides identified by normal search and the reverse database search. A minimal false-positive rate of 40 % was set for
both mass spectrometers, resulting in a minimal score of 19 and 23, respectively for the LTQ-FT and QSTAR instrument.
C & D. Supplemental Figure 1C and D illustrate the validation of protein Identifications

Identified proteins were

divided into groups by the number of validated unique peptides per protein along the x-axis. The number of proteins per
group was counted for the entire dataset and plotted against the y-axis

Both figures show bars in blue for the normal

search and bars in pink for the reverse database search. False positive proteins do not show up in proteins identified by 3
or more peptides for both mass spectrometers. False-positive identifications for proteins identified by 2 peptides was
absent after raising the cut-off peptide score to 35 and 28, respectively for the LTQ-FT and QSTAR dataset and exduding
all modified peptides from the data subset. A false-positive rate of 2.1 % was obtained for proteins identified by 1
unmodified peptide with a peptide cut-off score of 40, and a Mascot peptide delta score of 10 for datasets obtained from
both mass spectrometers
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cdc2
cdc15 , d

Supplemental figure 2: Cell synchronization using genetic and chemical tools
ΤΛΡ

Cells containing an 5ΤΗ1

allele, as well as any of the indicated conditional cell cyde alleles (left

panel), were synchronized as described in materials and methods. Synchronization was verified by analyzing
DNA content using flow cytometry analysis

RSC complexes purified from these synchronized cultures are

shown in Figure 3C and Table 2,
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Supplemental figure 3 The two RSC isoforms associate with the same loci
A Association of Sth1pTAP (white bars), Rsc1pT'
assessed with various structural loci Occupancy is presented as fold over the average of three negatives, I.e. the ORF-free region
on chromosome I (positioned between YAR053W and V^ROSOC (25), the CLB5 open reading frame and the FUR4 promoter, that
have background levels of RSC association (25)).

Typically, recovery ranged between 0.1% - 0.3% of input for the CLS5

promoter.
Β Sth1pTAP (white bars), Rsc1pTAP (light-gray bars), Rsc2pTAP (dark-gray bars) and Rsc3pTAP (black bars) occupancy was
assessed on the 19 indicated gene promoters as in panel A

Supplemental Table 4. Post-translation a! modiications on RSC subunits
Phosphorytatìon

Ship

R.C2P
Rsc30p

351 crS52
S329
S1045
T1111
S1156
S882
SI 52

Rsc4p
RsOp
RscSp

S485

RscSSp
RscSp

Sfhlp
Ldb7p
RK102p

MeHivlaäon

T303

T245
S2
βββ
S37J
S378

Supplemental

Table

4:

Post-translational

modifications on RSC subunits.
Post-translational

modifications

on

RSC subunits, identified by LC-MS/MS analysis.
On occasions where the exact residue of

K784
K142
K201

Κ386(M)

Κ49β
K528

Κ388 (Τ)

modification

could

not

be

determined

unambiguously by LC-MS/MS analysis, multiple
putative sites are indicated (e.g. phosphorylation
of Sthlp on S51 or S52)

K493
Κ54β

T: trimethylation

K9
Κ211

Αφ7ρ
ArpSp
Nptep

Acetylatfon
K106
Κ15β

M: monomethylation;

Detailed mass spectrometry

characteristics for the modified peptides are

Κ63
Κ305
Κ415

provided in Supplemental Table 3B.

Κ241
Κ227
Κ17
Κ1(Η
Κ199
Κ241
Κ376

S182
Υ8ΟΓΥ9

Κ51
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Reverse genetic analysis of the yeast RSC chromatin remodeler
reveals roles for RSC3 and SNF5 homologue 1 in ploidy maintenance
Coen Campsteijn, Anne-Mane J Wijnands-Collm, Colin Logie
Molecular Biology Department, Nijmegen Centre for Molecular Life Sciences,
Radboud University Nijmegen, The Netherlands
Abbreviations: CFU, colony-forming unit, HU, hydroxurea, ORF, open readmg
frame, RSC, remodels the structure of chromatin, SWI/SNF, mating type switching
deficient/sucrose non-fermenting
* To whom correspondence should be addressed E-mail c logie@ncmls ru nl

ABSTRACT

The yeast "remodels the structure of chromatin" (RSC) complex is a multisubunit

"switching

deficient/sucrose

non-fermenting"

type

ATP-dependent

nucleosome remodeler, with human counterparts that are well-established tumor
suppressors Using temperature-inducible degron fusions of all the essential RSC
subumts, we set out to map RSC requirement as a function of the mitotic cell cycle
We found that RSC executes essential functions during Gl, G2, and mitosis
Remarkably, we observed a doubling of chromosome complements when degron
alleles of the RSC subunit SFH1, the yeast hSNF5 tumor suppressor orthologue, and
RSC3 were combined The requirement for simultaneous deregulation of SFH1 and
RSC3 to induce these ploidy shifts was eliminated by knockout of the S-phase cyclin
CLB5 and by transient depletion of replication origin licensing factor Cdc6p Further,
combination of the degron alleles ofSFHl and RSC3, with deletion alleles of each of
the nme Cdc28/Cdkl-associated cyclins, revealed a strong and specific genetic
interaction between the S-phase cyclin genes CLB5 and RSC3, indicating a role for
Rsc3p in proper S-phase regulation Taken together, our results implicate RSC in
regulation of the Gl/S-phase transition and establish a hitherto unanticipated role for
RSC-mediated chromatin remodeling in ploidy maintenance
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INTRODUCTION

Maintenance of ploidy is crucial for sexual reproduction in eukaryotes because
the ploidy changes that take place during gametogenesis require two identical
chromosome complements. Polyploid plant, insect, amphibian, and mammalian
species have been documented, and various forms of somatic polyploidy have been
described, including mammalian hepatocytes, megakaryocytes, and trophoblasts,
insect oocyte nurse cells, and plant endosperm 1'3. At the cellular level, polyploidy
usually represents a highly differentiated state, with increased cell size and elevated
metabolic activity. To become polyploid, cells enter a process called endocycling.
This usually commences by aborting the mitotic cycle anywhere between G2
(endoreduplication) and cytokinesis (endomitosis), followed by replication 2"4.
Depending on the timing of mitotic exit, cells have multiple chromosome sets
contained within a single nucleus or they become multi-nucleate.
Factors known to drive the switch between mitotic cycling and endocycling
include S-phase cyclin-Cdk complexes and their regulators 3 · 5 , as well as the
replication origin licensing factors Cdc6, Cdtl, and geminin 6"9. Such specialized cellcycle transitions can involve switching between expression of protein isoforms, as
reported for cyclin D variants in mammalian trophoblasts 10, or they can be restricted
to a variation in oscillation of gene expression, as observed for cyclin E in Drosophila
nurse nuclei 3. Finally, mutation in multiple components of the yeast spindle pole
body (Msplp, Msp2p, Moblp, Cdc31p, Ndclp, Karlp), the fungal centrosome, have
been reported to result in numerical chromosome doubling events in yeast11'15.
In order to remodel chromosomes, eukaryotes have evolved multi-subunit
protein complexes that can alter chromatin structure covalently, by modifying
nucleosomes 16'17, or mechanically, via ATP-dependent chromatin remodeling (SNF2type ATPases) l8'19. Within the latter class, the SW12/SNF2 enzymes are represented
in yeast by the Sthlp and Swi2p/Snf2p ATPases that reside in the related multisubunit complexes "remodels the structure of chromatin" (RSC) 20 and mating type
"switching deficient/sucrose non-fermenting (SWI/SNF)21'22), respectively. RSC and
SWI/SNF complexes are structurally related, sharing three subunits and harboring five
paralogs 23'24. Despite their extensive structural homology, dysfunction of various
essential RSC components cannot be compensated for by overexpression of SWI/SNF
paralogs, arguing that protein motifs that mediate complex assembly and function
differ

20 25

' . Furthermore, genetic evidence indicates that SWI/SNF and RSC differ
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fundamentally with respect to interaction with chromatin since histone and SPT6
mutations that suppress snf2A mutants actually enhance conditional sthJ'
mutant phenotypes
To date, genetic and molecular analyses have implicated RSC in a variety of
biological processes including chromosome cohesion and transmission, DNA repair,
and transcriptional regulation 27 " 35 . In addition, RSC interacts with a PKC pathway
that impinges on cell polarity through Bimlp, a microtubule-associating protein that
ensures spindle pole body asymmetry through Kar9p 36 ' 37 .
To address fundamental questions with respect to RSC function, we analyzed
generic degron alleles of essential RSC subunits. Here, we report that RSC executes
essential functions in Gl, G2, and mitosis. Strikingly, integral ploidy shifts occurred
when degron alleles of the yeast hSNF5 tumor suppressor orthologue SFH1 3 , ' 3 9 and
the cell cycle-regulated RSC3 subunits were combined. Combination of the sfhl"1 and
rscS"1 alleles with cyclin deletion alleles revealed a strong genetic interaction between
the S-phase cyclin gene CLB5 and RSC3, indicating a role for Rsc3p in proper Sphase regulation. Furthermore, impairing rereplication control mediated by Clb5p and
the replication origin licensing factor Cdc6p eliminated the requirement for
concomitant deregulation ofSFHl and of RSC3 to induce ploidy doubling events. Our
data implicate RSC in regulation of the Gl/S-phase transition and establish an
unanticipated role for RSC-mediated chromatin remodeling in ploidy maintenance.

RESULTS
GENERATION OF CONDITIONAL ALLELES OF ALL ESSENTIAL RSC

COMPLEX SPECIFIC

SUBUNITS

In order to investigate the role of RSC in cellular physiology, we utilized an
inducible protein degradation system based on fusion of an N-terminal heat-inducible
40

ubiquitin ligase-target peptide ("degron") to the open reading frames (ORFs) of all
essential RSC-specific subunits. This included replacement of the endogenous
promoters by the Ρίΐφι promoter, resulting in Cu2+ driven transcription of the rsc"1
alleles. The system also included integration of the Pgaii-io promoter at the UBR1
locus which encodes the N-end rule E3 ligase Ubrlp that recognizes the N-terminal
arginine residue of the degron fusions

. This permits suppression of degron fusion

degradation by growing cells in glucose media, which represses the Pgai/./o promoter,
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Figure 1. Conditional Depletion of RSC Subunits
Terminally Arrests Cells at Multiple Stages of the Cell
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(A) Characterization of yeast strains bearing degron
alleles of RSC subunits. Strains were cultured in
galactose media at 25 "C (left panel, top lanes) or 37

sth1

"'\37

„«w><Ί25
»III
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and a 10-fold serial dilution was spotted onto rich ree« | 3 7
medium and incubated for 3 d at 25 °C (left panel; see „,,.«™ 1 2 5
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Materials and Methods). In parallel, aliquots were
,,,
rsc9"\l 3 7
taken following depletion and analyzed for DNA
content by flow cytometry (right panel). For a more ' • c W
complete set of strains, see Figure S2.
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(B) Growth curves under nonpermissive conditions of

«ftffl*·

I—L

_••_

several strains used in (A) "1—ι , Wild type; "WT,

rscS^b?
Sth1u'\25

251C Galactose

M

sthl"; • B h , sfhl": " • " , recS"; " # - ,rec4 ;" B " ,
rscë*; " A " , rscaf: -~àr, rscSä"; " • - , rsc8"

(C) Cells were shifted from YEP-glucose medium supplemented with 0.1 mM CuSd at 25 °C to YEP-galactose
supplemented with 0.1 mM CuSCi at 25 °C, and 10-fold dilutions were spotted after 0 or 16 h onto glucose containing
plates with 0.1 mM CuSCiand incubated at 25 °C. All strains displayed in this figure contain the P^UBRI

allele.

and allows priming of degron-fusion degradation by pre-growing cells in galactose
media at 25 °C. Thus, this system permits heat shock-induced, polyubiquitinmediated degradation of existing cellular protein fusions 41.
Cells expressing degron alleles of the essential RSC subunits (rscS"1, rsc^,
rsc(>d, rscS"1, rscÇ"1, rscSS"1, sfltl"1, and sthl ) as sole source of that subunit grew at
rates comparable to wild-type strains when cultured in glucose at 25 0C, indicating
that the degron fusions were functional (unpublished data). Upon induction of
ubiquitin ligase Ubrlp expression at 25 °C by galactose, rscS"1 strains (but none of the
other RSC degron strains) arrested growth, and colony formation was strongly
diminished (Figure 1A and 1C). This indicates that Rsc3p is exquisitely sensitive
amongst RSC subunits to the presence of the N-terminal degron.
Following incubation of rsc' strains in galactose at 37 0C, growth arrest
ensued for all subunits within 7>-A h (Figure IB). Western blot analysis indicated that
degron fusions were depleted to non-detectable levels within 2 h (Figure SI and
unpublished data) and SthlpTAP level also decreased (Figure SI), indicating impaired
complex integrity. Flow cytometry analysis of cellular DNA content revealed G2/M
cell-cycle arrests in rsc^, rscó"1, rsc$d, and sflil"* strains (Figures 1A and S2). sthl"*
strains gave variable results, usually yielding almost exclusively G2/M cells, though
occasionally significant levels of Gl-blocked cells were observed. In contrast, both
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Figure 2. RSC Is Essential during G1
The MatA. Ρ,* UBR1, sthl".

rscg". rec8" strain

{YN286) was synchronized in G1 by incubation in o-5h

Oh

n-pheromone
arrest cells

release cells

Cells seeded out
62501250 250 50

10

pheromone (10 ng/ml final) as indicated in the time line

2 days
photo

(top

panel).

Incubations

at

permissive

and

nonpermissive temperatures are represented by green
3 7 t OUTPUT

a n d

^

''ri®5· respectively The α-pheromone was

washed out after 5 h and aliquots of cells were shifted
from the master culture to 37 °C for 3 h periods as
indicated (top panel), CPUs were visualized by seeding
5-fold serial dilutions onto YEP-glucose + CuSCU plates
followed by incubation at 25 °C for 3 d. DNA content was
determined by FACS analysis FACS samples were also
taken after 5 h at 37 °C and gave identical profiles as the
3-h samples, indicating that terminal cell-cycle arrests
had been reached after 3 h at 37 °C (unpublished data)
The "pre" and "post" samples show viability in the 25 °C
master culture before and after the experiment,
respectively

Gl- and G2/M-arrested cells were invariably observed in rscS"1, rsc58Îd, and rsc3'd
strains. Importantly, every combination of RSC degrons that was tested induced both
Gl and G2/M arrests (Figures 1A and S2).
Irreversible lethal effects, observed as a decrease in colony-forming units
(CPUs) upon seeding-out onto 2% glucose plates and incubation at 25 "C, were more
pronounced and occurred earlier in the 37 0C time course in rsctfd and rscSS1 strains,
as well as in strains harboring multiple RSC degron fusions (Figure 1A). In the
extreme case of the r.scö"' rscS"1 sthl"1 triple degron strain, less than 1% CPUs
remained after 3 h of heat shock (Figure 1A), while equivalent fractions of pre- (1C)
and post-replicative (2C) cells were observed.
Altogether, these data suggest that the cell-cycle phase of arrest correlates with
the kinetics of RSC complex inactivation, with G2/M cells being more sensitive to
RSC inactivation than Gl cells since G2/M cells accumulate when RSC function is
least impaired, as assayed by cell survival.

RSC is ESSENTIAL IN THE Gl-PHASE OF THE CELL CYCLE

As no essential role has previously been described for RSC during G I, we
wished to determine whether the Gl arrest we observed upon RSC depletion (Figures
1A and S2) resulted from functional failure in the course of the preceding cell cycle or
whether this reflected a genuine essential function for RSC during Gl. To this end,
the triple rsc6'd, rsc8!d, sthl"1 degron combination, which conveyed >99% lethality
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within 3 h of heat shock (Figure

Genotype
Frequency

sfhix.rsd"1 1 A )>

SFH,,KSC3 sfh^.Rsc} , sm,™^

Observed

ν

30

3i

o

Expected if no SL

38

38

38

38

Expected if SL

38

38

MAINTENANCE

38

o

Table 1: Synthetic Lethality between rscef and sfhl"
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boost at -2.5 h). Release into the
auxotrophic markers. SL, synthetic lethality.

cell

cycle

was

achieved

by

removal of pheromone (0 h). Aliquots of synchronized cells were taken at 30 min
intervals and incubated for 3 h periods at 37 °C so as to deplete RSC from cells
traversing consecutive stages of the cell cycle synchronously. After 3 h at 37 0 C,
cellular DNA content was determined and cells were seeded-out onto permissive
plates to determine viability levels by colony formation (Figure 2). RSC inactivation
in synchronized cells proved lethal for >95% of the cells in every case (Figure 2), and
RSC inactivation resulted in homogeneous Gl and G2/M arrests, depending on the
time when heat shock was applied (Figure 2).
We conclude that RSC executes essential functions in Gl in addition to its
essential roles in G2/M. As we did not observe cells arrested in the process of DNA
replication (corresponding to the 0.5 h to 3.5 h time point), our experiments suggest
that RSC activity is not required per se for chromosome replication. However, we
cannot exclude the possibility that a small portion of the genome failed to be
replicated upon RSC depletion (Figure 2, 0.5 h to 3 h time point).
SFHl'" AND RSC3ln TOGETHER INDUCE SINGLE ROUNDS OF PLOIDY DOUBLINGS
The above analyses indicated that RSC performs crucial functions during
mitosis, Gl, and G2, and they implicate RSC in proper cell-cycle progression. This
perception was further strengthened in the process of generating yeast strains
harboring combinations of degron alleles of essential RSC subunits. Whereas most
diploid strains heterozygous for two or three degron alleles produced >80% viable
spores, diploid strains heterozygous for sfhl"* and rscS"1 and homozygous for
Pgai.-.UBRl yielded less than 10% viable spores (Table SI). This dominant meioticlethal phenotype was not due to aberrant ploidy of the parental strains, as both haploid
i

rsc3" and sflil"* strains displayed the expected haploid DNA contents (Figure 1A).
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Figure 3. Post-Meiobc and Mitotic Ploidy Doubling of
sflii", rsc3" Cells
(A) FACS analysis of the DNA content of the four spores of
a single representative tetrad denved from a SFH1lsfhl",
RSCS/rscJ" RSCgirscSf P,,, UBRIIP,., UBR1 diploid
The genotypes of the spores are SFHi RSC3, RSC9,
Pg., UBR1 (blue), SFH1, RSC3. rscQf P& UBR1 (red),
sfhl", rscf,
rsc9",

RSC9, P^ UBR1 (green), sfhl".

P^ UBR1 (black)

Inset

Light scatter

rscf,
plots

indicating cell sizes
(B) Tetraploid strain (blue) denved from mating of two
endodiploids (black)

For companson, a haploid was

included (red)
(C) FACS analysis of clones generated by transformation
of a rsc3" strain with a sfhl"1 allele Haploid clones are
indicated in red, endodiploids in gray, and tetraploids in
blue

1C 2C
1

1

Furthermore, the sflil" and rscS" strains were able to individually mate with other
haploid rsc'd strains to produce diploids that produced >80% viable spores with the
expected segregation frequencies of heterozygous markers (Table SI).
We tested the involvement of the Pgai::UBRl allele by mating a UBRl, sßil'd
strain to a UBRl, rscS"1 strain. These diploids were fertile (64% viable progeny);
however, none of the surviving progeny harbored both the rsc3' and the, sfhl' degron
alleles (Table 1). This demonstrates that the dominant meiotic-lethal phenotype
displayed by double heterozygous rscflRSCS, sflif/SFHl, Pga,.:UBRl/Pgai::UBRl
diploids was due to repression of UBRl expression. This suggests that RSC and
Ubrlp, or physiological Ubrlp substrates 42, are part of genetic pathways that are
redundant to some extent or that form one large pathway in meiosis.
Interestingly, the dominant meiotic-lethal phenotype of diploids homozygous
for Pgai: UBRl and heterozygous for rsc3ld and sßil"1 could be rescued by inclusion of
a single copy of rsc9"i, but not by inclusion of sthl"1, rsc6d, rsc8d, or rsc58!d alleles
(unpublished data). Remarkably, we observed that every single descendant spore of
the triple heterozygous diploids that bore both the sflil"1 and the rsc3'd alleles gave
rise to large, mono-nucleated cells that had a diploid DNA content, regardless of the
presence of the rsclf allele (>50 tetrads analyzed). The DNA profile of one sflil'd,
rsc3'd non-parental di-type tetrad is shown in Figure 3A. Both progeny that inherited
the rsc3ld and the sflil'd alleles have 2C + 4C DNA contents, while the two other
spores display the 1C + 2C DNA content expected for haploid yeast. The endodiploid
sflil'd, rsc3"i strains responded to mating pheromone (unpublished data) and could
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mate to produce tetraploid strains (4C/8C, Figure 3B). The ploidy shift took place
after meiotic segregation of the chromosomes because inheritance of all the
heterozygous chromosomal loci obeyed the Mendelian 2:2 frequency.
In order to test whether endodiploid strains could be generated independently
of passage through meiosis, we performed endogenous locus replacement experiments
in haploid cells. When UBR1, rsc3'd strains were transformed with vectors to convert
the wild-type SFHl allele to sjhl"*, 10% of the resulting colonies were haploid, 80%
were diploid, and 10% also harbored tetraploid cells (« = 48, Figure 3C and Table 2).
Thus, the endocycle induced by the rsc3"> and sfltl"1 alleles could also occur
independently of meiosis. Transformation of OBRl, sflil"1 haploid strains with the
rscS"1 locus conversion construct yielded fewer endodiploid clones (4%; η = 48, Table
2). This suggests that the presence of rscS"1 primed cells to undergo a ploidy shift, a
fact that may well relate to the sensitivity of rsc3'd strains (but no other rsc'dcontaining strains) to overexpression of the E3 ligase Ubrlp at 25 0 C (Figure 1C).
To assess the role of UBR1 in rscS"1 + sflil"1 mediated ploidy shifts, the above
endogenous locus replacement experiment was also performed in F s a /. UBR1 cells
grown in glucose. Inhibition of UBRl significantly reduced the frequency of observed
ploidy shifts (Table 2), consistent with an ancillary role for Ubrlp in this
phenomenon.
We conclude that together, degron alleles of RSC3 and SFHl disrupt a
facultative cell-cycle process that is crucial to maintain ploidy levels in yeast.
Furthermore, the fact that ploidy shifts only took place once or twice strongly
suggests that a third biological parameter is involved, and that this parameter was
triggered in both the endogenous locus conversion and the meiotic segregation
experiments.
Strain info

Table 2 Ploidy Alterations by Endogenous Locus
Conversion

Strain

Wild type (WT), sfhl", or rscf strains were transformed
with endogenous locus conversion constructs for sfhl"
d

or rsci

and selected for integration of the respectave

alleles Resulting transformants were analyzed for DNA
content by flow cytometry (see Figure 3) and results are

Integrate
d

UBRl

PgaiMRl

1C 2C 4C

1C 2C 4C

WT

sfhl'

700 0

rsc3td

sfhl'"

10

WT

rsc3'd

100 0

0

700 0

0

rsc3'd

96

0

700 0

0

sfhl

td

shown as percentage of colonies analyzed (n = 48)
Experiments were performed using cells expressing
endogenous levels of UBR1 (UBR1) or cells repressing
UBR1 expression (P„i UBR1) as indicated

153

0

80 10
4

700 0
48

0

52 0

CHAPTER 5

RSC

GENETICALLY INTERACTS WITH THE CYCLIN-DEPENDENT KINASE CDC28P/CDK1P

In budding yeast, cell-cycle progression is orchestrated by a single cyclindependent kinase, Cdc28p/Cdklp

43

. As we found RSC to be crucial for passage

through multiple stages of the cell cycle, we wished to assess functional interactions
between RSC and Cdc28p/Cdklp. To this end, we employed a cdc28!d degron allele
40

. Upon Ubrlp overexpression, the cdc2&d allele led to a severe decrease in CPUs.

This phenotype was exacerbated by inclusion of the sthl"1 allele (Figure 4), arguing
that hypomorphic alleles of RSC and Cdc28p/Cdklp genetically interact. This notion
was further substantiated

by the observation that sthl"' cells overexpressing

Saccharomyces cerevisiae WEE1 (SWE1), a tyrosine kinase that controls mitosis entry
by inhibition of Cdc28p/Cdklp activity

43 44

' , were also exquisitely sensitive to

0

overexpression of Ubrlp at 25 C (Figure 4). Together, these synthetic lethal effects
demonstrate that the RSC catalytic ATPase subunit Sthl ρ genetically interacts with
the cyclin-dependent kinase pathway.

SPECIFIC GENETICINTERACTIONBETWEENRSCS'"AND

THE CLB5S-PHASE CYCLIN

Our results suggest that a specific cell-cycle process is impaired in cells that
harbor both the sflil"1 and rscS"1 degron alleles and that this could relate to a specific
cyclin-dependent kinase pathway. In order to map this process, we mated Pgai::UBRl,
rsci"* and Pgai::UBRl, sßil"1 strains to a panel of deletion strains that lacked any one
of the nine Cdklp/Cdc28p associated cyclins and assessed spore viability on glucose
plates. This analysis did not reveal significant genetic interactions between sflil"' and
any of the cyclin deletions (Figure 5A). In the case of the rscS"1 allele, however, a

Figure 4. Synthetic Sickness Phenotype of sthl",
C(/c2S"'

cx(c28", and sthl". P,,, SWE1 Double Mutants
I

3h

Haploid yeast strains harboring Pg., USRi and
combinations of sthl" and cdc2eP (cdkl'") or

6h
9h

Pga/ SWE1 were analyzed for their ability to form

12h

colonies after growth in galactose for the indicated

I Ml

• •e

··«·«:

times at the indicated temperatures, by seeding-out
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Figure 5. Synthetic Lethality of UBR1
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significant loss of spore viability was observed upon combination with the clbSA
allele. As a matter of fact, we did not recover a single UBRI clone that harbored both
the c/o5A and the rsc3'd alleles, indicating that the latter alleles form a lethal
combination, and that lethality was suppressed by repression of Ubrlp levels (using
the Pgui:. UBRI allele; Figure 5B). Other UBRI, cydin deletion, rscS"1 double mutants
were recovered with the expected frequency, demonstrating a specific interaction
between clb5A and rsci"*. We conclude that the rscS"* allele impairs a cell-cycle
process that also relies on Clb5p. As this cyclin is known to control late S-phase
progression

43,45,46

, this suggests that an important S-phase event is disrupted by the

rscS"* allele.
THE REREPLICATION CONTROL MACHINERY ANTAGONIZES RSC3''"-MEDIATED PLOIDY
SHIFTS

Endocycling

of

eukaryotic

cells

(e.g., mammalian hepatocytes and

megakaryocytes) commonly relies on alternative regulation of genes essential for
replication control, such as Gl/S cyclins, Cdc6, geminin, and Cdtl 3·6·7·9. We therefore
assessed the role of the yeast origin licensing factor Cdc6p 41'4i

in ploidy shifts

1

induced by rscS" and s/hl"*. As Cdc6p is an essential protein, we attenuated its
cellular levels using a strain expressing CDC6 solely from a methionine repressible
promoter 4 9 . Cells were incubated in the presence of 2 mM methionine for 45 min to
repress CDC6 transcription, and then they were made competent for transformation.
These cells were transformed with control constructs, or with endogenous locus
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(B) Wild type and c/ti5.d cells were transformed with the constructs as indicated (left panel). DNA content of resulting
colonies is shown (n = 72). The color scheme is the same as in (A). These data represent the cumulative results of three
independent experiments.

conversion constructs for the sßil"1 or rscS"1 alleles. Clones were then selected at 25
°C on glucose plates lacking methionine so as to restore CDC6 transcription. Control
cells that had not been depleted of Cdc6p yielded exclusively haploid clones upon
conversion of the RSC3 or SFHl loci to the corresponding degron alleles (Figure 6).
In contrast, ploidy shifts were efficiently induced in cells depleted of Cdcóp upon
conversion of the Λ 5 0 locus to rsci"' but not upon conversion of the SFHl locus to
1

sftil" (n = 60; 60% and 0%, respectively. Figure 6). Thus, temporary depletion of
Cdc6p appears to phenocopy the sßil"1 allele but not the rscS"1 allele.
Next, we turned to the cyclin Clb5p. Besides a role in spindle pole body
maturation and duplication 50'51, Clb5p plays a dual role in replication regulation as it
is required for proper timing of S-phase initiation as well as to prevent re-initiation of
replication forks that have already fired 52. Furthermore, deregulation of CLB5 levels
has been associated with the occurrence of endoreduplication 52. Wild-type and clbSA
strains were transformed with the same constructs as above. In this experimental
setup, and contrary to meiotic segregation, UBR1, rsc3'd, clbSA mutants could be
recovered. Analysis of the resultant rscS"1 clones (« = 72) showed efficient ploidy
doubling in the clbSA background (74%; Figure 6) in contrast to control constructs.
Conversion of SFHl to sflil"* in the clbSA background could also produce
endodiploid clones, though at a much lower frequency (1%, Figure 6). Taken
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together, this indicates that the cellular rereplication inhibition pathway that depends
on CLB5 and CDC6 4 8 · 5 2 antagonizes the effects of the degron alleles of RSC3 and
SFH1

RSCAND TRANSCRIPTIONAL ACTIVITY OF THE CLB5 Locus

Previous observations indicate that RSC is recruited to the CLB5 promoter 27 ,
and CLB5 induction was observed in microarray experiments using a rsc3 allele 53 . To
further assess the role for RSC in regulation of CLB5 expression, we impaired Sphase

progression

by

exposure

to

hydroxyurea

(HU), an

inhibitor

of

deoxyribonucleotide synthesis. HU treatment activates the S-phase checkpoint that
signals through Rad53p and phosphorylation of various targets, including Swi6p, thus
culminating in inhibition of S-phase progression 54 " 56 . Following exposure to HU for 3
h we monitored association of RSC with a number of loci by Sthlp T A P chromatin
immunoprecipitation (Figure 7A), and we assessed expression of CLB5 and TPS3
(Figure 7B). HU treatment resulted in up to 3-fold increased association of Sthlp with
the CLB5 promoter (Figure 7A), concomitant with repression of CLB5 expression
(Figure 7B), much as reported for HTA1 (Figure 7A, 27 ). The increased association of
RSC complexes with the CLB5 and HTA1 promoters upon HU treatment was specific
as no such effects were observed at TPS3, FUR4, CEN4, at an ORF-free chromosomal
element on Chromosome I (ORF-FREE) or in the CLB5 ORF (CLB5-ORF, Figure 7A
and 7B). Taken together, these results correlate increased binding of RSC to the CLB5
promoter with inactivation of this locus upon HU treatment (Figure 7A and 7B) and
further implicate RSC in transcriptional control ofCLBS expression.
Figure 7. Transcriptional Regulation of CL85
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by RSC
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not bind RSC, 27) and at an ORF-free region on Chromosome I (posiboned between YAR053W and YAR060C, !7)
Typically, recovery ranged between 0 1%-0 3% of input for the CLflS promoter The DNA profiles of cells upon
harvesbng are shown as an inset Values are the average of three independent expenments using an STH1rAP allele and
standard deviations are indicated
(B) RSC funcbons as a repressor of CLflS expression Expression levels of the RSC targets CLflS and ΓΡ53 were
assessed using RT-PCR in HU-treated cells and untreated cells Data are normalized to total RNA concentrations, as
well as to the expression levels of these genes in untreated cells and represent the average of three independent
expenments
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DISCUSSION

The RSC ATP-dependent nucleosome remodeling complex 20 encompasses 17
subunits and the mutually exclusive paralogs Rsclp and Rsc2p define two RSC
isoforms

57

. The Rsc3p/Rsc30p heterodimer

20 53

'

preferentially associates with the

Rsclp-bearing RSC isoform (Campsteijn, et al., submitted). Here, we analyzed RSC
requirement during the course of the cell cycle using conditional degradation alleles
(N-degrons) of all essential RSC-specific subunits. We find that RSC controls cellcycle progression at multiple stages of the cell cycle and uncovered a strong genetic
interaction between RSC and cyclin-dependent kinase 1 (Figure 4).

RSC FUNCTIONS IN G2/M

We temporally dissected the mitotic requirement for RSC by depleting RSC
subunits from cells harboring G2 or mitosis checkpoint mutations (Figure S3). In
keeping with a role for RSC in G2 and mitotic prophase, RSC degron alleles
synergized with overexpression of the G2/M transition regulator SWE1 43'A4, and the
same RSC alleles were partially epistatic to a degron allele of the spindle checkpoint
factor CDC20 58 (Figure S3). On the other hand, a degron allele of the mitotic exit
network kinase CDC 15 59 weakly suppressed the lethal effects of those same RSC
subunit degron alleles (Figure S3). Collectively, these results indicate that RSC
activity is central to achieving a proper mitosis and that RSC appears to be somewhat
more important before the metaphase/anaphase transition than afterward (Figure S3).
While these results are consistent with published reports, it remains to be seen
whether the essential role of RSC in G2 and in mitosis relates to a role for RSC in
gene expression27·28'35·53 in higher order chromatid structure32·34'60·61 or both.

RSC FUNCTIONS IN Gl

Several lines of evidence provided here argue that RSC functionally intersects
with regulation of the Gl/S-phase transition. First, cells deprived of RSC arrest in Gl
(Figures 1 and 2). Second, we and others

27

find that RSC associates with several

MBF (Mlul cell cycle box (MCB)-binding factor) targets including the HTA1/HTB1
and CLB5 promoters (Figure 7, unpublished data). Both HTA1/HTB1 and CLB5 are
expressed during the Gl/S transition and association of RSC correlates with
transcriptional inactivity of these loci (Figure 7,
158
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). Third, we discovered that the
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rscS"* allele is synthetic lethal with a deletion allele of the cyclin CLB5 when
combined via meiotic segregation (Figure 5). When these two alleles were combined
by endogenous locus conversion through DNA transformation, surviving clones could
be recovered, however, and the resulting clb5A rsc3'd strains underwent integral
ploidy increases (Figure 6). This was also the case when the replication origin
licensing factor Cdc6p was transiently depleted (Figure 6). As these genes are crucial
for Gl/S-phase transition, this very strongly suggests that RSC plays an important
role in ploidy maintenance when this stage of the cell cycle is perturbed.
Consistent with this notion, RSC has been reported to interact physically with
62

Swi6p , a component of the central heterodimeric Gl/S transcription regulators
MBF (with Mbplp) and SBF (with Swi4p), which are considered to be the functional
analogs of mammalian E2Fs 63. Finally, rscl cells were shown to display a large cell
phenotype that is indicative of impaired cell-cycle entry as has been observed in cln3,
bck2, swi4, and swi6 strains M.

RSC HAS A FACULTATIVE ROLE IN PLOIDY MAINTENANCE

The endocycle phenotype we observe in sfhl"*, rsci"1 double mutants
underscores the important role of RSC in proper cell-cycle progression. The
endocycles occur under conditions when the degron fusions were least affected since
the levels of the degron-activating ubiquitin ligase Ubrlp were repressed by glucose
and since the yeast were kept at 25 0C to keep the DHFR,S degron fragment folded
(Figure 3A) 40 ' 41 . The ploidy shifts must therefore arise from rather subtle functional
deregulation of RSC. It is known that a fraction of Sfhlp is phosphorylated during Gl
and this is thought to induce Sfhlp dissociation from RSC 65. In keeping with this
observation, we find that Sfhlptd does not stably associate with RSC and that it is
readily depleted from the complex upon Ubrlp overexpression (Figure S4).
Furthermore, we found that Rsc3p is actively degraded in late S-phase (Campsteijn et
al., submitted). The fusion of an N-degron to Rsc3p could thus artificially induce
RscSp' degradation in an untimely fashion, in line with the exquisite sensitivity of
rsci"1 cells to increased levels of Ubrlp, even at 25 0C (Figure 1A and 1C). We
therefore propose that timely regulation of Sfhlp during Gl-phase and of Rsc3p
during S-phase are imperative to maintain ploidy constant in germinating spores, as
well as in cells that have undergone the lithium-mediated DNA transformation
procedure. Although it remains unclear at what stage sflil"1, rsci"1 cells abort the
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mitotic cycle and re-enter S-phase, the mono-nucleate nature of our endodiploid
strains indicates that the endodiploidization event precedes completion of nuclear
division.
We found that conversion of RSC3 to rscS"* in a strain (S288c) deleted for
Mbplp resulted in very slow growing mbplA, rsc3ld double mutant clones that
underwent cycles of endoreduplication at a steady rate, yielding a heterogenous
population of cells with increasing ploidy state (Figure S5). Together with the
functional link between RSC and CLB5, our data therefore indicate that RSC interacts
with the MBF/SBF controlled transcriptional Gl/S cell-cycle progression program. As
MBF is thought to function by restricting expression of numerous genes involved in
control of DNA replication to Gl (including CLB5) " , it is possible that simultaneous
interference with transcriptional regulation by RSC and MBF compromises necessary
oscillations in expression pattern of multiple MBF target genes, resulting in reduced
cell-cycle phase identity and, under specific environmental conditions, in ploidy
shifts.
Our experiments suggest that both CLB5 deletion (Figure 6) and CLB5
derepression (Figure 7) could aid in the induction of ploidy shifts. These opposing
observations can be reconciled by the requirement for simultaneous deregulation of
multiple MBF-target genes to observe ploidy doublings, as well as by the fact that
Clb5p is required for both activation and inactivation of pre-replication complexes
48,52,67-69 ^

suc | 1)

diminished or untimely oscillation in expression level rather than

over- or underexpression would result in ploidy shifts, a phenomenon that has been
reported for the S-phase cyclin E in Drosophila nurse nuclei 3. This hypothesis is
consistent with the observation that hyperstabilization of CLB5 mRNA suffices to
induce ploidy shifts 52.
Finally, we note that CDC6 expression, which normally peaks during late
mitosis, has been reported to peak in a MBF-dependent fashion at the Gl/S transition
only in cells that have not undergone a recent mitosis 49 · 70 . As this would be the case
following spore germination or cell transformation by the lithium procedure, this may
therefore account for the single round of ploidy shifts observed here and for the
observed lack of RSC-association with the CDC6 promoter in cycling cells
(unpublished data).
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ROLE OF THE P^,::

UBRl ALLELE IN PLOIDY SHIFTS

It is known that Ubrlp participates in cohesin degradation in mitosis

n

.

However, our results indicate that the effects of the Pgai'-'UBRl allele in our
experiments were largely mediated through Ubrlp's role in polyubiquitylation of the
N-terminal degron fusions we studied. For instance, repressing Ubrlp levels
suppressed rather than enhanced the occurrence of ploidy shifts in rscS"1, sflil' strains
(Table 2). Furthermore, repressing Ubrlp expression through P^i'-UBRl suppressed
rather than enhanced the synthetic lethal interaction between rscS"1 and clbSA (Figure
5B). However, since the dominant meiotic-lethal phenotype displayed by double
heterozygous rscflRSCS, sflil'^SFHl, Pgai::UBRllPgai::UBRl diploids was due to
repression of UBRl expression (Table 1), our results do suggest that RSC and Ubrlp
are part of genetic pathways that are redundant to some extent or that form one large
pathway in meiosis.

CONCLUSION

Our experiments indicate that the rscS'0 and sftil"' degron alleles interfere in
synergistic ways with cell-cycle progression resulting in environmentally conditioned
ploidy shifts. These results formally implicate RSC in ploidy maintenance. The RSC
complex has previously been implicated in multiple molecular processes, including
regulation of chromatid cohesion 32 , DNA damage response 29 " 31 , nucleocytoplasmic
transport 28 · 71 , and transcription control 27 · 28 · 35 · 53 · 72 . Furthermore, and underscoring the
complexity of RSC function, viable RSC subunit deletion strains have been identified
that display long (ηρ16Δ, htllA, and ldb7A) or short (rsc2A) telomeres, hinting toward
ambivalent roles for RSC in maintenance of telomere length

73 74

' , a process that

75

occurs in late S-phase . In light of the pleiotropic physiological functions of RSC,
further dissecting RSC-mediated ploidy control will require a detailed understanding
of the roles and modes of regulation of individual RSC subunits, as well as
understanding the functional interplay of the various processes that rely on RSC.
The functions we ascribe here to RSC, namely ploidy maintenance and control
of Gl/S-phase transition, appear conserved for human RSC-like complexes

76 81

" .

Interestingly, it has been shown that mutant forms of the human orthologue of SFH1,
the tumor suppressor INIllhSNFS

' ' ' , can induce the appearance of tetraploid
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cells

76 81

· . Thus, an ancient RSC-dependent ploidy doubling inhibition mechanism

may have been recruited in the course of animal evolution to avert incipient cancer.

MATERIALS AND METHODS
YEASTSTRAINS,

PLASMIDS, AND

CULWRING.

With the exceptions of the S288c mbplA strain (Figure S5) and the S288c
cyclin deletion strains (Figure 5), all the yeast used here were descendants of W303
strains. Degrons were introduced in diploid yeast (YN106) by ends-in homologous
recombination of plasmids at the endogenous loci (Table S2). Plasmid details are
available on request. Verification of the integration events was based on PCR analysis
and western blot detection of the modified gene products. For sporulation, diploids
were grown overnight on YEP-10% glucose agar plates and sporulated on 1% KAc,
40 μg/ml adenine agar plates. Degron strain were grown overnight in 5 ml of the
appropriate SD-glucose amino acid dropout medium, supplemented with 40 μg/ml
adenine, 0.1 mM CUSO4 at 25 0 C . The cells were then seeded into a second overnight
culture in YEP supplemented with 2% galactose. For depletion, cells were diluted to
2.10 5 cells/ml into YEP 2% galactose, with or without 0.1 mM CUSO4, and incubated
at 25 °C or 37 C C. At the indicated times, 5 μΐ of cells and 5- or 10-fold serial
dilutions were spotted onto YEP plates supplemented with 2% glucose, 40 μg/ml
adenine, and 0.1 mM CUSO4. The plates were incubated at 25 °C and pictures were
taken after 2—4 d. For DNA damage experiments (Figure 7), cells were cultured in
nonselective media at 30 °C to an optical density of 0.6, followed by exposure to 150
mM HU (Sigma-Aldrich, http://www.sigmaaldrich.com) for 3 h.

FLOW CYTOMETRY

ANALYSIS.

Cells were grown in nonselective medium overnight, pelleted, and collected
into 70% ethanol and kept at least 2 h at 20 0 C . Subsequently, cells were suspended
into 50 mM sodium citrate, sonicated briefly, treated for 2 h with 0.2 mg/ml RNase A
at 37

0

C, and DNA was stained with

1 μΜ Sytox dye (Molecular Probes,

http://www.probes.invitrogen.com). DNA content was quantified at FL1 on a BectonDickinson (http://www.bd.com) Calibur fluorescence activated cell sorter.
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CHROMATINIMMUNOPRECIPTTATION, RNA EXTRACTION, AND QUANTITATIVE PCR.

Chromatin was prepared as described

84

with several modifications. Cells (20-

40 mis) were treated with 1% formaldehyde for 15-20 min at room temperature under
constant rotation. Glycine was added to a final concentration of 330 mM and
incubation continued for an additional 5-10 min. Cells were gently washed three
times with cold TBS. The remaining cell pellet was resuspended in lysis buffer (FAlysis buffer complemented with 1% Triton X-100 and 1 mM DTT) and lysis was
performed using glass beads (2-h vortexing on a vortexgenie 2, Scientific Industries,
http://www.scientificindustries.com). The obtained lysate was sonicated on ice (4
times 20-s pulses, with 40-s intervals) and clarified by centrifugation. For
immunoprecipitation, typically, 400-μ1 chromatin solution was incubated overnight
with

15

μΐ

IgG

Sepharose

6

Fast

Flow

bead

suspension

(Stratagene,

http://www.stratagene.com) prewashed in lysis buffer + 0.1% BS A. Precipitates were
washed (5 min) twice with lysis buffer, twice with lysis buffer at 500 mM NaCl, once
with 10 mM Tris (pH 8.0), 0.25 M LiCl, 1 mM EDTA, 0.5% DOC, and 0.5% NP40,
and once with TE (10 mM Tris [pH 8.0], 1 mM EDTA). Immunoprecipitated material
was eluted for 10 min at 65 0 C in 400 μΐ 25 mM Tris (pH 7.5), 10 mM EDTA, and
0.5% SDS. Decrosslinking was done for 4-5 h at 65 °C and DNA was purified by
phenol extraction followed by ethanol precipitation in the presence of 20 μg glycogen.
RNA was extracted with hot acid-phenol: chloroform and cDNA synthesis
was carried out using 2 μg of total RNA.
Quantitative PCR was performed in a Bio-Rad (http://www.bio-rad.com)
MyiQ Single Color Real-Time PCR Detection System using a 2χ iQ SYBR Green
Supermix. For ChIP, 1/50 of the immunoprecipitated material was used and
abundance of immunoprecipitated fragments was compared to 1% input. For cDNA,
1/25 of total cDNA was used and values were normalized as indicated.
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Figure S1 Depletion of Rsc8p" Compromises RSC Integrity
A rscSf", STHf"' strain (YN438) was grown overnight in YP-Gal
medium containing 0.1 mM CUSO4 at 25 °C and was subsequently
shifted to YP-Gal medium at 37 °C to induce degradation of

t (min)

σ>

τ-

<ο
T-

τ-

τ-

Sth1pA;
RscSp"

RscSp"'. Aliquots were harvested at the indicated time points and
equal amounts of whole cell extracts were analyzed by western blot. RscSp" was visualized using anti-HA mouse antibody and
Sth1pTAP using peroxidase-conjugated anti-peroxidase rabbit antibody (Sigma-Aldrich).

Figure S2 Simultaneous Depletion of Multiple
RSC Degrons Invariably Yields G1 and G2/M
Arrests
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Figure S3. RSC Requirement after Replication
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Table 81 Fertility of Diploids Generated by Mating of Various rsc" Strains
Diploids generated by mating the indicated haploide were considered fertile (+) when over 80% of spores were able to form
haploid colonies. Less than 10% of spores from a sffii'", recS" diploid were able to form colonies (-). Not all combinations
were generated, as indicated by NT (not tested)
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Table S2 Yeast Strams Employed by Campsteijn et al
Notes (ι) All the yeast strains we generated are descendants of the W303-denved YN2 and YN18 strains and all harbor
ADE2 and the trpl-1, ura3-1, his3-11,15, and Ieu2-3,112 alleles, (n) All the degron alleles were first introduced into the
YN106 diploid strain and haploid strams were obtained by sporulation, (m) Lysine auxotrophy was not systematically
vended When a strain is Lys- it harbors the Alys2 rKWDSON allele
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GENERAL DISCUSSION

CHAPTER 6

The yeast RSC chromatin remodelling complex was identified in 1996, but
when this project was started in 2001 very little functional insight into the
physiological roles of RSC was available. Therefore, this thesis focused on addressing
several fundamental questions regarding RSC function: When, where and how does
RSC work? The main directions that were chosen included a genetic approach to map
the execution phases of essential RSC functions, a molecular approach to determine
binding and regulation of target loci by RSC, and a proteomic approach to assess
compositional dynamics of RSC complexes during the cell cycle and to identify
proteins that stably or dynamically associate with RSC. The central focus in all these
approaches was to study RSC as a function of cell cycle progression.
Several of the functions that had been described for RSC either prior to or
during the course of this thesis (Figure 1) were assessed. We found both proteomic
and genetic evidence supporting the role for RSC in mitotic progression and
chromosome segregation
(CHAPTER

, namely the association of Rsc2p with a- and ß-tubulin

4, results not shown) as well as the terminal mitotic arrests observed upon

depletion of any of the essential RSC subunits

(CHAPTER

5). Furthermore, ChIP

experiments confirmed previous data implicating RSC in transcriptional regulation of
numerous genes (CHAPTERS 4 and 5). However, no evidence was found in support of
the role of RSC in establishing chromosome cohesion by loading of cohesin on
chromosome arms

, since our proteomic approach failed to identify a single cohesin

subunit in more than 25 individual purifications of 14 different RSC subunit TAPtag
fusions

(CHAPTER

4). Furthermore, using ChIP, RSC was not found to be

significnatly enriched on established cohesin
binding sites

(CHAPTER

4). Although these

results conflict with previous observations
13

' , they are entirely consistent with several

genome-wide localization studies for RSC,
none

of which

observed

correlations

between cohesin binding sites and RSC
association

67

' . Taken

together,

these
Ploidy control

observations argue that the direct role for
RSC in cohesin loading might - if anything
- be quite restricted.

174

Figure 1: Functional conservation between yRSC and
hSWI/SNF
Functions attributed to yRSC and hSWI/SNF in the
literature are indicated by filled lines Novel functions
for yRSC inferred from this thesis are indicated by
dashed lines.

GENERAL

DISCUSSION

The ChIP experiments described in CHAPTER 5 indicate that RSC is involved
in a transcriptional response (repression of MBF/SBF-dependent genes

(CHAPTER

5

and results not shown)) following exposure of cells to DNA damaging agents,
consistent with previous observations in yeast

and mammalian cell lines "' . As

RSC has been reported to be recruited to double strand DNA breaks, this could
indicate that RSC is able to relay structural signals to transcriptional output following
DNA damage.

RSC IN Gl/S TRANSCRIPTION AND PLOIDY CONTROL

Our results show that RSC performs a heretofore unidentified essential role
during Gl-phase

(CHAPTER

5). Several sets of evidence suggest that this role reflects

a requirement for RSC-mediated transcriptional regulation of genes that are expressed
during Gl/S-phase transition, e.g. histones and S-phase cyclins. First, we and others
find that RSC associates with the promoters of CLB5 and histones, in an MBFdependent fashion

(CHAPTER

5 and 6 ). Second, we find that increased RSC

association with the CLB5 promoter correlates with repression of this locus
(CHAPTER

5) and conversely, RSC depletion induces ectopic expression of CLB5 (not

shown). This is consistent with previous observations that show RSC to dynamically
associate with the HTA1/HTB1 promoter during the cell cycle, with pronounced
depletion during S-phase, and this association is inversely correlated with TFIIB
recruitment and histone expression 6. Third, we find that strains deprived of the MBF
component MBP1, or the MBF targets CLB5 and CDC6, undergo dramatic genetic
interactions with the rscS"1 allele, namely integral increases of cellular ploidy
(CHAPTER

5). Fourth, we find that the rscS"* allele is synthetic lethal with a deletion

of CLB5, but none of the other cyclins when these alleles are combined via meiotic
segregation (CHAPTER 5).
The integral ploidy shifts we observe in rsc3', sftil' strains following meiosis
or in mitotic cells following transformation likely relate to the essential role for RSC
during Gl/S-phase transition. As both SFH1 and RSC3 are essential genes, the ploidy
shifts ensuing from the simultaneous presence of sflil"1 and rscS"1 alleles must reflect
subtle deregulation of Sfhlp and Rsc3p. The subtlety of this phenotype is further
illustrated by the fact that ploidy shifts are usually restricted to a single round in our
strains. The fact that CDC6 or CLB5 inactivation induces single rounds of ploidy
shifts upon rscS"1 integration, while mbplA, rsc3'd cells undergo multiple rounds of
175
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ploidy shifts, could be taken to argue that simultaneous deregulation of multiple MBF
targets (CLB5 + CDC61 and others?) enhances the occurrence of RSC-mediated
ploidy shifts. This is supported by the fact that the individual deletions (of CLB5,
CDC6 or MBPl) do not display ploidy alterations in the absence of the rscS"* allele. It
follows from these experiments that either RSC dysfunction underlying the ploidy
shifts extends beyond deregulation of MBF targets or that RSC executes MBFindependent regulation of MBF targets. The recent identification of Nrmlp (Negative
Regulator of Mbplp targets) as a critical coregulator of MBF

13

illustrates that the

complexity of transcriptional control of MBF targets extends beyond Mbplp and
Swi6p.
Although the experiments we describe strongly argue that subtly deregulated
expression of multiple Gl/S-phase genes in rscS"1, sflil"1 strains underlies the ploidy
shifts we observe, this does not exclude the involvement of additional factors. For
instance, strains that are inactivated for CLB5, CDC6 or MBPl undergo ploidy shifts
upon introduction of the rscS"1 allele but not oîsflil"1. Although this could suggest that
ric3"/ and sflil"1 impinge on the same pathway but with different strength, it could
also indicate that they affect different pathways. The fact that inactivation of CLB5,
CDC6 or MBPl phenocopies the presence of an sflil' allele would then argue that the
sfhl"1 allele impairs certain facets of transcriptional control, whereas rscS"* would
impinge on other cellular processes (e.g. chromosome architecture) or other stages of
the transcriptional process. We attempted to address this issue using the commercially
available deletion strains from the EUROSCARF consortium (an S288C background).
However, these S288C strains appear to have a highly unstable genome compared to
the W303 strains we commonly utilize in our experiments, and wild type S288C
strains displayed significant ploidy alterations upon introduction of the rscS"1 allele
(but not upon introduction oîsflil"1). This phenomenon was never observed in parallel
experiments using the W303 background (« > 1000). Additionally, we observed that
introduction of sfhl"1 in clbSA strains induced ploidy shifts in a S288C background
but not in a W303 background

(APPENDIX

1). This would be consistent with sflil"1

and rscS"1 both impinging on the same transcriptional pathway, but with different
strengths, whereby sflil"1 introduction in the genomically less stable S288C
background would suffice to deregulate the cell cycle resulting in ploidy doubling.
Regardless, it will be of high interest to deploy genetic screens to identify more genes
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affecting RSC mediated ploidy control and various approaches are possible (see
appendix 1).

SFHJP STABILITY AND PLOIDY CONTROL

Although the mechanistic deregulation that culminates in RSC-mediated
ploidy shifts is far from understood, we can turn to recent experiments in mammalian
cell lines for clues. Introduction of a cancer-associated allele of the hSWI/SNF
subunit hSNF5 into SNFS"7" cell lines is sufficient to induce integral ploidy
multiplications in mammalian cell lines with concomitant deregulation of numerous
E2F-dependent Gl/S-phase transition genes lA. Although multiple cancer-associated
SNF5 alleles have been identified, the allele employed in this study contains a single
amino acid mutation abolishing a putative CDK phosphorylation site. Intriguingly, we
found that the homolog of hSNF5, ySfhlp, is phosphorylated on a CDK1 site and
others reported that ySfhlp is phosphorylated during Gl- and S-phases l5. So what
could be the purpose of this dynamic modification? It has been suggested that
phosphorylation of Sfhlp mediates its dissociation from the complex l5, although no
function has been attributed to this dissociation. This phosphorylation-dependent
dissociation is highly reminiscent of the reduced RSC-association affinity of the SFHJ
degron allele that mediates ploidy shifts in our experiments

(CHAPTER

5). Aside from

the conserved phosphorylation site, it was shown that hSNF5 contains a nuclear
export signal (NES) that is normally masked by the C-terminal HR3 domain (Figure
2) ' . In addition to the conserved phosphorylation site and the HR3 domain, bioinformatics indicates that ySfhl also contain a putative NES signal (Figure 2).
Although both the (putative) NES sequence and the CDK-phosphorylation sites map
to different domains in ySfhl and hSNF5, in both cases they are juxtaposed. In
contrast, ySNF5 does not appear to contain any NES sequences, it has a highly
90S
J ySNFS
PO. NES?
RPT1 I RPT2

1

|

HR3^] ySFH)

385
RPTI | RPT2

HR3] hSNFS

NES POP
Figure 2: Companson of ySfhl, ySnf5 and hSnfS
Structural companson of ySfhlp, ySnfSp and hSnfSp suggests conservation of features in ySfhlp and hSnfSp that have
diverged in ySnfSp Nudear export signal (NES), putative phosphorylation sites (PO,), NES masking elements (HR3) and
conserved SNF5 repeats (RPT1, RPT2) are as indicated
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divergent HR3 domain and it is not phosphorylated

l5

(Figure 2). Together these

observations could hint towards a regulatory role for phosphorylation-mediated
exposure of the masked NES. This is especially interesting in light of observations
using another cancer-associated allele of hSNF5 that generates a hSNF5 variant
lacking the HR3 domain, which causes hSNF5 to localize exclusively to the
cytoplasm 16. Therefore, it is plausible that during Gl- and S-phases, phosphorylationmediated exposure of the NES signal translocates Sfhl to the cytoplasm, and would as
such sequester Sfhl from nuclear RSC complexes.
This mechanism would qualify Sfhl much more as a regulatory than a
structural RSC subunit. Such a regulatory role would be consistent with the fact that
depletion of Sfhlp from yeast cells is primarily cytostatic rather than cytotoxic and
that Sfhlptd depletion does not abolish overall integrity of the RSC complex, in
contrast to depletion of Rsc8p or Rsc6p

(CHAPTER

5 and data not shown). Although

this hypothesis is highly speculative, it would be interesting to determine the effect of
introduction of an HR3-domain lacking allele on cellular ploidy. Additionally, one
should focus on uncovering the identity of the kinase and phosphatase complexes that
regulate (de)phosphorylation of Sfhlp (and hSNF5), the effect of mutating this
residue on Sfhlp localization, cell viability, DNA damage response and ploidy and on
assessment of what fraction of Sfhlp is phosphorylated (e.g. is it restricted to the
Rsclp/Rsc3p containing fraction of RSC?).

RSC3P STABILITY AND PLOIDY CONTROL

In contrast to Sfhlptd, depletion of Rsc3ptd rapidly induces lethality

(CHAPTER

5). Importantly, mere overexpression of the E3 ligase Ubrlp at permissive
temperatures is sufficient to cause lethality in rscS"1 strains, even though the degron
fusion cannot be poly-ubiquity lated under these conditions. The importance of Rsc3p
(and Sfhlp) stability is further underlined by the effect of repressing Ubrlp
expression on penetrance of ploidy shifts in rscS"*, sflil"1 strains and on the genetic
interaction of rscS"1 and clbSA (CHAPTER 5). Our experiments

(CHAPTER

4) further

indicate that Rsc3p levels are dramatically reduced during a 10-20 minute interval
encompassing S-phase. It is conceivable that transcriptional shutdown underlies this
phenomenon, although the kinetics of depletion appear more consistent with active
temporal protein degradation. Both Rsc3p and Rsc30p contain a highly conserved
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element that strongly resembles know destruction boxes (RxxLxxxxN/Q) which
would make them APC/C substrates. However, this appears counter-intuitive as
APC/C activity is thought to be restricted from mitosis to late Gl-phase and Rsc3p
degradation commences during S-phase. Although it is possible that marginal or
localized APC/C activity remains during S-phase, degradation by one of the SCF
complexes would be more consistent with current dogmas.
Our observation of high protein instability and lethality in rsc3'd strains taken
together with the active protein degradation of Rsc3p during S-phase suggests that the
Rsc3p,d fusion undergoes artificial and untimely degradation due to the persistent
exposure to the degron-targeted E3-ligase (Ubrlp). In this scenario, artificially
recruited Ubrlp would able to (partially) ubiquitylate Rsc3ptd residues that would
normally be targeted during S-phase and as such mediate persistent destabilization of
RscSp' under permissive conditions. To understand the physiological implications of
such deregulation one needs to understand the function of Rsc3p.
Unfortunately, molecular insight into Rsc3p function is very limited. Rsc3p is
thought to function as a transcription factor and contains an N-terminal Zn2+-cluster
that could confer sequence specific DNA-binding

l7

. We find that Rsc3p

preferentially associates with the Rsclp-bearing complexes (CHAPTER 4) but none of
the identified R.SC interactors displays obvious preferential binding to this RSC
isoform (CHAPTER 4). The bulk of Rsc3p exists as a heterodimer with Rsc30p (5080%) that is not associated with RSC ''(CHAPTER 4) and although Rsc3p exists as
several N-terminally cleaved products only the full length form associates with RSC
(CHAPTER

4). Finally, our proteomic analysis does not identify any proteins that co-

purify exclusively with Rsc3p, arguing that the bulk of RSC-free Rsc3p-Rsc30p does
not engage in physical interactions with other factors. The limited molecular insight
into the role of Rsc3p allows for numerous interpretations: Rsc3p-Rsc30p might
function as a docking site that allows rapid recruitment of Rsclp-bearing RSC
complexes to a multitude of target loci. Conversely, Rsclp-bearing RSC complexes
could deposit Rsc3p-Rsc30p heterodimers onto chromatin and as such impose a
structural constraint on large chromatin domains, allowing for

functional

segmentation (e.g. restriction of transcriptional activity, higher order chromatin
structure, nuclear compartmentalization). Such topological constraints would most
likely require active removal (by degradation) to permit passage of DNA polymerases
during DNA replication in S-phase.
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The biochemical data we provide concerning Rsc3p dynamics needs to be
further complemented by biological data that functionally discriminate the two RSC
isoforms with respect to reported functions in DNA damage response and cell cycle
progression (Rsclp l8'19) and chromosome architecture (Rsc2p M · 20 ). Does the Rsclp
complex represent a dynamic stress and cell cycle progression responsive complex
that can be swiftly recruited to target loci containing pre-bound Rsc3p/Rsc30p
heterodimers to minimize response latency? Alternatively, but not exclusively, is the
Rsclp complex a pioneering complex that utilizes its superior DNA binding potential
(due to the Rsc3p/Rsc30p heterodimer) to bind chromatin and impose a topological
DNA conformation (by Rsc3p/Rsc30p deposition?) that is favourable for subsequent
recruitment of the more abundant -yet less specific- Rsc2p complex?
Undoubtedly, the keyword will be 'dynamics' and to fully unravel the
functional relatedness of Rsclp and Rsc2p complexes, cell cycle progression and
cellular stress will need to be considered a fundamental parameter, much as we have
attempted throughout this thesis.

CONCLUSION

Although this discussion postulates RSC-mediated ploidy shifts to stem from
transcriptional deregulation of Gl/S transition, this does not exclude a role for
compromised chromosomal structure in this phenomenon. Such a role could reflect
defects in whole chromosome integrity and segregation, in DNA damage repair or
even in the regulation of local topology that mediates segmentation into chromatin
loops and restricts transcriptional activity. Finally, as structural defects are likely to
induce transcriptional reactions and transcriptional defects are likely to affect
chromosome metabolism, it might prove very hard to distinguish cause and
consequence in the ploidy shift phenomenon we describe and the transcriptional
model we propose.
Aside from various insights into RSC functions, interactions, modifications
and targeting, the work presented in this thesis argues for a novel and essential role
for RSC in transcriptional regulation of Gl/S-phase transition. The observations that
Sfhlp is phosphorylated during Gl- and S-phases (most likely by CDK activity) and
that Rsc3p is degraded during S-phase indicate that RSC undergoes extensive
compositional regulation on either side of this transition and further underlines the
essential role for RSC during cell cycle entry. Deregulation of these sequential events
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by simultaneous and persistent destabilization of Rsc3pld and Sfhlptd (figure 3) would
result in cells with a reduced cell cycle phase identity. These cells might not be able to
properly time expression of genes that depend on MBF/SBF and RSC during Glphase upon specific events or insults that require prolonged Gl-phase arrest. As a
result, cells commence untimely S-phases, either a single round upon long Gl-phase
arrest in rscj"1, sflil"1 strains (following meiosis or transformation) or multiple upon
extensive deregulation of MBF-dependent transcription in rscf strains.
The parallels with mammalian systems are compelling. Much like we show
here for yRSC, human SWI/SNF complexes have been firmly implicated in
transcriptional regulation of Gl/S-transition by transcriptional regulation of a panel of
E2F (the mammalian functional analog of MBF and SBF) target genes 9·11·12.14.21-25.
Further, substitution of a single amino acid in the tumour suppressor hSNF5 is
sufficient to induce integral ploidy multiplications in mammalian cell lines '4. As most
genes implicated in controlled ploidy shifts (endocycling) are key transcriptional
regulators of Gl/S-phase transition, it is very likely that the transcriptional
deregulation of Gl/S-phase transition underlies the ploidy shifts we and others
observe in yeast and human cell lines upon yRSC or hSNF5 dysfunction. It therefore
appears that the functional conservation between yeast and metazoan RSC-like
activities (figure 1) extends to crucial transcriptional regulation during Gl/S-phase
transition. As such, a physiological understanding of the budding yeast RSC
chromatin remodelling complex could provide invaluable mechanistic information
about the function and dysfunction of its mammalian counterparts and its role in
tumourigenesis.
Figure 3: Model for defects in sffif" and rscT
strains
PHO student impression of cellular dysfuncton
resulting from sffil" and rscS" alleles The
presence of unstable alleles of SFH) and
RSC3 could persistently mimic sequential
events (namely Sfhtp phosphorylation and
Rsc3p degradation) that are normally
restricted to G1/S-phase transition, thus
causing a reduced cell cyde phase identaty As
such, the crucial cyclic transcriptional
regulation of G1/S-phase genes might be
impaired, ultimately resulting in occurrence of
endocvdes
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The genetic interactions of the rsc3

allele with CLB5 and CDC6 alleles,

described in CHAPTER 5, provided the first insight into the molecular pathways
involved in RSC-mediated ploidy shifts. We wished to assess what other genes and
pathways might be involved. Furthermore, while deletion of CLB5 or depletion of
CDC6 appeared to phenocopy the sflil"1 allele, no alleles were found to phenocopy the
RSC3'd allele. It was therefore of particular interest to identify strains harbouring gene
deletions that would undergo ploidy shifts upon replacement of the endogenous SFH1
locus by sflil"*. To study this, a small interaction screen containing various categories
of gene deletions was initiated, using strains from the EUROSCARF database (S288c
background). These included non-essential RSC subunits (RSC1, RSC2, HTL1, NPL6,
LDB7 and RTT102), various factors that regulate transcription and Gl/S-phase
transition (SWI4, SWI6, MBP1, BCK2, LGE1, LEOl, CDC73, SOH1, HOS1, CLB5),
DNA damage response genes (TELI) and other factors that might functionally interact
with RSC (RAH, NUP133, NUP120) according to literature '.
We were surprised to regularly observe aneuploidy (and sterility) in strains
obtained from this consortium, sometimes directly following thawing of the purchased
strain. In our experiments using wild type S288C strains, we occasionally observed
that a significant proportion of cells within a single transformant (up to 30%)
contained increased cellular ploidy following introduction of the rsc3' allele, but not
of any of the other alleles tested (sflil"1, 8ΤΗ1π, URA3, HIS3, Pgal:UBRl).

As we

never observed such phenomena in the genetic background we commonly use (W303)
this indicates that the S288c background is more sensitive to genetic manipulation of
RSC3. As this complicated interpretation of results obtained upon rscS"1 integration,
we focused on sflil"1. One notable exception is the observation of rampant
1

polyploidization observed solely in mbplA, rsc3" strains (see CHAPTER 5)).
To differentiate between effects that could have been caused by transformation
or by genomic integration per se, we also transformed the haploid deletions strains as
well as two wild type haploid strains (MATa and MATa) with an episomal
transformation control construct (pHIS3) or an integration control construct (-HIS3-)
(Figure 1), as described in CHAPTER 5. Of the resulting transformants, a number of
colonies was picked at random, cultured in 1 ml non-selective medium and processed
for analysis of DNA content by flow cytometry (see CHAPTER 5).
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Analysis was done for the 21 strains,
but only results for the control and 6 deletion

Strain info
Deletion

Transform

100

0

0

100

0

0

97

3

0

100

0

0

too

0

0

21

79

0

100

0

0

ND

ND

ND

SO

50

0

100

0

0

too

0

0

S3

17

0

100

0

0

100

0

0

67

3J

0

100

0

0

(00

0

0

37

63

0

^HISJ·^

100

0

0

the other non-essential RSC subunit affected

mjplJJU — HIS3 —

100

0

0

50

50

0

ploidy shift in our experiments, argues for a

Table 1: Ploidy alterations in EUROSCARF

strains

that

displayed

endodiploidization

following transformation are shown (Table 1).
More specifically, transformation of the sflil"'
allele into deletion strains of 6 different genes
(out of 20 tested) induced ploidy alterations to
a significant degree, namely RTT102, STM1,

/gel Δ

LGEl, LEOI, CLB5 and the nuclear pore
2

complex protein NUP133 . This list includes
the non-essential RSC subunit RITI 02 (79%)
and the RSC interactor STM1 (50%) (see
CHAPTER 4). The fact that deletion of none of

specific functional interaction between SFH1,

-sftil"'-

deletion strains
A panel of gene deletions was assayed for ploidy

RTT102 and STM1 and in this aspect it is

shifts

interesting to mention that STM1 and SFH1

episomal

following transformation with control
(pH/S3) and integration (-HIS3-)

constructs or conversion of the endogenous

both were picked up in a screen for spindle

SFH* locus to sffii" Following transformation,

pole

cells were plated on selective plates and

body

interacting

factors

in

Schizosaccharomyces pombe . Furthermore,
deletion

of

components

of

the

Rad6p

ubiquitylation machinery '^ (LGEl (17%)) or
of the PAF RNA polymerase II complex •
(LEOI (33%)) also enhance ploidy

shifts

d

following sflil' integration to a certain extent.

incubated under permissive conditions Multiple
colonies (n) were picked after 3-5 days, grown
overnight in 1 ml rich medium and DNA staining
was performed using SYTOX green (for more
details, see chapter 5), followed by flow
cytometry analysis Ν number of chromosome
complements

ANEU

aneuploidy, ι e cells

containing non-integral chromosome numbers
ND Not Done

Both these complexes play a central role during transcriptional control of Gl/S-phase
1 7

transition ' '". The PAF and RAD6 complexes function in a highly collaborative
fashion with histone methylase activity and the 19S proteasome to regulate both
l6

transcriptional initiation and elongation ' " . Recent in vitro analysis of RSC function
identified RSC as a competent facilitator of transcriptional elongation 17, extending its
role beyond promoter control. The implication of RSC in multiple stages of the
transcriptional process fits well with the genetic interactions of sflil"* with LEOI and
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LGEl deletions as well as the physical assocation of RSC with the 19S proteasome
(CHAPTER

4), and is consistent with previous observations 1·10·18·19.

Surprisingly, introduction oisflil"1 in a clbSA S288c deletion strain efficiently
induces ploidy shifts (63%). This is in contrast to experiments using W303 strains
where such effect was only observed following rsc3' integration. This difference in
the penetrance of the sflil'J allele parallels our observation that rscS"1 can induce
ploidy shifts by itself in S288c cells by itself and probably reflects a difference in
genomic stability between the W303 and S288c backgrounds. Recent work addressing
the genetic similarity of the W303 and S288c backgrounds indicated nucleotide
variation of -0.08% between these strains 20. However, as this study employed S288c
based microarrays, deletions present in the S288c background relevant to its apparent
genome instability would go completely unnoticed.
Taken together, our transformation experiments using 20 selected deletion
strains uncovered 6 target genes whose deletion induced genome duplication upon
sflil"1 transformation, and these target genes are ranked on penetration from RTT102,
CLB5, STMl, NUP133, LEO] to LGEl. Together with results presented in

CHAPTER

5, these preliminary results underscore the potential of such an approach in identifying
genes implicated in RSC-mediated ploidy shifts.

Unfortunately, due to time

restriction we were unable to further analyse the six gene deletions found here, to test
a panel of random deletions as a control, to test several other relevant deletions
present in our database (including several regulators of Gl/S-phase transition and of
transcriptional initiation and elongation) or to assess the role for RSC in ploidy shift
observed by others (the SID genes '). Furthermore, as spindle deregulation has been
implicated in ploidy alterations in yeast, deletion strains of such genes should also be
included in these experiments. Finally, a set of randomly selected deletion strains
should be employed as a control panel.
However, the ideal setup would be an unbiased screen using deletions of all
non-essential yeast genes. The experimental setup would require transformation of the
entire deletion set with the control constructs or sflil'd or rscS"*. Rather than staining
DNA and scoring DNA content, a less intensive first screen could rely on measuring
cell size as this increases concomitantly with cellular ploidy. Next, transformation of
rscS"1 or sflil"1 alleles in the gene deletion set already harbouring the other allele
would identify genes that modulate the occurrence ofrscS"' + sflil"1 mediated ploidy
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shifts. This is an interesting parameter since we found that first transforming sfhl'
and then rjci"' was much less efficient at inducing ploidy doubling than the converse
schedule (CHAPTER 5). The feasibility of these experiments depends on the degree of
genome instability in the genetic background used for these experiments. The problem
we regularly observed in S288C strains could be avoided by using fresh strains or by
performing chemical mutagenesis (or gene inactivation through random transposon
insertions) in a W303 background to inactivate genes and subsequently assess RSC
mediated ploidy shifts.
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SUMMARY IN DUTCH

Het eukaryote genoom is continu onderhevig aan een variabele set externe
invloeden die de integriteit van het genoom (locaal en globaal) op de proef stellen. Zo
dient

DNA

op

specifieke

momenten

en

plaatsen

toegankelijk

te

zijn

(GEDECONDENSEERD) voor processen als transcriptie, replicatie en reparatie. Gelijktijdig
dient het genoom compact te zijn (GECONDENSEERD) om gecompartmentaliseerd te
worden in de cel nucleus en om de segregatie te ondergaan die noodzakelijk is voor het
genereren van dochter cellen. Enkele van deze gelijktijdige processen stellen op het
eerste oog tegenstrijdige vereisten aan het genoom, zoals transcriptie en replicatie of
transcriptie en condensatie. Om al deze processen en hun interacties te organiseren
zonder het genoom schade te berokkenen maakt de cel gebruik van een indrukwekkend
arsenaal aan eiwitcomplexen.
Een centrale organiserende rol is hierin weggelegd voor een familie van
eiwitcomplexen die energie (ATP-hydrolyse) gebruiken om mechanische herstructurering
van CHROMATINE (de bouwsteen van chromosomen, bestaande uit DNA gewikkeld om
een kern van histonen) te bewerkstelligen. Deze eiwitcomplexen worden ook wel ATPAFHANKELUKE

CHROMATINE HERSTRUCTURERINGS COMPLEXEN

genoemd en allen

worden gekarakteriseerd door de aanwezigheid van een centrale ATPase behorend tot de
SNF2-FAMILIE VAN DNA HELICASES. De cruciale rol van deze complexen wordt
geïllustreerd door hun compositionele complexiteit, door het feit dat ze geconserveerd
zijn in alle (bestudeerde) eukaryoten en door veelvuldige observaties van mutaties in deze
eiwitten in tumoren. De genoemde compositionele en functionele evolutionaire
conservatie stelt ons in staat om deze complexen diepgaand te bestuderen in simpele
eukaryoten zoals Saccharomyces cerevisiae (bakkers gist) en implicaties van deze studies
tot een bepaalde hoogte te extrapoleren naar hogere eukaryoten zoals de mens.
Het doel van deze thesis was om inzicht te krijgen de functie een geconserveerde
ATP-afhankelijke chromatine herstructurerings complexen in S. cerevisiae, namelijk
RSC, door gebruik te maken van complementaire

PROTEOMISCHE

en

GENETISCHE

hoofd-onderzoekslijnen. Een centrale doelstelling was het invoeren van een cruciale
parameter die vaak genegeerd wordt in dit soort studies, namelijk
PROGRESSIE.
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CEL CYCLUS

De proteomische onderzoekslijn omvatte twee vraagstellingen

(HOOFDSTUK 4).

-Welke eiwitten zijn integrale componenten van het RSC complex en welke eiwitten gaan
(substoichiometrische) interacties aan met dit complex?
Door gebruik te maken van eiwitfusies van 13 bekende integrale RSC
componenten was het mogelijk om RSC complexen vlug, schoon en efficient op te
zuiveren uit gist cellen. Door een combinatie van massa spectrometrie en zilverkleuring
was het vervolgens mogelijk om te achterhalen dat 17 eiwitten integrale componenten
zijn van RSC en dat er nog eens -30 eiwitten (reproduceerbaar) binden aan RSC, met
bekende functies in DNA binding, transcriptie, nucleair transport en eiwitdegradatie. De
sterkste RSC-bindende eiwitten waren histonen en de identificatie van RSC-associërende
posttranslationele modificaties op deze histonen

(HISTON CODE)

is potentieel erg nuttig

voor het begrijpen van RSC recrutering and functie.
- Verandert de compositie van RSC als functie van cel cyclus progressie?
Door combinatie van chemische en genetische hulpmiddelen was het mogelijk om
cellen te synchroniseren tijdens verschillende stadia van de cel cyclus en vervolgens RSC
op te zuiveren uit deze synchrone cellen. Analyse was deze opzuiveringen toonde aan dat
de meeste RSC componenten tijdens de gehele cel cyclus met elkaar associëren, maar dat
Rsc3p afwezig is van het RSC complex tijdens S-fase. Verdere experimenten toonden
aan dat Rsc3p gedegradeerd wordt tijdens S-fase.
De genetische onderzoekslijn omvatte twee vraagstellingen

(HOOFDSTUK

5).

—Wanneer in de cel cyclus is RSC essentieel?
Om deze vraag te beantwoorden werd gebruik gemaakt van

DEGRONFUSIES

van

alle essentiële RSC-specifieke componenten. Degronfusies zijn functioneel op lagere
temperaturen (250C) maar worden actief gedegradeerd op verhoogde temperaturen
(370C). Op deze manier was het mogelijk op elke gewenste fase van de cell cyclus RSC
componenten te verwijderen uit de cel en vervolgens de effecten hiervan te bestuderen.
Deze experimenten toonden dat RSC essentieel is tijdens G2- en M-fases, dat RSC niet
essentieel is om S-fase te voltooien en dat RSC een essentiële functie heeft tijdens Glfase. Verder suggereerde deze experimenten dat er waarschijnlijk minder RSC nodig is
om de Gl functie uit te voeren dan de G2/M functie.
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—In welke functionele sectoren speelt RSC een rol?
Tijdens de hierboven beschreven degronfusie proeven kwam de waarschijnlijk
meest interessante observatie van deze thesis naar voren: combinatie van degronfusies
van twee specifieke RSC componenten, Sfhlp en Rsc3p, leidde tot integrale
genoomduplicaties in verder gezonde giststammen. Om inzicht te verkrijgen in de
onderliggende mechanismen die een rol speelden in dit fenomeen, werden de genoemde
degronfiisies gecombineerd met een paneel allelen van bekende cell cyclus regulatoren,
waaronder de cyclines, cycline-afhankelijke kinase, transcriptionele cofactoren en
regulatoren van DNA replicatie. Uit deze experimenten kwam naar voren dat twee
replicatie factoren, waaronder één cycline (de Gl/S-fase regulerende cycline ClbSp), een
cruciale rol speelden in de regulatie van de genoomduplicatie veroorzaakt door
degronfusies van Rsc3p en Sfhlp. Deze twee replicatie factoren spelen ook een
belangrijke rol in het behoud van genoom integriteit tijdens DNA schade.
Gezamenlijk met de nieuwe essentiële rol van RSC tijdens Gl-fase, de
fosforylatie van Sfhlp tijdens Gl- en S-fases en de degradatie van Rsc3p tijdens S-fase,
impliceert deze data dat RSC een kritieke rol speelt in de correcte initiatie van een
nieuwe cel cyclus.
Het onderzoek beschreven in deze thesis -alhoewel verre van volledig- verschaft
interessante inzichten in de relatie tussen chromatine herstructuring en cel cyclus
regulatie. Er zijn meerdere aanknopingspunten voor vervolgonderzoeken om invulling te
geven aan de mechanistische vraagstellingen die onbeantwoord zijn gebleven in deze
thesis.
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