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Reverse Genetic Analysis of the Yeast RSC 
Chromatin Remodeler Reveals a Role for RSC3 
and SNF5 Homolog 1 in Ploidy Maintenance
Coen Campsteijn, Anne-Marie J. Wijnands-Collin, Colin Logie*

M olecu lar B iology D epartm ent, N ijm egen Centre fo r M olecu lar Life Sciences, Radboud University N ijm egen, Netherlands

The yeast ‘‘remodels the structure of chromatin’’ (RSC) complex is a multi-subunit ‘‘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 subunits, we set out to map RSC 
requirement as a function of the mitotic cell cycle. We found that RSC executes essential functions during G1, G2, and 
mitosis. Remarkably, we observed a doubling of chromosome complements when degron alleles of the RSC subunit 
SFH1, the yeast hSNF5 tumor suppressor ortholog, 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 of SFH1 
and RSC3, w ith deletion alleles of each of the nine Cdc28/Cdk1-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 G1/S-phase transition and establish a hitherto 
unanticipated role for RSC-mediated chromatin remodeling in ploidy maintenance.

Cita tion: Cam psteijn C, W ijnands-Collin AMJ, Logie C (2007) Reverse genetic  analysis o f  the  yeast RSC chrom atin  rem odele r reveals a role fo r RSC3 and SNF5 hom o log  1 in 
p lo idy  m aintenance. PLoS G enet 3(6): e92. doi:10.1371/journal.pgen.0030092

Introduction

M a in te n a n c e  o f  p lo id y  is c ru c ia l fo r  sex u a l r e p ro d u c t io n  in  
e u k a ry o te s  b e ca u se  th e  p lo id y  ch an g es th a t  tak e  p lace  d u r in g  
g a m e to g en e sis  re q u ir e  tw o id e n tic a l c h ro m o so m e  c o m p le 
m en ts . P o ly p lo id  p la n t,  in sec t, a m p h ib ia n , a n d  m a m m a lia n  
spec ies hav e  b e e n  d o c u m e n te d , a n d  v a rio u s  fo rm s  o f  so m a tic  
p o ly p lo id y  h a v e  b e e n  d e s c r ib e d , in c lu d in g  m a m m a lia n  
h e p a to cy te s , m eg ak ary o cy tes , a n d  tro p h o b la s ts , in se c t o o cy te  
n u rse  cells, a n d  p la n t  e n d o sp e rm  [1-3]. A t th e  c e llu la r  level, 
p o ly p lo id y  u su a lly  re p re s e n ts  a  h ig h ly  d i f fe re n tia te d  s ta te , 
w ith  in c re a s e d  cell size a n d  e le v a te d  m e ta b o lic  activ ity . T o  
b e c o m e  p o ly p lo id , cells e n te r  a  p ro c ess  c a lled  en d o cy c lin g . 
T h is  u su a lly  c o m m e n c e s  by  a b o r t in g  th e  m ito t ic  cycle  
an y w h ere  b e tw e e n  G2 (e n d o re d u p lic a tio n )  a n d  cy to k in esis  
(en d o m ito sis), fo llo w ed  by re p lic a t io n  [2-4]. D e p e n d in g  o n  
th e  t im in g  o f  m ito t ic  ex it, cells hav e  m u ltip le  c h ro m o so m e  
sets c o n ta in e d  w ith in  a  s ing le  n u c le u s  o r  th ey  b e c o m e  m u lti-  
n u c lea te .

F a c to rs  k n o w n  to  d riv e  th e  sw itch  b e tw e e n  m ito t ic  cycling  
a n d  en d o cy c lin g  in c lu d e  S -p h ase  cy c lin -C d k  c o m p lex es  a n d  
th e i r  r e g u la to rs  [3,5], as w ell as th e  r e p l ic a t io n  o r ig in  
l ic e n s in g  f a c to r s  C dc6 , C d t l ,  a n d  g e m in in  [6 -9 ]. S u c h  
sp e c ia liz ed  cell-cycle  tra n s it io n s  c an  invo lve  sw itc h in g  b e 
tw een  e x p re ss io n  o f  p r o te in  iso fo rm s, as r e p o r te d  fo r  cyclin  
D  v a r ia n ts  in  m a m m a lia n  tro p h o b la s ts  [10], o r  th ey  can  be  
re s t r ic te d  to  a  v a r ia tio n  in  o sc illa tio n  o f  g e n e  e x p re ss io n , as 
o b se rv e d  fo r  cyclin  E in  Drosophila n u rse  n u c le i [3]. F inally , 
m u ta t io n s  in  m u ltip le  c o m p o n e n ts  o f  th e  y eas t sp in d le  p o le  
b o d y  (M sp lp , M sp2p , M o b lp , C d c31p , N d c lp ,  a n d  K a r lp ) ,  th e  
fu n g a l c e n tro so m e , hav e  b e e n  r e p o r te d  to  re su lt  in  n u m e ric a l 
c h ro m o so m e  d o u b lin g  ev en ts  in  y eas t [ l l - l 5 ] .

In  o r d e r  to  re m o d e l c h ro m o so m e s, e u k a ry o te s  hav e  evo lved

m u lt i- su b u n it  p r o te in  c o m p lex es  th a t  c an  a lte r  c h ro m a tin  
s t ru c tu re  covalen tly , by  m o d ify in g  n u c le o so m es [16,17], o r  
m ec h an ic a lly , v ia  A T P -d e p e n d e n t  c h r o m a tin  re m o d e lin g  
(SN F2-type A T P ases) [18,19]. W ith in  th e  la t te r  class, th e  
SW I2/SN F2 enzym es a re  r e p re s e n te d  in  y eas t by  th e  S th 1 p  
a n d  Sw i2p /S nf2p  A T Pases th a t  re s id e  in  th e  re la te d  m u lt i
s u b u n it  c o m p lex es  ‘‘re m o d e ls  th e  s t ru c tu re  o f  c h ro m a tin ’’ 
(RSC) [20] a n d  m a tin g  ty p e  ‘‘sw itch in g  d e fic ie n t/su c ro se  n o n 
fe rm e n tin g ’’ (SW I/SNF) [21,22], resp ec tiv e ly . RSC a n d  SW I/ 
SN F c o m p le x e s  a re  s t r u c tu r a l ly  r e la te d ,  s h a r in g  th r e e  
su b u n its  a n d  h a rb o r in g  five p a ra lo g s  [23,24]. D e sp ite  th e ir  
e x ten s iv e  s t ru c tu ra l  h o m o lo g y , d y sfu n c tio n  o f  v a rio u s  e sse n 
tia l RSC c o m p o n e n ts  c a n n o t  b e  c o m p e n sa te d  fo r  by  o v e r
e x p re ss io n  o f  SW I/SNF p a ra lo g s , a rg u in g  th a t  p ro te in  m o tifs  
th a t  m e d ia te  c o m p le x  assem bly  a n d  fu n c tio n  d if fe r  [20,25]. 
F u r th e rm o re ,  g e n e tic  e v id e n ce  in d ic a te s  th a t  SW I/SNF a n d  
RSC d if fe r  fu n d a m e n ta lly  w ith  re s p e c t  to  in te ra c t io n  w ith  
c h ro m a tin  s in ce  h is to n e  a n d  SP T 6  m u ta t io n s  th a t  su p p re ss  
snf2D  m u ta n ts  a c tu a lly  e n h a n c e  c o n d it io n a l  sth1SS06L-TSS1M 
m u ta n t  p h e n o ty p e s  [26].
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Ploidy Control by RSC

Author Summary

Some molecules responsible for altering the 3-D organization of 
chromosomes work as complexes of more than ten different 
proteins, and many are conserved in fungi, plants, and animals. 
Two such complexes are called ‘‘remodels the structure of 
chromatin’’ (RSC) in yeast and ‘‘switching deficient/sucrose non
fermenting’’ (SWI/SNF) in man. SWI/SNF is known to inhibit the 
advent of multiple types of human cancers. Since cancer is a disease 
whereby cells unduly divide, we sought to define when in the yeast 
cell division cycle RSC executes essential functions. Using a generic 
method to induce inactivation of essential proteins in otherwise 
healthy yeast cells, we found that the RSC complex is important 
before chromosome replication as well as before chromosome 
segregation. Interestingly, combining two of the mutations we had 
generated caused doubling of the entire chromosome complement 
of yeast. As it is known that such multiplication of the cellular 
chromosome complements results in an increased malleability of 
the genetic patrimony, which itself is known to underlie some of the 
aggressive traits of human cancers, our discovery suggests new 
models as to why SWI/SNF is such a potent tumor suppressor, and 
this may in turn provide valuable new inroads for cancer treatment.

T o  d a te , g e n e tic  a n d  m o le c u la r  analyses have  im p lic a te d  
RSC in  a v a rie ty  o f  b io lo g ic a l p ro cesses  in c lu d in g  c h ro m o 
som e c o h e s io n  a n d  tra n sm iss io n , D N A  re p a ir ,  a n d  tr a n s c r ip 
tio n a l  r e g u la tio n  [27-35]. In  a d d itio n , RSC in te ra c ts  w ith  a 
PK C  p a th w ay  th a t  im p in g e s  o n  cell p o la r ity  th ro u g h  B im 1p , a 
m ic ro tu b u le -a s so c ia tin g  p r o te in  th a t  e n su re s  sp in d le  p o le  
b o d y  a sy m m etry  th ro u g h  K ar9 p  [36,37].

T o  ad d re ss  fu n d a m e n ta l  q u e s tio n s  w ith  re s p e c t  to  RSC 
fu n c tio n , we an a ly zed  g e n e ric  d e g ro n  alle les o f  e sse n tia l RSC 
su b u n its .  H e re ,  w e r e p o r t  t h a t  R SC  e x e c u te s  e s s e n tia l  
fu n c tio n s  in  G1, G2, a n d  m ito sis. S trik ing ly , in te g ra l  p lo id y  
sh ifts o c c u r re d  w h e n  d e g ro n  alle les o f  th e  y eas t h S N F 5  tu m o r  
su p p re s s o r  o r th o lo g  SFH1 [38,39] a n d  th e  cell c y c le - re g u la te d  
R SC 3  su b u n its  w ere  c o m b in e d . C o m b in a tio n  o f  th e  sfh1td a n d  
rsc3td a lle les w ith  cy clin  d e le t io n  a lle les re v ea le d  a s tro n g  
g e n e tic  in te ra c t io n  b e tw e e n  th e  S -p h ase  cyclin  gene, CLB5, 
a n d  R SC 3, in d ic a tin g  a ro le  fo r  R sc3p  in  p r o p e r  S -phase  
r e g u la tio n . F u r th e rm o re ,  im p a ir in g  r e re p l ic a t io n  c o n tro l  
m e d ia te d  by C lb 5 p  a n d  th e  r e p lic a t io n  o rig in - lic e n s in g  fa c to r  
C d c6 p  e lim in a te d  th e  re q u ir e m e n t  fo r  c o n c o m ita n t  d e re g 
u la t io n  o f  SFH1 a n d  o f  R SC 3  to  in d u c e  p lo id y  d o u b lin g  
even ts. O u r  d a ta  im p lic a te  RSC in  r e g u la tio n  o f  th e  G1/S- 
p h a se  t r a n s i t io n  a n d  e s tab lish  a n  u n a n tic ip a te d  ro le  fo r  RSC- 
m e d ia te d  c h ro m a tin  re m o d e lin g  in  p lo id y  m a in te n a n c e .

Results
Generation o f Conditional Alleles o f All Essential RSC 
Complex-Specific Subunits

In  o r d e r  to  in v e s tig a te  th e  ro le  o f  R SC  in  c e l lu la r  
physio logy , we u tiliz e d  a n  in d u c ib le  p r o te in  d e g ra d a tio n  
system  b a se d  o n  fu s io n  o f  a n  N - te rm in a l  h e a t- in d u c ib le  
u b iq u it in  lig a se - ta rg e t p e p tid e  (‘‘d e g ro n ’’) [40] to  th e  o p e n  
re a d in g  fram e s (ORFs) o f  all e sse n tia l R S C -specific  su b u n its . 
T h is in c lu d e d  r e p la c e m e n t o f  th e  e n d o g e n o u s  p ro m o te rs  by 
th e  P Cup1 p ro m o te r ,  re su ltin g  in  C u 2+ d r iv e n  t r a n s c r ip t io n  o f  
th e  rsctd a lleles. T h e  system  also  in c lu d e d  in te g ra t io n  o f  th e  
PGai1—10 p r o m o te r  a t  th e  UBR1  locus, w h ich  e n co d e s  th e  N- 
e n d  ru le  E3 ligase  U b r1 p , th a t  reco g n ize s th e  N - te rm in a l
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Figure 1. Conditional Depletion of RSC Subunits Terminally Arrests Cells 
at Multiple Stages of the Cell Cycle
(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 °C (left panel, bottom lanes) to deplete degron fusions of 
RSC subunits for 3, 6, and 9 h (only 9 h shown), and a 10-fold serial 
dilution was spotted onto rich medium and incubated for 3 d at 25 °C 
(left panel; see Materials and Methods). In parallel, aliquots were taken 
following depletion and analyzed for DNA content by flow cytometry 
(right panel). For a more complete set of strains, see Figure S2.
(B) Growth curves under nonpermissive conditions of several strains used 
in (A) □ , Wild type;E , sth1td; E , sfh1td;U , rsc3td; • , rsc4td; ■ , rsc6td; ▲, 
rsc9td;▲, rsc58td; ♦ ,  rsc8td.
(C) Cells were shifted from YEP-glucose medium supplemented with 0.1 
mM CuSO4 at 25 °C to YEP-galactose supplemented with 0.1 mM CuSO4 
at 25 °C, and 10-fold dilutions were spotted after 0 or 16 h onto glucose 
containing plates with 0.1 mM CuSO4 and incubated at 25 °C. All strains 
displayed in this figure contain the Pgal::UBR1 allele. 
doi:10.1371/journal.pgen.0030092.g001

a rg in in e  re s id u e  o f  th e  d e g ro n  fu s io n s  [41]. T h is  p e rm its  
s u p p re s s io n  o f  d e g ro n  fu s io n  d e g ra d a tio n  by g ro w in g  cells in  
g lu co se  m ed ia , w h ich  re p re sse s  th e  P oai1-1o p ro m o te r ,  a n d  
allow s p r im in g  o f  d e g ro n -fu s io n  d e g ra d a tio n  by p re -g ro w in g  
cells in  g a lac to se  m e d ia  a t  25 8C. T h u s, th is  system  p e rm its  
h e a t  sh o c k - in d u c e d , p o ly u b iq u it in -m e d ia te d  d e g ra d a tio n  o f  
e x is tin g  c e llu la r  p r o te in  fu s io n s  [41].

C ells e x p re s s in g  d e g ro n  a lle le s  o f  th e  e s s e n tia l  R SC
td td td td td td td su b u n its  (rsc3 , rsc4 , rsc6 , rsco , rsc9 , rsc58 , sfh1 , a n d

sth1 td) as so le  so u rc e  o f  th a t  s u b u n it  g rew  a t ra te s  c o m p a ra b le  
to  w ild -ty p e  s tra in s  w h e n  c u ltu re d  in  g lucose  a t  25 8C, 
in d ic a tin g  th a t  th e  d e g ro n  fu s io n s  w ere  fu n c tio n a l  (u n p u b 
lish ed  d a ta ). U p o n  in d u c t io n  o f  u b iq u it in  ligase  U b r1 p  
e x p re ss io n  a t  25 8C by  g a lacto se , rsc3td s tra in s  (b u t n o n e  o f  
th e  o th e r  RSC d e g ro n  s tra in s )  a r re s te d  g ro w th , a n d  co lo n y  
fo rm a t io n  was s tro n g ly  d im in ish e d  (F igu re  1A a n d  1C). T h is 
in d ic a te s  th a t  R sc3p  is ex q u is ite ly  sen sitiv e  a m o n g s t RSC 
su b u n its  to  th e  p re se n c e  o f  th e  N - te rm in a l  d e g ro n .

F o llo w in g  in c u b a t io n  o f  rsctd s tra in s  in  g a lac to se  a t  37 8C, 
g ro w th  a r re s t  e n su e d  fo r  all su b u n its  w ith in  3 -4  h  (F igu re  1B). 
W e s te rn  b lo t  analysis in d ic a te d  th a t  d e g ro n  fu s io n s  w ere  
d e p le te d  to  n o n d e te c ta b le  levels w ith in  2 h  (F ig u re  S1 a n d
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Figure 2. RSC Is Essential during G1
The MatA, Pgaf:UBR1, sth1td, rsc6td, rsc8td strain (YN286) was synchronized 
in G1 by incubation in a-pheromone (10 ig /m l final) as indicated in the 
time line (top panel). Incubations at permissive and nonpermissive 
temperatures are represented by green and red lines, respectively. The a- 
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). 
CFUs were visualized by seeding 5-fold serial dilutions onto YEP-glucose 
+  CuSO4 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. 
doi:10.1371/journal.pgen.0030092.g002

u n p u b lis h e d  d a ta )  a n d  S th 1 p TAP level also  d e c re a s e d  (F igu re
51), in d ic a tin g  im p a ire d  c o m p le x  in te g r ity . F low  c y to m e try  
analysis o f  c e llu la r  D N A  c o n te n t  re v ea le d  G2/M cell-cycle  
a rre s ts  in  rsc4 , rsc6 , rsc9 , a n d  sfh1 s tra in s  (F igures 1A a n d
52). sth1 s tra in s  gave v a r ia b le  resu lts , u su a lly  y ie ld in g  a lm o s t 
exclusively  G2/M  cells, th o u g h  o ccasio n a lly  s ig n ific a n t levels 
o f  G 1 -b lo ck ed  cells w e re  o b se rv ed . In  c o n tra s t ,  b o th  G1- a n d  
G 2 /M -a rres ted  cells w e re  in v ariab ly  o b se rv ed  in  rsc8td, rsc58td, 
a n d  rsc3td s tra in s . Im p o r ta n tly , every  c o m b in a tio n  o f  RSC 
d e g ro n s  th a t  was te s te d  in d u c e d  b o th  G1 a n d  G2/M a rre s ts  
(F igures 1A a n d  S2).

Ir re v e rs ib le  le th a l effec ts , o b se rv e d  as a  d e c re ase  in  co lo n y - 
fo rm in g  u n its  (CFUs) u p o n  se e d in g -o u t o n to  2%  g lucose  
p la te s  a n d  in c u b a tio n  a t  25 8C, w ere  m o re  p r o n o u n c e d  a n d  
o c c u r re d  e a r l ie r  in  th e  37  8C tim e  c o u rse  in  rsc8td a n d  rsc58td 
s tra in s , as w ell as in  s tra in s  h a rb o r in g  m u ltip le  RSC d e g ro n  
fu sio n s (F igu re  1A). In  th e  e x tre m e  case  o f  th e  rsc6td, rsc8td, 
sth1‘ t r ip le  d e g ro n  s tra in , less th a n  1%  CFU s re m a in e d  a f te r  
3 h  o f  h e a t  sh o ck  (F ig u re  1A), w h ile  e q u iv a le n t f ra c tio n s  o f  
p re -  (F igu re  1C) a n d  p o s t- re p lic a tiv e  (F ig u re  2C) cells w ere  
obse rv ed .

A lto g e th e r, th e se  d a ta  su g g est th a t  th e  cell-cycle  p h a se  o f  
a r re s t  c o rre la te s  w ith  th e  k in e tic s  o f  RSC c o m p le x  in a c tiv a 
tio n , w ith  G2/M  cells b e in g  m o re  sen sitiv e  to  RSC  in a c tiv a tio n

th a n  G1 cells s in ce  G2/M  cells a c c u m u la te  w h en  RSC fu n c tio n  
is le a s t im p a ire d , as assayed  by cell survival.

RSC Is Essential in the G1 Phase o f the Cell Cycle
As n o  e ssen tia l ro le  has p re v io u s ly  b e e n  d e sc r ib e d  fo r  RSC 

d u r in g  G1, we w ish ed  to  d e te rm in e  w h e th e r  th e  G1 a r re s t  we 
o b se rv ed  u p o n  RSC d e p le t io n  (F igures 1A a n d  S2) re su l te d  
f ro m  fu n c tio n a l  fa ilu re  in  th e  c o u rse  o f  th e  p re c e d in g  cell 
cycle o r  w h e th e r  th is  re fle c te d  a g e n u in e  e sse n tia l fu n c tio n  
f o r  RSC d u r in g  G1. T o  th is  e n d , th e  t r ip le  rsc6td, rsc8td, sth1 td 
d e g ro n  c o m b in a tio n , w h ich  co n v ey e d  > 9 9 %  le th a lity  w ith in  
3 h  o f  h e a t  sh o ck  (F ig u re  1A), was e m p lo y e d  to  d e p le te  RSC 
f ro m  sy n c h ro n o u sly  cy clin g  cells (F ig u re  2). Cells w ere  g ro w n  
o v e rn ig h t in  g a lac to se  a t  25 8C a n d  w ere  th e n  b lo c k e d  in  G1 
by e x p o su re  to  a -p h e ro m o n e  (—5 h; b o o s t  a t  —2.5 h). R elease  
in to  th e  cell cycle was ach iev e d  by rem o v a l o f  p h e ro m o n e  (0 
h). A liq u o ts  o f  sy n c h ro n iz e d  cells w ere  ta k e n  a t  3 0 -m in  
in te rv a ls  a n d  in c u b a te d  fo r  3 -h  p e r io d s  a t  37 °C so as to  
d e p le te  RSC fro m  cells tra v e rs in g  co n se cu tiv e  stages o f  th e  
cell cycle sy n ch ro n o u sly . A f te r  3 h  a t  37 8C, c e llu la r  D N A  
c o n te n t  was d e te rm in e d  a n d  cells w e re  s e e d e d -o u t  o n to  
p e rm iss iv e  p la te s  to  d e te rm in e  v iab ility  levels by  co lo n y  
f o rm a t io n  (F igu re  2). RSC  in a c tiv a tio n  in  sy n c h ro n iz e d  cells 
p ro v e d  le th a l fo r  > 9 5 %  o f  th e  cells in  every  case  (F ig u re  2), 
a n d  RSC in a c tiv a tio n  re su l te d  in  h o m o g e n e o u s  G1 a n d  G2/M 
a rre s ts , d e p e n d in g  o n  th e  tim e  w h en  h e a t  sh o ck  was a p p lie d  
(F ig u re  2).

W e c o n c lu d e  th a t  RSC e x ecu te s  e sse n tia l fu n c tio n s  in  G1 in  
a d d it io n  to  its e ssen tia l ro les  in  G2/M. As we d id  n o t  o b se rv e  
cells a r re s te d  in  th e  p ro c ess  o f  D N A  re p lic a t io n  ( c o rre sp o n d 
in g  to  th e  0.5 h  to  3.5 h  t im e  p o in t) , o u r  e x p e r im e n ts  suggest 
th a t  RSC ac tiv ity  is n o t  r e q u ir e d  p e r  se fo r  c h ro m o so m e  
re p lic a tio n . H o w ev e r, we c a n n o t  ex c lu d e  th e  p o ss ib ility  th a t  a 
sm all p o r t io n  o f  th e  g e n o m e  fa iled  to  b e  re p lic a te d  u p o n  RSC 
d e p le t io n  (F igu re  2, 0.5 h  to  3.5 h  tim e  p o in t) .

sfh1td and rsc3td Together Induce Single Rounds o f Ploidy 
Doublings

T h e  ab o v e  analyses in d ic a te d  th a t  RSC  p e rfo rm s  c ru c ia l 
fu n c tio n s  d u r in g  m ito sis , G1, a n d  G2, a n d  th ey  im p lic a te  RSC 
in  p r o p e r  cell-cycle  p ro g re ss io n . T h is  p e r c e p tio n  was f u r th e r  
s t r e n g th e n e d  in  th e  p ro c ess  o f  g e n e ra t in g  y eas t s tra in s  
h a rb o r in g  c o m b in a tio n s  o f  d e g ro n  alleles o f  e ssen tia l RSC 
su b u n its . W h ereas  m o s t d ip lo id  s tra in s  h e te ro zy g o u s  fo r  two 
o r  th re e  d e g ro n  a lleles p ro d u c e d  > 8 0 %  v iab le  sp o re s , d ip lo id  
s tra in s  h e te ro zy g o u s  fo r  sfh1td a n d  rsc3td a n d  h o m o zy g o u s fo r  
Pgal::UBR1 y ie ld e d  less th a n  10%  v iab le  sp o re s  (T ab le  S1). T h is 
d o m in a n t  m e io tic - le th a l p h e n o ty p e  was n o t  d u e  to  a b e r r a n t  
p lo id y  o f  th e  p a re n ta l  s tra in s , as b o th  h a p lo id  rsc3td a n d  sfh1td 
s tra in s  d isp lay e d  th e  e x p e c te d  h a p lo id  D N A  c o n te n ts  (F igure  
1A). F u r th e rm o re ,  th e  sfh1td a n d  rsc3td s tra in s  w ere  ab le  to  
in d iv id u a lly  m a te  w ith  o th e r  h a p lo id  rsctd s tra in s  to  p ro d u c e  
d ip lo id s  th a t  p ro d u c e d  > 8 0 %  v iab le  sp o re s  w ith  th e  e x p e c te d  
se g re g a tio n  fre q u e n c ie s  o f  h e te ro zy g o u s  m a rk e rs  (T ab le  S1).

W e te s te d  th e  in v o lv e m en t o f  th e  Pgal::UBR1 a lle le  by 
m a tin g  a  UBR1, sfh1td s t ra in  to  a  UBR1, rsc3td s tra in . T h ese  
d ip lo id s  w e re  fe r t i le  (64%  v iab le  p ro g en y ); h o w ev er, n o n e  o f  
th e  su rv iv in g  p ro g e n y  h a r b o re d  b o th  th e  rsc3 a n d  th e  sfh1 
d e g ro n  a lle les (T ab le  1). T h is  d e m o n s tra te s  th a t  th e  d o m in a n t  
m e io tic - le th a l p h e n o ty p e  d isp lay e d  by d o u b le  h e te ro zy g o u s  
rsc3td/RSC3, sfh1td/SFH1, Pgal.:UBR1/Pgai.:UBR1 d ip lo id s  was d u e  
to  re p re s s io n  o f  U BR1  ex p ress io n . T h is suggests th a t  RSC a n d
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T ab le  1: Synthetic Lethality between rsc3td and sfh1td 

Frequency SFH1, RSC3 sfh1td, RSC3 SFH1, rsc3td sfh1td, rsc3td

Observed 37 30 31 0
Expected if  no t SL 38 38 38 38
Expected if  SL 38 38 38 0

UBR1, sfh1td, and UBR1, rsc3td strains o f opposing mating type were mated, and resulting 
diploid strains were induced to  sporulate. Spores from  38 asci were analyzed for colony 
formation and segregation o f sfh1td and rsc3td alleles, as well as several auxotrophic 
markers. SL, synthetic lethal. 
doi:10.1371/journal.pgen.0030092.t001

U b r1 p , o r  p h y sio lo g ica l U b r1 p  su b s tra te s  [42], a re  p a r t  o f  
g e n e tic  pa th w ay s th a t  a re  r e d u n d a n t  to  so m e e x te n t  o r  th a t  
fo rm  o n e  la rg e  p a th w ay  in  m eiosis.

In te re s tin g ly , th e  d o m in a n t  m e io tic - le th a l p h e n o ty p e  o f  
d ip lo id s  h o m o zy g o u s fo r  Pgal::UBR1 a n d  h e te ro zy g o u s  fo r  
rsc3td a n d  sfh1td c o u ld  b e  re sc u e d  by  in c lu s io n  o f  a  s ing le  copy  
o f  rsc9td, b u t  n o t  by  in c lu s io n  o f  sth1td, rsc6td, rsc8td, o r  rsc58td 
a lle les (u n p u b lis h e d  da ta). R e m ark ab ly , we o b se rv e d  th a t  
every  s ing le  d e sc e n d a n t  sp o re  o f  th e  t r ip le  h e te ro zy g o u s  
d ip lo id s  th a t  b o re  b o th  th e  sfh1  a n d  th e  rsc3 a lleles gave rise  
to  la rg e , m o n o -n u c le a te d  cells th a t  h a d  a d ip lo id  D N A  
c o n te n t ,  re g a rd le s s  o f  th e  p re se n c e  o f  th e  rsc9t a lle le  (> 5 0  
te t ra d s  analyzed). T h e  D N A  p ro file  o f  o n e  sfh1td, rsc3td 
n o n p a re n ta l  d i- ty p e  te t r a d  is sh o w n  in  F ig u re  3A. B o th  
p ro g e n y  th a t  in h e r i te d  th e  rsc3 a n d  th e  sfh1 a lle les hav e  2C 
+  4C D N A  c o n te n ts , w hile  th e  tw o o th e r  sp o re s  d isp lay  th e  1C 
+  2C  D N A  c o n te n t  e x p e c te d  f o r  h a p lo id  y e as t. T h e  
e n d o d ip lo id  sfh1t , rsc3t s tra in s  r e s p o n d e d  to  m a tin g  p h e r 
o m o n e  (u n p u b lis h e d  d a ta )  a n d  c o u ld  m a te  to  p ro d u c e  
te t r a p lo id  s tra in s  (4C/8C, F ig u re  3B). T h e  p lo id y  sh if t to o k  
p lace  a f te r  m e io tic  se g re g a tio n  o f  th e  c h ro m o so m e s  b e ca u se  
in h e r i ta n c e  o f  all th e  h e te ro zy g o u s  c h ro m o so m a l lo c i o b ey ed  
th e  M e n d e lia n  2:2 freq u e n c y .

In  o r d e r  to  te s t  w h e th e r  e n d o d ip lo id  s tra in s  c o u ld  be  
g e n e ra te d  in d e p e n d e n tly  o f  p assage  th ro u g h  m eiosis, we 
p e r fo rm e d  e n d o g e n o u s  lo cu s re p la c e m e n t e x p e r im e n ts  in  
h a p lo id  cells. W h en  UBR1, rsc3 s tra in s  w e re  tra n s fo rm e d  
w ith  v ec to rs  to  c o n v e r t  th e  w ild -ty p e  SFH1 a lle le  to  sfh1t , 
1 0 %  o f  th e  re su l tin g  co lo n ie s  w ere  h a p lo id , 8 0 %  w ere  
d ip lo id , a n d  10%  also  h a r b o re d  te t r a p lo id  cells (n — 48, 
F ig u re  3C a n d  T ab le  2). T h u s, th e  e n d o cy c le  in d u c e d  by th e  
rsc3 a n d  sfh1 a lleles c o u ld  also  o c c u r  in d e p e n d e n tly  o f  
m eiosis. T ra n s fo rm a tio n  o f  UBR1, sfh1t h a p lo id  s tra in s  w ith  
th e  rsc3t locus c o n v e rs io n  c o n s tru c t  y ie ld e d  fe w er e n d o d i-  
p lo id  c lo n es (4% ; n — 48, T ab le  2). T h is suggests th a t  th e  
p re se n c e  o f  rsc3t p r im e d  cells to  u n d e rg o  a p lo id y  sh ift, a  fa c t 
th a t  m ay  well r e la te  to  th e  sen sitiv ity  o f  rsc3 s tra in s  (b u t no  
o th e r  rsct - c o n ta in in g  stra in s )  to  o v e re x p re ss io n  o f  th e  E3 
ligase  U b r1 p  a t 25 °C (F ig u re  1C).

T o  assess th e  ro le  o f  UBR1 in  rsc3td +  sfh1td m e d ia te d  p lo id y  
shifts, th e  ab o v e  e n d o g e n o u s  lo cu s re p la c e m e n t e x p e r im e n t 
was also  p e r fo rm e d  in  Pgal::UBR1 cells g ro w n  in  g lucose. 
In h ib it io n  o f  UBR1 s ig n ifican tly  re d u c e d  th e  f re q u e n c y  o f  
o b se rv e d  p lo id y  sh ifts  (T ab le  2), c o n s is te n t w ith  a n  a n c illa ry  
ro le  fo r  U b r1 p  in  th is  p h e n o m e n o n .

W e c o n c lu d e  th a t  to g e th e r , d e g ro n  alle les o f  R SC 3  a n d  
SFH1 d is ru p t  a  fa cu lta tiv e  cell-cycle  p ro c ess  th a t  is c ru c ia l to  
m a in ta in  p lo id y  levels in  yeast. F u r th e rm o re ,  th e  fa c t  th a t

1C 2C 4C

1C 2C 4C 8C
Figure 3. Post-Meiotic and Mitotic Ploidy Doubling of sfh1td, rsc3td Cells
(A) FACS analysis of the DNA content of the four spores of a single 
representative tetrad derived from a SFH1/sfh1td, RSC3/rsc3td, RSC9/rsc9td, 
Pgai::UBR1 /Pgal::UBR1 diploid. The genotypes of the spores are SFH1, RSC3, 
RSC9, Pgal::UBR1 (blue), SFH1, RSC3, rsc9td, Pgal::UBR1 (red), sfh1td, rsc3td, 
RSC9, Pgal::UBR1 (green), sfh1td, rsc3td, rsc9td, Pgal::UBR1 (black). Inset: Light 
scatter plots indicating cell sizes.
(B) Tetraploid strain (blue) derived from mating of two endodiploids 
(black). For comparison, a haploid was included (red).
(C) FACS analysis of clones generated by transformation of a rsc3td strain 
with a sfh1td allele. Haploid clones are indicated in red, endodiploids in 
gray, and tetraploids in blue. 
doi:10.1371/journal.pgen.0030092.g003

p lo id y  sh ifts on ly  to o k  p lace  o n c e  o r  tw ice  s tro n g ly  suggests 
th a t  a  th i r d  b io lo g ica l p a r a m e te r  is in v o lved , a n d  th a t  th is 
p a r a m e te r  was t r ig g e re d  in  b o th  th e  e n d o g e n o u s  lo cu s 
c o n v e rs io n  a n d  th e  m e io tic  se g re g a tio n  e x p e rim e n ts .

RSC Genetically Interacts w ith the Cyclin-Dependent 
Kinase Cdc28p/Cdk1p

In  b u d d in g  yeast, cell-cycle  p ro g re s s io n  is o rc h e s tr a te d  by  a 
s ing le  c y c lin -d e p e n d e n t  k in ase , C d c2 8 p /C d k 1 p  [43]. As we 
fo u n d  RSC  to  b e  c ru c ia l fo r  p assage  th ro u g h  m u ltip le  stages 
o f  th e  cell cycle, we w ish ed  to  assess fu n c tio n a l  in te ra c t io n s  
b e tw e e n  RSC a n d  C d c2 8 p /C d k 1 p . T o  th is  en d , we em p lo y e d  a 
cdc28 d e g ro n  a lle le  [40]. U p o n  U b r1 p  o v e rex p re ss io n , th e  
cdc28 a lle le  le d  to  a  sev ere  d e c re a se  in  CFUs. T h is  p h e n o ty p e  
was e x a c e rb a te d  by in c lu s io n  o f  th e  sth1 t a lle le  (F ig u re  4), 
a rg u in g  th a t  h y p o m o rp h ic  a lle les o f  RSC a n d  C d c2 8 p /C d k 1 p  
g e n e tica lly  in te ra c t .  T h is n o t io n  was f u r th e r  su b s ta n tia te d  by 
th e  o b se rv a tio n  th a t  sth1 t cells o v e re x p re ss in g  Saccharomyces 
cerevisiae W EE1 (SWE1), a  ty ro s in e  k in ase  th a t  c o n tro ls  m ito sis  
e n try  by  in h ib i t io n  o f  C d c2 8 p /C d k 1 p  ac tiv ity  [43,44], w ere
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T ab le  2: Ploidy Alterations by Endogenous Locus Conversion

Strain Integrate UBR1 Pg a l :UBR1

IC 2C 4C IC 2C 4C

WT s f h f 100 0 0 100 0 0
rsc3td sfh1td 10 80 10 48 52 0
WT rsc3td 100 0 0 100 0 0
sfh1td rsc3td 96 4 0 100 0 0

Wild-type (WT), s f h f , or rsc3t strains were transformed w ith  endogenous locus 
conversion constructs for s fh fd or rsc3td and selected for integration o f the respective 
alleles. Resulting transformants were analyzed for DNA content by flow  cytometry (see 
Figure 3) and results are shown as percentage o f colonies analyzed (n =  48). Experiments 
were performed using cells expressing endogenous levels o f UBR1 (UBR1), or cells 
repressing UBR1 expression (Pgal"UBR1) as indicated. 
doi:10.1371/journal.pgen.0030092.t002

also ex q u is ite ly  sen sitiv e  to  o v e re x p re ss io n  o f  U b r1 p  a t  25 °C 
(F igu re  4). T o g e th e r , th e se  sy n th e tic  le th a l e ffec ts  d e m o n 
s tra te  th a t  th e  RSC ca ta ly tic  A T P ase  s u b u n it  S th 1 p  g en e tica lly  
in te ra c ts  w ith  th e  c y c lin -d e p e n d e n t  k in ase  pa thw ay .

Specific Genetic Interaction between the rsc3td Allele and 
the CLB5 S-Phase Cyclin

O u r  re su lts  su g g est th a t  a  sp ec ific  cell-cycle  p ro c ess  is 
im p a ire d  in  cells th a t  h a r b o r  b o th  th e  sfh1td a n d  rsc3td d e g ro n  
a lle les, a n d  th a t  th is  c o u ld  re la te  to  a  sp ec ific  cyclin - 
d e p e n d e n t  k in ase  pa th w ay . I n  o r d e r  to  m a p  th is  p ro cess , we 
m a te d  Pgai::UBR1, rsc3td a n d  Pgai::UBR1, sfh1td s tra in s  to  a  p a n e l 
o f  d e le t io n  s tra in s  th a t  la c k ed  any  o n e  o f  th e  n in e  C d k 1 p / 
C d c2 8 p  a sso c ia ted  cyclins a n d  assessed  sp o re  v iab ility  o n  
g lu co se  p la tes. T h is  analysis d id  n o t  rev ea l s ig n ific a n t g e n e tic

in te ra c t io n s  b e tw e e n  s f h f  a n d  an y  o f  th e  cyclin  d e le tio n s  
(F ig u re  5A). In  th e  case  o f  th e  rsc3td a llele , h o w ev er, a 
s ig n ific a n t loss o f  sp o re  v iab ility  was o b se rv e d  u p o n  c o m b i
n a t io n  w ith  th e  clb5D allele . As a  m a t te r  o f  fac t, we d id  n o t  
re c o v e r  a  sing le  U BR1  c lo n e  th a t  h a r b o re d  b o th  th e  clb5D a n d  
th e  rsc3td a lle les, in d ic a tin g  th a t  th e  la t te r  a lleles fo rm  a  le th a l 
c o m b in a tio n , a n d  th a t  le th a lity  was su p p re s s e d  by re p re s s io n  
o f  U b r1 p  levels (u sin g  th e  Pgal::UBR1 a llele; F ig u re  5B). O th e r  
UBR1, cyclin  d e le tio n , rsc3td d o u b le  m u ta n ts  w e re  re c o v e re d  
w ith  th e  e x p e c te d  f re q u e n c y , d e m o n s tr a t in g  a  sp ec ific  
in te ra c t io n  b e tw e e n  clb5D a n d  rsc3td. W e c o n c lu d e  th a t  th e  
rsc3td a lle le  im p a irs  a  cell-cycle  p ro c ess  th a t  a lso re lies  o n  
C lb5p . As th is  cyclin  is k n o w n  to  c o n tro l  la te  S -p h ase  
p ro g re s s io n  [43,45,46], th is  suggests th a t  a n  im p o r ta n t  S- 
p h a se  e v e n t is d is ru p te d  by  th e  rsc3td allele.

The Rereplication Control Machinery Antagonizes rsc3td- 
Mediated Ploidy Shifts

E n d o cy c lin g  o f  e u k a ry o tic  cells (e.g., m a m m a lia n  h e p a to -  
cytes a n d  m eg ak ary o cy tes) c o m m o n ly  re lies  o n  a lte rn a tiv e  
re g u la tio n  o f  g en es e ssen tia l fo r  re p lic a t io n  c o n tro l,  su c h  as 
G1/S cyclins, C dc6, g e m in in , a n d  C dt1  [3,6,7,9]. W e th e re fo re  
assessed  th e  ro le  o f  th e  y eas t o r ig in  lic e n s in g  fa c to r  C d c6 p  
[47,48] in  p lo id y  sh ifts  in d u c e d  by  rsc3td a n d  sfh1td. As C d c6 p  is 
a n  e ssen tia l p ro te in ,  w e a tte n u a te d  its c e llu la r  levels u s in g  a 
s tra in  e x p re ss in g  CDC6 so lely  f ro m  a  m e th io n in e  re p re ss ib le  
p r o m o te r  [49]. Cells w e re  in c u b a te d  in  th e  p re se n c e  o f  2 m M  
m e th io n in e  fo r  45 m in  to  re p re ss  CDC6 t r a n s c r ip tio n , a n d  
th e n  th ey  w ere  m ad e  c o m p e te n t  fo r  t ra n s fo rm a tio n . T h ese  
cells w e re  t r a n s fo rm e d  w ith  c o n tro l  c o n s tru c ts , o r  w ith  
e n d o g e n o u s  locus c o n v e rs io n  c o n s tru c ts  fo r  th e  sfh1td o r  
rsc3td alleles. C lo n es w ere  th e n  se lec te d  a t  25 °C o n  g lucose
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Figure 4. Synthetic Sickness Phenotype of sth1td, cdc28td, and sth1td, Pgal::SWE1 Double Mutants
Haploid yeast strains harboring Pgaf:UBR1 and combinations of sth1td and cdc28td (cdk1td) or Pgal::SWE1 were analyzed for their ability to form colonies 
after growth in galactose for the indicated times at the indicated temperatures, by seeding-out 10-fold serial dilutions of an equal number of cells onto 
solid glucose medium containing 0.1 mM CuSO4. Note the dramatically increased severity of the lethal phenotypes of cdc28td and Pgal::SWE1 alleles 
when they were combined with sth1td. The data shown are from one experiment and are representative of at least three independent experiments. 
doi:10.1371/journal.pgen.0030092.g004
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Figure 5. Synthetic Lethality of UBR1, clb5D, rsc3td Spores
Haploid yeast strains harboring Pgal: :UBR1 and either sfh1td (A) or rsc3td (B) were crossed to strains harboring deletion of any one of the nine S. cerevisiae 
cyclin genes: CLN1, CLN2, CLN3, CLB1, CLB2, CLB3, CLB4, CLB5, or CLB6. For each cross, three independently obtained diploids were induced to sporulate 
and between 16 and 53 tetrads were microdissected. Spore survival ranged from 76% to 96% and from 53% to 89% for the s f h f d and rsc3td harboring 
diploids, respectively. Chi square values for the cosegregation frequencies of the cyclin deletion, the Pgai::UBR1, and the sfh1td or rsc3td alleles were 
calculated for each cross. The probability of obtaining the number of observed spores is plotted for each indicated genotype. None of the segregating 
loci under scrutiny are located on the same chromosome. The observed deviation from the expected number of UBR1, clb5D, rsc3td progeny reflected a 
fully penetrant inability of such spores to form a colony. 
doi:10.1371/journal.pgen.0030092.g005

p la te s  lac k in g  m e th io n in e  so as to  re s to re  CDC6 t r a n s c r ip tio n . 
C o n tro l  cells th a t  h a d  n o t  b e e n  d e p le te d  o f  C d c6 p  y ie ld e d  
exclusively  h a p lo id  c lo n es u p o n  c o n v e rs io n  o f  th e  R S C 3  o r  
SFH1 lo c i to  th e  c o r re s p o n d in g  d e g ro n  a lleles (F ig u re  6). In  
c o n tra s t ,  p lo id y  sh ifts  w e re  e ffic ie n tly  in d u c e d  in  cells 
d e p le te d  o f  C d c6 p  u p o n  c o n v e rs io n  o f  th e  R S C 3  lo cu s to  
rsc3 , b u t  n o t  u p o n  c o n v e rs io n  o f  th e  SFH1  lo cu s to  sfh1 (n — 
60; 60%  a n d  0% , resp ec tiv e ly , F ig u re  6). T h u s, te m p o ra ry  
d e p le t io n  o f  C d c6 p  a p p e a rs  to  p h e n o c o p y  th e  sfh1td a lle le  b u t  
n o t  th e  rsc3td a llele.

N ex t, w e tu r n e d  to  th e  cyclin  C lb5p . B esides a  ro le  in  
sp in d le  p o le  b o d y  m a tu ra t io n  a n d  d u p lic a tio n  [50,51], C lb 5 p  
plays a  d u a l ro le  in  r e p lic a t io n  re g u la tio n  as i t  is r e q u ir e d  fo r  
p r o p e r  t im in g  o f  S -p h ase  in it ia t io n , as well as to  p re v e n t  r e 
in i t ia t io n  o f  re p lic a t io n  fo rk s th a t  hav e  a lre ad y  f ire d  [52]. 
F u r th e rm o re ,  d e re g u la t io n  o f  CLB5  levels h as b e e n  a sso c ia ted  
w ith  th e  o c c u r re n c e  o f  e n d o re d u p l ic a tio n  [52]. W ild  ty p e  a n d  
clb5D s tra in s  w e re  t r a n s fo rm e d  w ith  th e  sam e  c o n s tru c ts  as 
above. In  th is  e x p e r im e n ta l  se tu p , a n d  c o n tra ry  to  m e io tic  
se g reg a tio n , UBR1, rsc3 , clb5D m u ta n ts  c o u ld  b e  re co v e red . 
A nalysis o f  th e  re s u l ta n t  rsc3 c lo n es (n — 72) sh o w ed  e ffic ie n t 
p lo id y  d o u b lin g  in  th e  clb5D b a c k g ro u n d  (74% ; F ig u re  6) in  
c o n tr a s t  to  c o n tro l  c o n s tru c ts . C o n v e rs io n  o f  SFH1  to  sfh1 in  
th e  clb5D b a c k g ro u n d  c o u ld  also  p ro d u c e  e n d o d ip lo id  c lones, 
th o u g h  a t a  m u c h  lo w e r f re q u e n c y  (1% , F ig u re  6). T ak e n  
to g e th e r ,  th is  in d ic a te s  t h a t  th e  c e l lu la r  r e r e p l ic a t i o n  
in h ib i t io n  p a th w ay  th a t  d e p e n d s  o n  CLB5  a n d  CDC6 [48,52] 
an ta g o n ize s  th e  e ffec ts  o f  th e  d e g ro n  a lleles o f  R SC 3  a n d  
SFH1.

RSC and Transcriptional Activity o f the CLB5 Locus
P re v io u s  o b se rv a tio n s  in d ic a te  th a t  RSC is r e c ru i te d  to  th e  

CLB5  p r o m o te r  [27], a n d  CLB5  in d u c t io n  was o b se rv e d  in

m ic ro a rra y  e x p e r im e n ts  u s in g  a  rsc3 a lle le  [53]. T o  f u r th e r  
assess th e  ro le  fo r  RSC  in  re g u la tio n  o f  CLB5  e x p re ss io n , we 
im p a ire d  S -p h ase  p ro g re s s io n  by  e x p o su re  to  h y d ro x y u re a  
(HU), a n  in h ib i to r  o f  d e o x y r ib o n u c le o tid e  syn thesis. H U  
t r e a tm e n t  a c tiv a te s  th e  S -p h a se  c h e c k p o in t  th a t  signa ls 
th ro u g h  R a d 5 3 p  a n d  p h o sp h o ry la tio n  o f  v a rio u s  ta rg e ts , 
in c lu d in g  Sw i6p, th u s  c u lm in a tin g  in  in h ib i t io n  o f  S -p h ase  
p ro g re s s io n  [54-56]. F o llo w in g  e x p o su re  to  H U  fo r  3 h  we 
m o n ito re d  a s so c ia tio n  o f  RSC w ith  a n u m b e r  o f  lo c i by 
S th 1 p TAP c h ro m a tin  im m u n o p re c ip i ta t io n  (F ig u re  7A), a n d  
w e assessed  e x p re ss io n  o f  CLB5  a n d  T P S3  (F igu re  7B). H U  
t r e a tm e n t  r e su l te d  in  u p  to  3 -fo ld  in c re a s e d  a sso c ia tio n  o f  
S th lp  w ith  th e  CLB5  p r o m o te r  (F igu re  7A), c o n c o m ita n t  w ith  
re p re s s io n  o f  CLB5  e x p re ss io n  (F igu re  7B), m u c h  as r e p o r te d  
f o r  H T A 1  (F igu re  7A, [27]). T h e  in c re a s e d  a s so c ia tio n  o f  RSC 
c o m p lex es  w ith  th e  CLB5  a n d  H T A 1  p ro m o te rs  u p o n  H U  
t r e a tm e n t  was specific , as n o  su ch  effec ts  w e re  o b se rv e d  a t 
TPS3, FU R4, CEN4, a t  a n  O R F -free  c h ro m o so m a l e le m e n t o n  
C h ro m o so m e  I (ORF-FREE) o r  in  th e  C LB5  O R F (CLB5-ORF, 
F ig u re  7A  a n d  7B). T ak e n  to g e th e r , th ese  re su lts  c o r re la te  
in c re a s e d  b in d in g  o f  RSC  to  th e  C LB5  p r o m o te r  w ith  
in a c tiv a tio n  o f  th is  lo cu s u p o n  H U  t r e a tm e n t  (F ig u re  7A 
a n d  7B) a n d  f u r th e r  im p lic a te  RSC in  tra n s c r ip t io n a l  c o n tro l  
o f  CLB5  ex p ress io n .

Discussion

T h e  RSC A T P -d e p e n d e n t  n u c le o so m e  re m o d e lin g  c o m p le x
[20] en co m p asse s  17 su b u n its , a n d  th e  m u tu a lly  exclusive 
p a ra lo g s  R sc1p  a n d  R sc2p  d e fin e  tw o RSC iso fo rm s [57]. T h e  
R sc3p /R sc30p  h e te ro d im e r  [20,53] p re fe re n tia lly  assoc ia tes 
w ith  th e  R sc 1 p -b e a r in g  RSC iso fo rm  (C a m p ste ijn  e t  al., 
u n p u b l is h e d  d a ta ). H e re , w e a n a ly ze d  RSC  re q u ir e m e n t
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Figure 6. Implication of Replication Control in RSC-Induced Ploidy Shifts
(A) Pmet: :CDC6, cdc6D cells (and wild-type cells, unpublished data) were cultured in the absence (0 min) or presence (45 min) of 2 mM methionine to 
repress CDC6 expression, and cells were made competent for transformation. After transformation with the indicated constructs (left panel), cells were 
seeded on plates lacking methionine to induce CDC6 expression. DNA content of resulting transformants is shown (n =  60, cumulative of three 
independent experiments). Haploid clones are depicted in red, endodiploids in blue, and number of endodiploids is shown as an inset.
(B) Wild-type and clb5D 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. 
doi:10.1371/journal.pgen.0030092.g006

d u r in g  th e  c o u rs e  o f  th e  cell cycle  u s in g  c o n d i t io n a l  
d e g ra d a tio n  a lleles (N -d eg ro n s) o f  all e sse n tia l R SC -specific  
su b u n its . W e f in d  th a t  RSC c o n tro ls  cell-cycle  p ro g re s s io n  a t 
m u ltip le  stages o f  th e  cell cycle a n d  u n c o v e re d  a s tro n g  
g e n e tic  in te r a c t io n  b e tw e e n  R SC  a n d  c y c l in -d e p e n d e n t  
k in ase  1 (F ig u re  4).

RSC Functions in G2/M
W e te m p o ra lly  d isse c te d  th e  m ito t ic  re q u ir e m e n t  fo r  RSC 

by  d e p le t in g  RSC su b u n its  f ro m  cells h a rb o r in g  G2 o r  m ito sis  
c h e c k p o in t  m u ta t io n s  (F ig u re  S3). In  k e e p in g  w ith  a  ro le  fo r  
R SC  in  G2 a n d  m ito t ic  p ro p h a s e ,  RSC  d e g ro n  a lle les  
sy n e rg iz e d  w ith  o v e re x p re s s io n  o f  th e  G2/M  t r a n s i t io n  
r e g u la to r  SW E 1  [43,44], a n d  th e  sam e RSC alle les w ere  
p a r tia lly  e p is ta tic  to  a  d e g ro n  a lle le  o f  th e  sp in d le  c h e c k p o in t  
f a c to r  CDC20 [58] (F igu re  S3). O n  th e  o th e r  h a n d , a  d e g ro n  
a lle le  o f  th e  m ito t ic  e x it  n e tw o rk  k in ase  CDC15 [59] w eakly  
su p p re sse d  th e  le th a l e ffec ts o f  th o se  sam e RSC s u b u n it  
d e g ro n  alle les (F ig u re  S3). C ollectively , th e se  re su lts  in d ic a te  
th a t  RSC ac tiv ity  is c e n tra l  to  ach iev in g  a p r o p e r  m ito sis  a n d  
th a t  RSC a p p e a rs  to  b e  so m e w h a t m o re  im p o r ta n t  b e fo re  th e  
m e ta p h a se /a n a p h a se  tra n s i t io n  th a n  a f te rw a rd  (F ig u re  S3). 
W hile  th ese  re su lts  a re  c o n s is te n t w ith  p u b lis h e d  re p o rts ,  i t  
re m a in s  to  b e  seen  w h e th e r  th e  e ssen tia l ro le  o f  RSC in  G2 
a n d  in  m ito sis  re la te s  to  a  ro le  fo r  RSC in  g e n e  e x p re ss io n  
[27,28,35,53], in  h ig h e r  o r d e r  c h r o m a tid  s t r u c tu r e  [32
34,60,61], o r  b o th .

RSC Functions in G1
S ev eral lin es o f  e v id e n ce  p ro v id e d  h e re  a rg u e  th a t  RSC 

fu n c tio n a lly  in te rse c ts  w ith  re g u la tio n  o f  th e  G 1/S -phase 
tra n s it io n .  F irs t, cells d e p r iv e d  o f  RSC a r re s t  in  G1 (F igures 1 
a n d  2). S eco n d , we a n d  o th e rs  [27] f in d  th a t  RSC assoc ia tes 
w ith  severa l M lu l  cell cycle b o x -b in d in g  fa c to r  (MBF) ta rg e ts  
in c lu d in g  th e  H T A 1 /H T B 1  a n d  CLB5  p ro m o te rs  (F ig u re  7, 
u n p u b lis h e d  da ta). B o th  H T A 1 /H T B 1  a n d  CLB5  a re  e x p re ssed  
d u r in g  th e  G1/S tra n s i t io n  a n d  a s so c ia tio n  o f  RSC c o rre la te s  
w ith  t ra n s c r ip t io n a l  in ac tiv ity  o f  th e se  lo c i (F igu re  7, [27]). 
T h ird , w e d isc o v e re d  th a t  th e  rsc3td a lle le  is sy n th e tic  le th a l 
w ith  a  d e le t io n  a lle le  o f  th e  cyclin  CLB5  w h e n  c o m b in e d  via 
m e io tic  se g re g a tio n  (F igu re  5). W h en  th ese  tw o alleles w ere  
c o m b in e d  by e n d o g e n o u s  lo cu s c o n v e rs io n  th ro u g h  D N A  
tra n s fo rm a tio n , su rv iv in g  c lo n es c o u ld  b e  re c o v e re d , h o w 
ever, a n d  th e  re su l tin g  clb5D, rsc3td s tra in s  u n d e rw e n t  in te g ra l 
p lo id y  in c re a se s  (F ig u re  6). T h is  was also  th e  case w h e n  th e  
r e p lic a t io n  o r ig in  lic e n s in g  fa c to r  C d c6 p  was tra n s ie n tly  
d e p le te d  (F ig u re  6). As th e se  g en es a re  c ru c ia l fo r  G 1/S -phase  
tra n s it io n ,  th is very  s tro n g ly  suggests th a t  RSC plays an  
im p o r ta n t  ro le  in  p lo id y  m a in te n a n c e  w h en  th is  s tage  o f  th e  
cell cycle is p e r tu rb e d .

C o n s is te n t w ith  th is  n o tio n , RSC has b e e n  r e p o r te d  to  
in te r a c t  physically  w ith  Sw i6p [62], a  c o m p o n e n t  o f  th e  
c e n tra l  h e te ro d im e r ic  G1/S t r a n s c r ip t io n  re g u la to rs  MBF 
(w ith  M b p 1 p ) a n d  SBF (w ith  Sw i4p), w h ich  a re  c o n s id e re d  to  
b e  th e  fu n c tio n a l  an a lo g s o f  m a m m a lia n  E2Fs [63]. F inally ,

PLoS Genetics | www.plosgenetics.org 0953 June 2007 | Volume 3 | Issue 6 | e92

http://www.plosgenetics.org


Ploidy Control by RSC

12 

10 

S' 8c
| e
«4

2

0

B

m  m  lìì ffi

CE
E
§ 0 .5

□  u n t r e a t e d
□  HU

FUR4 ORF CLB5 CEN4 TPS3 CLB5 HTA1 
-free -ORF

TPS3 CLB5

Figure 7. Transcriptional Regulation of CLB5 by RSC
(A) RSC association with the CLB5 and HTA1/HTB1 promoters is increased 
upon HU treatment. Strains were exposed for 3 h to HU (150 mM) at 30 
°C. Cross-linked chromatin was immunoprecipitated using IgG beads (see 
Materials and Methods), and recovery of indicated fragments was 
assessed by quantitative PCR. Recovery is shown as fold over the average 
of RSC occupancy at the FUR4 promoter (which does not bind RSC, [27]) 
and at an ORF-free region on Chromosome I (positioned between 
YAR053W and YAR060C, [27]). Typically, recovery ranged between 0.1%- 
0.3% of input for the CLB5 promoter. The DNA profiles of cells upon 
harvesting are shown as an inset. Values are the average of three 
independent experiments using an STH1tap allele and standard devia
tions are indicated.
(B) RSC functions as a repressor of CLB5 expression. Expression levels of 
the RSC targets CLB5 and TPS3 were assessed using quantitative 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 
experiments.
doi:10.1371/journal.pgen.0030092.g007

rsc1 cells w e re  sh o w n  to  d isp lay  a  la rg e  cell p h e n o ty p e  th a t  is 
in d ic a tiv e  o f  im p a ire d  cell-cycle  e n try  as has b e e n  o b se rv ed  in  
cln3, bck2, swi4, a n d  sw i6  s tra in s  [64].

RSC Has a Facultative Role in Ploidy Maintenance
T h e  en d o cy c le  p h e n o ty p e  we o b se rv e  in  sfh1td, rsc3td d o u b le  

m u ta n ts  u n d e rsc o re s  th e  im p o r ta n t  ro le  o f  RSC in  p r o p e r  
cell-cycle  p ro g re ss io n . T h e  en d o cy c le s o c c u r  u n d e r  c o n d i
tio n s  w h en  th e  d e g ro n  fu s io n s  w e re  lea s t a ffe c te d  s in ce  th e  
levels o f  th e  d e g ro n -a c tiv a tin g  u b iq u it in  ligase  U b r1 p  w ere  
re p re s s e d  by g lu co se  a n d  s in ce  th e  y eas t w ere  k e p t  a t  25 °C to  
k e e p  th e  D H F R ts d e g ro n  f ra g m e n t fo ld e d  (F igu re  3A) [40,41]. 
T h e  p lo id y  sh ifts  m u s t th e re fo re  a rise  f ro m  r a th e r  su b tle  
fu n c tio n a l  d e re g u la t io n  o f  RSC. I t  is k n o w n  th a t  a  f r a c t io n  o f  
S fh1p  is p h o sp h o ry la te d  d u r in g  G1 a n d  th is  is th o u g h t  to  
in d u c e  S fh 1 p  d isso c ia tio n  f ro m  RSC [65]. In  k e e p in g  w ith  th is 
o b se rv a tio n , w e f in d  th a t  S fh 1 p td does n o t  stab ly  a sso c ia te  
w ith  RSC a n d  th a t  i t  is re ad ily  d e p le te d  f ro m  th e  co m p le x  
u p o n  U b r1 p  o v e re x p re ss io n  (F ig u re  S4). F u r th e rm o re ,  we 
f o u n d  th a t  R sc3 p  is ac tiv e ly  d e g ra d e d  in  la te  S -p h a se  
(C a m p ste ijn  e t  al., u n p u b lis h e d  data). T h e  fu s io n  o f  a n  N- 
d e g ro n  to  R sc3 p  c o u ld  th u s  a r tif ic ia lly  in d u c e  R sc 3 p td 
d e g ra d a tio n  in  a n  u n tim e ly  fa sh io n , in  l in e  w ith  th e  ex q u is ite  
sen sitiv ity  o f  rsc3td cells to  in c re a s e d  levels o f  U b r1 p , ev en  a t 
25 °C (F ig u re  1A a n d  1C). W e th e re fo re  p ro p o se  th a t  tim e ly  
re g u la tio n  o f  S fh 1 p  d u r in g  G 1 -p h ase  a n d  o f  R sc3p  d u r in g  S- 
p h a se  a re  im p e ra tiv e  to  m a in ta in  p lo id y  c o n s ta n t  in  g e rm i
n a tin g  sp o re s, as w ell as in  cells th a t  hav e  u n d e rg o n e  th e  
l i th iu m -m e d ia te d  D N A  tra n s fo rm a tio n  p ro c e d u re .  A lth o u g h  
it  re m a in s  u n c le a r  a t  w h a t s tag e  sfh1 , rsc3 cells a b o r t  th e  
m ito tic  cycle a n d  r e -e n te r  S -phase , th e  m o n o -n u c le a te  n a tu re  
o f  o u r  e n d o d ip lo id  s tra in s  in d ic a te s  th a t  th e  e n d o d ip lo id iz a -  
t io n  e v e n t p re c e d e s  c o m p le tio n  o f  n u c le a r  d iv is ion .

W e fo u n d  th a t  c o n v e rs io n  o f  R SC 3  to  rsc3td in  a  s tra in

(S288c) d e le te d  fo r  M b p 1 p  re su lte d  in  v ery  slow  g ro w in g  
mbp1D, rsc3 d o u b le  m u ta n t  c lo n es th a t  u n d e rw e n t  cycles o f  
e n d o re d u p l ic a tio n  a t  a  s tead y  ra te , y ie ld in g  a h e te ro g e n e o u s  
p o p u la t io n  o f  cells w ith  in c re a s in g  p lo id y  s ta te  (F igu re  S5). 
T o g e th e r  w ith  th e  fu n c tio n a l  lin k  b e tw e e n  RSC a n d  CLB5, o u r  
d a ta  th e re fo re  in d ic a te  th a t  RSC in te ra c ts  w ith  th e  M BF/SBF 
c o n tro l le d  t r a n s c r ip tio n a l  G1/S cell-cycle  p ro g re s s io n  p r o 
g ram . As M BF is th o u g h t  to  f u n c tio n  by  r e s t r ic tin g  e x p re ss io n  
o f  n u m e ro u s  gen es in v o lv ed  in  c o n tro l  o f  D N A  re p lic a t io n  to  
G1 ( in c lu d in g  C LB5) [66], i t  is p o ss ib le  th a t  s im u lta n eo u s  
in te r f e re n c e  w ith  t r a n s c r ip tio n a l  re g u la tio n  by  RSC a n d  MBF 
c o m p ro m ise s  n ece ssa ry  o sc illa tio n s  in  e x p re ss io n  p a t t e rn  o f  
m u ltip le  M BF ta rg e t  genes, re su ltin g  in  re d u c e d  cell-cycle 
p h a se  id e n tity , a n d , u n d e r  sp ec ific  e n v iro n m e n ta l  c o n d itio n s , 
in  p lo id y  shifts.

O u r  e x p e r im e n ts  su g g est th a t  b o th  CLB5  d e le t io n  (F ig u re  6) 
a n d  CLB5  d e re p re s s io n  (F ig u re  7) c o u ld  a id  in  th e  in d u c tio n  
o f  p lo id y  sh if ts . T h e s e  o p p o s in g  o b s e rv a t io n s  c a n  b e  
re c o n c ile d  by  th e  r e q u ir e m e n t  fo r  s im u lta n e o u s  d e re g u la t io n  
o f  m u ltip le  M B F -ta rg e t gen es to  o b se rv e  p lo id y  d o u b lin g s , as 
w ell as by  th e  fa c t th a t  C lb 5 p  is r e q u ir e d  fo r  b o th  a c tiv a tio n  
a n d  in a c tiv a tio n  o f  p re -r e p l ic a t io n  c o m p lex es  [48,52,67-69]. 
As such , d im in ish e d  o r  u n tim e ly  o sc illa tio n  in  e x p re ss io n  
level r a th e r  th a n  o v er- o r  u n d e re x p re s s io n  w o u ld  re su lt  in  
p lo id y  sh ifts, a  p h e n o m e n o n  th a t  h as b e e n  r e p o r te d  fo r  th e  S- 
p h a se  cyclin  E in  Drosophila n u rs e  n u c le i [3]. T h is h y p o th e s is  is 
c o n s is te n t  w ith  th e  o b se rv a tio n  th a t  h y p e rs ta b iliz a tio n  o f  
CLB5  m R N A  suffices to  in d u c e  p lo id y  sh ifts  [52].

F ina lly , we n o te  th a t  CDC6 e x p re ss io n , w h ich  n o rm a lly  
peak s d u r in g  la te  m ito sis , has b e e n  r e p o r te d  to  p e a k  in  a 
M B F -d e p e n d e n t fa sh io n  a t  th e  G1/S t r a n s i t io n  o n ly  in  cells 
th a t  hav e  n o t  u n d e rg o n e  a  r e c e n t  m ito sis  [49,70]. As th is 
w o u ld  b e  th e  case  fo llo w in g  sp o re  g e rm in a t io n  o r  cell 
t r a n s fo rm a tio n  by  th e  l ith iu m  p ro c e d u re ,  th is  m ay  th e re fo re  
a c c o u n t fo r  th e  s ing le  r o u n d  o f  p lo id y  sh ifts  o b se rv e d  h e re  
a n d  fo r  th e  o b se rv e d  lack  o f  R S C -asso c ia tio n  w ith  th e  CDC6 
p r o m o te r  in  cycling  cells (u n p u b lish e d  da ta).

Role o f the Pgal::UBR1 Allele in Ploidy Shifts
I t  is k n o w n  th a t  U b r1 p  p a r tic ip a te s  in  c o h e s in  d e g ra d a tio n  

in  m ito sis  [42]. H o w ev er, o u r  re su lts  in d ic a te  th a t  th e  e ffec ts  o f  
th e  Pgal::UBR1 a lle le  in  o u r  e x p e r im e n ts  w e re  la rg e ly  m e d ia te d  
th ro u g h  U b r1 p ’s ro le  in  p o ly u b iq u ity la tio n  o f  th e  N - te rm in a l 
d e g ro n  fu s io n s  we s tu d ied . F o r  in s ta n c e , r e p re s s in g  U b r1 p  
levels su p p re sse d  r a th e r  th a n  e n h a n c e d  th e  o c c u r re n c e  o f  
p lo id y  sh ifts in  rsc3 , sfh1 s tra in s  (T ab le  2). F u r th e rm o re ,  
r e p re s s in g  U b r1 p  e x p re ss io n  th ro u g h  Pga[::UBR1 su p p re sse d  
r a th e r  th a n  e n h a n c e d  th e  sy n th e tic  le th a l in te ra c t io n  b e tw ee n  
rsc3 a n d  clb5D (F ig u re  5B). H o w ev er, s in ce  th e  d o m in a n t  
m e io tic - le th a l p h e n o ty p e  d isp lay e d  by d o u b le  h e te ro zy g o u s  
rsc3td/RSC3, sfh1td/SFH1, Pgal::UBR1/Pgai::UBR1 d ip lo id s  was d u e  
to  re p re s s io n  o f  UBR1 e x p re ss io n  (T ab le  1), o u r  re su lts  do  
su g g est th a t  RSC a n d  U b r1 p  a re  p a r t  o f  g e n e tic  p a th w ay s th a t  
a re  r e d u n d a n t  to  so m e e x te n t  o r  th a t  fo rm  o n e  la rg e  p a th w ay  
in  m eiosis.

Conclusion
O u r  e x p e r im e n ts  in d ic a te  th a t  th e  rsc3td a n d  sfh1td d e g ro n  

a lleles in te r f e re  in  sy n e rg is tic  ways w ith  cell-cycle  p ro g re s s io n  
re su l tin g  in  e n v iro n m e n ta lly  c o n d it io n e d  p lo id y  shifts. T h ese  
re su lts  fo rm a lly  im p lic a te  RSC in  p lo id y  m a in te n a n c e . T h e  
RSC c o m p le x  has p re v io u s ly  b e e n  im p lic a te d  in  m u ltip le
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m o le c u la r  p ro c esse s , in c lu d in g  r e g u la t io n  o f  c h r o m a tid  
c o h e s io n  [32], D N A  d a m a g e  re sp o n se  [29-31], n u c le o cy to - 
p la s m ic  t r a n s p o r t  [2 8 ,7 1 ], a n d  t r a n s c r i p t i o n  c o n t r o l  
[27,28,35,53,72]. F u r th e rm o re ,  a n d  u n d e rs c o r in g  th e  c o m 
p lex ity  o f  RSC fu n c tio n , v iab le  RSC su b u n i t  d e le t io n  s tra in s  
h av e  b e e n  id e n tif ie d  th a t  d isp lay  lo n g  (npl6D, htl1D, a n d  ldb7 D) 
o r  s h o r t  (rsc2D) te lo m e re s , h in t in g  to w a rd  a m b iv a le n t ro les  
fo r  RSC  in  m a in te n a n c e  o f  te lo m e re  le n g th  [73,74], a  p ro cess  
th a t  o c cu rs  in  la te  S -p h ase  [75]. In  l ig h t o f  th e  p le io tro p ic  
p h y sio lo g ica l fu n c tio n s  o f  RSC , f u r th e r  d is se c tin g  RSC - 
m e d ia te d  p lo id y  c o n tro l  w ill r e q u ir e  a  d e ta i le d  u n d e r s ta n d in g  
o f  th e  ro les  a n d  m o d es o f  re g u la tio n  o f  in d iv id u a l RSC 
su b u n its , as well as u n d e r s ta n d in g  th e  fu n c tio n a l  in te rp la y  o f  
th e  v a rio u s  p ro cesses  th a t  re ly  o n  RSC.

T h e  fu n c tio n s  we a sc rib e  h e re  to  RSC, n am e ly  p lo id y  
m a in te n a n c e  a n d  c o n tro l  o f  G 1 /S -phase  tra n s it io n ,  a p p e a r  
c o n se rv e d  fo r  h u m a n  R SC -like  c o m p lex es  [76-81]. In te r e s t 
ingly, i t  h as b e e n  sh o w n  th a t  m u ta n t  fo rm s  o f  th e  h u m a n  
o r th o lo g  o f  SF H 1, th e  t u m o r  s u p p r e s s o r  IN I1 /h S N F 5  
[38,39,82,83], c an  in d u c e  th e  a p p e a ra n c e  o f  te t r a p lo id  cells 
[76,81]. T h u s, a n  a n c ie n t  R S C -d e p e n d e n t p lo id y  d o u b lin g  
in h ib i t io n  m ec h an ism  m ay hav e  b e e n  r e c ru i te d  in  th e  c o u rse  
o f  a n im a l e v o lu tio n  to  a v e r t  in c ip ie n t  can cer.

Materials and Methods
Yeast strains, plasmids, and culturing. W ith the exception of the 

S288c mbp1D strain  (Figure S5) and the S288c cyclin deletion strains 
(Figure 5), all the yeast used here were descendants of W303 strains. 
Degrons were in troduced  in diploid yeast (YN106) by ends-in 
homologous recom bination 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 m odified gene products. For sporulation, diploids 
were grow n overnight on YEP-10% glucose agar plates and 
sporulated on 1% KAc, 40 ig/m l adenine agar plates. Degron strain 
were grown overnight in 5 ml o f the appropria te  SD-glucose amino 
acid dropout medium, supplem ented with 40 ig/m l adenine, 0.1 mM 
CuSO4  at 25 °C. The cells were then  seeded into a second overnight 
culture in YEP supplem ented with 2% galactose. For depletion, cells 
were diluted to 2.105 cells/ml into YEP 2% galactose, with or without
0.1 mM CuSO 4 , and incubated at 25 °C or 37 °C. At the indicated 
times, 5 i l  of cells and 5- or 10-fold serial dilutions were spotted  onto 
YEP plates supplem ented with 2% glucose, 40 ig/m l adenine, and 0.1 
mM CuSO4. The plates were incubated at 25 °C and pictures were 
taken after 2-4  d. For DNA damage experim ents (Figure 7), cells were 
cultured in nonselective m edia 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 °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 
°C, and DNA was stained with 1 iM  Sytox dye (Molecular Probes, 
http://www.probes.invitrogen.com). DNA content was quantified at 
FL1 on a Becton-Dickinson (http://www.bd.com) Calibur fluorescence 
activated cell sorter.

Chromatin immunoprecipitation, RNA extraction, and quantita
tive PCR. Chrom atin was p repared  as described [84] with several 
modifications. Cells (20-40 ml) were treated  with 1% form aldehyde 
for 15-20 min at room  tem perature 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 rem aining cell pellet was resuspended in 
lysis buffer (FA-lysis buffer com plem ented with 1% T riton  X-100 and
1 mM DTT) and lysis was perform ed using glass beads (2-h vortexing 
o n  a v o r te x g e n ie  2, S c ie n t i f ic  I n d u s t r i e s ,  h t tp : / /w w w . 
scientificindustries.com). The obtained lysate was sonicated on ice 
(four times, 20-s pulses, w ith 40-s intervals) and clarified by 
centrifugation. For im m unoprecipitation, typically, 400-il chrom atin 
solution was incubated overnight with 15 i l  IgG Sepharose 6 Fast Flow 
bead suspension (Stratagene, http://www.stratagene.com) prewashed

in lysis buffer +  0.1% BSA. 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). 
Im m unoprecip itated  m aterial was eluted for 10 m in at 65 °C in 400 i l  
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 precip itation  in the presence o f 20 ig  glycogen.

RNA was extracted with ho t acid-phenol: chloroform  and cDNA 
synthesis was carried out using 2 ig  o f total RNA.

Quantitative PCR was perform ed in a Bio-Rad (http://www.bio-rad. 
com) MyiQ Single Color Real-Time PCR D etection System using a 2X 
iQ  SYBR G reen Supermix. For ChIP, 1/50 of the im m unoprecipitated 
m aterial was used and abundance of im m unoprecipitated fragments 
was com pared to 1% input. For cDNA, 1/25 of total cDNA was used 
and values were norm alized as indicated.

Supporting Information
Figure S1. Depletion of Rsc8ptd Compromises RSC Integrity
A rsc8td, STH1TAP strain (YN438) was grown overnight in YP-Gal 
m edium  containing 0.1 mM CuSO4 at 25 °C and was subsequently 
shifted to YP-Gal m edium  at 37 °C to induce degradation of Rsc8p . 
Aliquots were harvested at the indicated time points and equal 
amounts of whole cell extracts were analyzed by western blot. Rsc8ptd 
was visualized using anti-HA mouse antibody and Sth1pTAP using 
peroxidase-conjugated anti-peroxidase rabbit antibody (Sigma-Al- 
drich).
Found at doi:10.1371/journal.pgen.0030092.sg001 (786 KB PDF).

Figure S2. Sim ultaneous D epletion  of M ultiple RSC Degrons 
Invariably Yields G1 and G2/M Arrests
Indicated strains were incubated under nonpermissive conditions for 
4 h after which DNA content was determ ined by FACS analysis. To 
assess colony-form ing potential, strains were incubated for 2, 6, 9, o r 12 
h under nonpermissive conditions, after which 5-fold serial dilutions 
o f the cultures were spotted  on YP-glucose plates containing 0.1 mM 
CuSO4, followed by incubation at 25 °C and photography (inset).
Found at doi:10.1371/journal.pgen.0030092.sg002 (355 KB PDF). 

Figure S3. RSC Requirem ent after Replication
(A-C) Strains harboring  the indicated rsctd alleles and/or the condi
tional cell division cycle alleles for CDC15, CDC20, or SWE1 were 
cultured as described (Materials and Methods), followed by shift to 37 
°C in galactose m edium  lacking CuSO4. Aliquots o f these cultures 
were seeded under permissive conditions at the indicated time 
points.
(D-F) Indicated strains were incubated for 9 h under nonpermissive 
conditions, after which cellular DNA content was assessed by FACS 
analysis.
Found at doi:10.1371/journal.pgen.0030092.sg003 (3.7 MB PDF). 

Figure S4. Sfh1ptd Association with RSC Depends on U br1p Levels
RSC was purified using an STH1TAP allele from  wild-type (YN400) or 
sfh1td (YN453) strains following overnight culturing at 25 °C in the 
presence of CuSO4 in glucose (Glu) o r galactose (Gal) media to 
repress o r overexpress Ubr1p, respectively. Equal am ounts o f RSC 
were loaded in each lane. The position o f Sfh1ptd (empty arrowhead) 
is indicated. All strains used in this figure contain the Pgal::UBR1 
allele. Note that loss o f Sfh1td did no t perceptibly affect complex 
integrity.
Found at doi:10.1371/journal.pgen.0030092.sg004 (532 KB PDF). 

Figure S5. Im plication o f Mbp1p in RSC-Mediated Ploidy Shifts
S288c mbp1D cells were transform ed with the rsc3td endogenous locus 
conversion construct. The DNA content o f cells from  one clone is 
shown. Note the presence of 4C and 8C cells, indicative o f continuous 
endopolyploidization.
Found at doi:10.1371/journal.pgen.0030092.sg005 (69 KB PDF).

Table S1. Fertility o f Diploids G enerated by M ating of Various rsctd 
Strains
Diploids generated by m ating the indicated haploids were considered 
fertile (+) when over 80% of spores were able to form  haploid 
colonies. Less than  10% of spores from  a sfh1td, rsc3td diploid were 
able to form  colonies (—). Not all com binations were generated, as 
indicated by NT (not tested).
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Found at doi:10.1371/journal.pgen.0030092.st001 (30 KB DOC).

Table S2. Yeast Strains Employed by Campsteijn et al.
Notes: (i) All the yeast strains we generated are descendants of the 
W 303-derived YN2 and YN18 strains and all harbor ADE2 and the 
trp1-1, ura3-1, his3-11;15, and leu2-3;112 alleles; (ii) All the degron 
alleles were first in troduced into the YN106 diploid strain and 
haploid strains were obtained by sporulation; (iii) Lysine auxotrophy 
was not systematically verified. W hen a strain  is Lys_ it harbors the 
Dlys2:rKWD50N allele [85].
Found at doi:10.1371/journal.pgen.0030092.st002 (96 KB DOC).
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