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Figure	
  S1:	
  Nucleosome	
  prediction	
  output	
  by	
  GeneTrack

To	
  identify	
  individual	
  nucleosome-­‐binding	
  positions,	
  we	
  applied	
  the	
  GeneTrack	
  algorithm	
  (Albert	
  et	
  al.	
  2008)	
  to	
  
the	
  MNase-­‐Seq	
  data.	
  Figure	
  S1	
  shows	
  the	
  raw	
  MNase-­‐Seq	
   data,	
  Gaussian-­‐smoothing	
  and	
  peak-­‐calling	
  outputted	
  
by	
   GeneTrack	
   for	
   two	
   different	
   10kb	
   stretches	
   of	
   the	
  yeast	
   genome	
   in	
   the	
   YPD,	
   EtOH	
  and	
  Gal	
  conditions.	
   The	
  
reads	
  (black)	
  are	
  smoothed	
  by	
  a	
  Gaussian	
  Oilter	
  (pink	
  line)	
  with	
  Oitting	
  window	
  of	
  75bp	
  and	
  standard	
  deviation	
  of	
  
15bp.	
  Individual	
  nucleosome	
  positions	
  (horizontal	
  pink	
  bars)	
  were	
  identiOied	
  using	
  an	
  exclusion	
  zone	
  of	
  147bp.

GeneTrack	
   applies	
   Gaussian-­‐smoothing	
   to	
   each	
  genomic	
   position:	
   ie,	
   each	
  base	
   position	
   is	
   represented	
  by	
   a	
  
normal	
  distribution	
  with	
  peak	
   height	
   equal	
  to	
   the	
  number	
  of	
   reads	
  and	
  standard	
  deviation	
  equal	
  to	
   the	
  Oitting	
  
tolerance	
   supplied	
   by	
   the	
   user	
   (Albert	
   et	
   al.	
   2008).	
   Gaussian-­‐distribution	
   values	
   are	
   summed	
   at	
   each	
   base	
  
position	
  and	
  joined	
  together	
  to	
  produce	
  a	
  continuous	
  line.	
  Individual	
  nucleosomes	
  are	
  identiOied	
  by	
  searching	
  for	
  
non-­‐overlapping	
  peaks	
   according	
  to	
   a	
  user-­‐supplied	
  exclusion	
  zone.	
  These	
  peaks	
   correspond	
  to	
   the	
  most	
   likely	
  
positions	
  of	
  nucleosomes	
  and	
  peak	
  heights	
  correspond	
  to	
   the	
  estimated	
  number	
  of	
  MNase-­‐Seq	
   reads	
  present	
   at	
  
the	
  particular	
  position

Figure	
  S2:	
  De=inition	
  of	
  expression	
  states
The	
  ON	
  and	
  OFF	
  gene	
  states	
  were	
  calculated	
  using	
  gene	
  expression	
  data	
  from	
  each	
  cellular	
  condition.	
  Normalised	
  
expression	
  values	
  from	
  replicate	
  experiments	
  were	
  averaged:	
  the	
  density	
  plot	
  below	
  displays	
   the	
  distribution	
  of	
  

expression	
  values	
   of	
   genes	
   in	
  YPD	
  (blue	
   line).	
  A	
   normal	
  mixture	
  model	
   consisting	
  of	
   two	
  normal	
  distributions	
  
was	
   Oitted	
  to	
  the	
  data	
  (red	
  line);	
  the	
  larger	
  distribution	
  corresponds	
  to	
  expressed	
  gene	
  values	
  (black	
  dotted	
  line).	
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We	
  distinguish	
  between	
  ON	
  and	
  OFF	
  genes	
   using	
  a	
  threshold	
  of	
  1%	
  FDR	
  in	
  the	
  distribution	
  of	
  expressed	
  genes	
  
(vertical	
  grey	
  line).

To	
   ensure	
   the	
   robustness	
   of	
   results,	
   we	
   repeated	
   the	
   analyses	
   presented	
   in	
   the	
   paper	
   using	
   an	
   additional	
  
threshold	
  of	
  5%	
  FDR.	
  The	
  differences	
  in	
  nucleosome-­‐binding	
  properties	
  are	
  similar	
  to	
  those	
  reported	
  using	
  a	
  1%	
  
FDR	
  cut-­‐off:	
  +1	
  nucleosomes	
  bind	
  more	
  strongly	
  in	
  ON	
  genes	
  than	
  OFF,	
  whereas	
  the	
  -­‐1	
  nucleosomes	
  are	
  stronger	
  
in	
  the	
  OFF	
  state	
  for	
  promoters	
   in	
  the	
  Closed	
  conOiguration.	
  The	
  p-­‐values	
   are	
  given	
  for	
  Wilcoxon’s	
  rank	
  sum	
  test	
  
and	
  are	
  even	
  more	
  signiOicant	
  than	
  for	
  the	
  1%	
  FDR;	
  this	
  is	
  most	
  likely	
  due	
  to	
  the	
  larger	
  sample	
  size	
  of	
  OFF	
  genes.	
  
	
  

	
  
Figure	
  S3:	
  De=inition	
  of	
  expression	
  states	
  using	
  RNA-­Seq	
  data
To	
   conOirm	
  the	
  robustness	
  of	
   results	
   further,	
  we	
  repeated	
  the	
  analyses	
  using	
  expression	
  data	
  obtained	
  by	
  RNA-­‐
Seq	
  (Nagalakshmi	
  et	
  al.	
  2008).	
  Note	
  that	
  these	
  data	
  are	
  available	
  only	
  for	
  YPD.	
  Nagalakshmi	
  and	
  colleagues	
  used	
  
the	
  median	
  read	
  count	
   for	
   the	
   last	
  30bp	
  of	
  each	
  transcript	
   as	
  a	
  measure	
  of	
  expression	
  level	
  (Nagalakshmi	
  et	
  al.	
  
2008).	
   The	
   density	
   plot	
   of	
   log2(read	
   count)	
  values	
   below	
  shows	
   a	
   similar	
   distribution	
  to	
   that	
   obtained	
  from	
  
microarray	
   data:	
  there	
   is	
   a	
   bimodal	
  distribution	
  comprising	
   populations	
   of	
   expressed	
  genes	
   and	
  unexpressed	
  
ones,	
  which	
  we	
  used	
  as	
  the	
  natural	
  threshold	
  between	
  ON	
  and	
  OFF	
  genes	
   (red	
  line).	
   	
  Since	
  the	
  expression	
  value	
  
was	
   determined	
  at	
   the	
  3‘end	
  of	
  genes,	
  we	
  excluded	
   those	
  transcripts	
   that	
   differed	
  by	
  more	
   than	
  200bp	
   in	
  the	
  
position	
   of	
   their	
   3‘end	
  between	
   the	
   two	
   studies	
   in	
  the	
  analysis	
   below.	
   The	
   differences	
   in	
  nucleosome	
  binding	
  
properties	
  are	
  comparable	
  to	
  what	
  was	
  reported	
  for	
  microarray	
  data.	
  

Figure	
  S4:	
  Testing	
  the	
  model	
  using	
  alternative	
  nucleosome	
  datasets
A	
  comparison	
  of	
  the	
  Kaplan	
  (Kaplan	
  et	
   al.	
   2009)	
  and	
  Mavrich	
  (Mavrich	
  et	
  al.	
   2008)	
  datasets	
  demonstrates	
   that	
  
many	
  promoters	
   share	
  very	
   similar	
   NFR	
   sizes	
   (red	
  line).	
   There	
   is	
   a	
  minor	
   proportion	
   of	
   promoters	
   that	
   have	
  
much	
  larger	
  NFRs	
  in	
  the	
  Mavrich	
  dataset	
  (blue	
  lines):	
  however	
  because	
  the	
  correlation	
  between	
  the	
  two	
  datasets	
  
is	
  still	
  good	
  for	
  these	
  promoters,	
  we	
  speculate	
  that	
   data	
  for	
  -­‐1	
  nucleosome	
  has	
  been	
  lost	
   in	
  the	
  Mavrich	
  dataset.	
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This	
   is	
   consistent	
  with	
  Oindings	
   from	
   a	
  study	
  by	
  Weiner	
   and	
  colleagues,	
  who	
  showed	
  that	
   the	
  -­‐1	
  nucleosome	
  is	
  
especially	
  unstable,	
  and	
  that	
  extended	
  exposure	
  to	
  MNase	
  digest	
  leads	
   to	
  their	
  loss	
  (Weiner	
  et	
  al.	
  2010).	
  The	
  fact	
  
that	
  the	
  Mavrich	
  dataset	
   contains	
  ~10	
  times	
   fewer	
  reads	
   than	
  the	
  Kaplan	
  dataset	
   (1.2M	
  v	
  12.5M)	
  also	
  suggests	
  
that	
  nucleosomes	
  have	
  been	
  lost	
   in	
  the	
  former	
  dataset.	
  Nonetheless,	
  given	
  the	
  good	
  correlation	
  in	
  NFR	
  sizes	
  and	
  
nucleosome-­‐binding	
  positions	
   between	
  the	
  Kaplan	
  and	
  Mavrich	
  datasets,	
  we	
  suggest	
   that	
   our	
  observations	
  are	
  
robust.

Figure	
  S5A:	
  Properties	
  of	
  predicted	
  nucleosomes	
  based	
  on	
  DNA	
  sequence
To	
  test	
  whether	
  nucleosome	
  positions	
  are	
  determined	
  by	
  the	
  underlying	
  genomic	
  sequence,	
  we	
  checked	
  whether	
  
the	
  four-­‐state	
  model	
  holds	
  true	
  for	
  predicted	
  nucleosomes.	
  We	
  calculated	
  scores	
  of	
  nucleosome-­‐binding	
  based	
  on	
  
two	
  models:	
  the	
  nucleosome-­‐DNA	
   interaction	
  model	
  by	
  Kaplan	
  and	
  Segal	
  (Segal	
  et	
  al.	
  2006;	
  Kaplan	
  et	
  al.	
  2009)	
  
and	
  the	
  DNA	
  sequence	
  based	
  hidden	
  Markov	
  Model	
  by	
  Xi	
  (Xi	
  et	
   al.	
  2010).	
  Both	
  algorithms	
  calculate	
  probability	
  
scores	
  for	
   the	
  presence	
  of	
  a	
  nucleosome	
  at	
  a	
  given	
  genomic	
   location,	
  given	
  the	
  underlying	
  nucleotide	
  sequence.	
  
We	
  applied	
  both	
  algorithms	
  to	
  the	
  yeast	
  genome,	
  and	
  then	
  we	
  separated	
  the	
  promoters	
  into	
  the	
  same	
  four	
  classes	
  
as	
  in	
  Figure	
  1C	
  (based	
  on	
  YPD).	
  

We	
   compared	
   the	
   distributions	
   of	
   nucleosome	
   probability	
   scores	
   at	
   the	
   +1	
   and	
   -­‐1	
  positions	
   across	
   the	
   four	
  
promoter	
  states.	
  For	
  the	
  Segal	
  prediction	
  method,	
  we	
  found	
  no	
  signiOicant	
  difference	
  between	
  ON	
  and	
  OFF	
  as	
  well	
  
as	
   between	
  Open	
  and	
  Closed	
  promoters	
   (left;	
  Wilcoxon	
  Rank	
   Sum	
   test).	
   For	
   the	
   Xi	
  predictions,	
   we	
   found	
  no	
  
differences	
   among	
   the	
   +1	
   nucleosomes,	
   whereas	
   the	
   -­‐1	
   nucleosome	
   positions	
   had	
   higher	
   probability	
   scores	
  
among	
   OFF	
   genes	
   compared	
  with	
  OFF	
   (right).	
   That	
   the	
   Xi	
   prediction	
  method	
  performs	
   better	
   for	
   OFF	
   genes	
  
appears	
  to	
  support	
  the	
  notion	
  that	
  nucleosomes	
  in	
  ON	
  genes	
  are	
  positioned	
  by	
  trans-­‐acting	
  factors.	
  However,	
  we	
  
note	
  that	
  neither	
  of	
  the	
  algorithms	
  reveal	
  a	
  similar	
  pattern	
  as	
  the	
  experimentally	
  measured	
  nucleosome	
  positions	
  
(Figure	
  1C).	
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Figure	
  S5B:	
  Examples	
  of	
  predicted	
  nucleosomes
To	
   examine	
   the	
   above	
   results	
   in	
   greater	
   detail,	
   we	
   compared	
   the	
   positions	
   of	
   experimentally	
   measured	
  
nucleosomes	
   with	
   the	
   two	
   prediction	
  methods	
   at	
   individual	
   promoters.	
   Below,	
   we	
   show	
   one	
   representative	
  
example	
  for	
  each	
  promoter	
  state.	
  We	
  Oind	
  that	
  the	
  predictions	
   from	
  both	
  Kaplan	
  (red)	
  and	
  Xi	
  (blue)	
  algorithms	
  
differ	
  substantially	
  from	
  the	
  nucleosome	
  positions	
  obtained	
  from	
  the	
  data	
  (grey	
  boxes).	
  

Figure	
  S6:	
  Effect	
  of	
  sample	
  sizes	
  on	
  nucleosome	
  positioning
Figure	
  1	
  in	
  the	
  main	
  manuscript	
   shows	
  the	
  nucleosome-­‐binding	
  distributions	
  for	
  all	
  promoters	
  in	
  the	
  respective	
  
categories.	
  Since	
  there	
  are	
  many	
  more	
  ON	
  genes	
  than	
  OFF,	
  we	
  tested	
  whether	
   the	
  distributions	
   are	
   affected	
  by	
  
sample	
  size	
  by	
   randomly	
  sampling	
  the	
  same	
  numbers	
  of	
  ON	
  and	
  OFF	
   promoters	
  in	
  the	
  Open	
  and	
  Closed	
  states.	
  	
  
The	
   plots	
  below	
  show	
  the	
  distributions	
   of	
   the	
  +1	
  and	
  -­‐1	
  nucleosomes	
   in	
  the	
  Open/Closed	
  and	
  ON/OFF	
   states	
  
relative	
   to	
   the	
   TSS.	
   The	
   +1	
  nucleosome	
   is	
   well-­‐deOined	
   in	
   all	
   ON	
   promoters,	
   and	
   the	
   -­‐1	
  nucleosome	
   is	
   well-­‐
positioned	
  in	
  the	
  Open	
  state	
  compared	
  with	
  Closed.	
  Therefore,	
  the	
  positioning	
  of	
  +1	
  and	
  -­‐1	
  nucleosomes	
  is	
  not	
  an	
  
artefact	
  of	
  samples	
  sizes.	
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Figure	
  S7:	
  Expression	
  states	
  correlates	
  with	
  nucleosome	
  occupancy
Previous	
   studies	
   showed	
  that	
   average	
   nucleosome-­‐occupancies	
   along	
   the	
   gene	
   body	
   are	
   lower	
   for	
   expressed	
  
genes	
   compared	
  with	
  unexpressed	
  ones.	
   In	
  Figure	
  S7,	
  we	
  double-­‐checked	
  that	
   this	
   observation	
   is	
   true	
   for	
   the	
  
Kaplan	
   dataset.	
   Standardised	
   nucleosome	
   occupancies	
   across	
   entire	
   genes	
   are	
   shown	
   for	
   those	
   that	
   are	
  
expressed	
  	
  (ON,	
  blue)	
  and	
  not	
  expressed	
  (OFF,	
  grey).	
  ON	
  genes	
  have	
  signiOicantly	
  lower	
  occupancy	
  than	
  OFF	
  gnes	
  
in	
  all	
  growth	
  conditions	
  (YPD,	
  EtOH,	
  and	
  Gal	
  from	
  left	
  to	
  right).	
  Wilcoxon	
  rank	
  sum	
  test,	
  p-­‐value	
  <	
  0.001	
  (***).

Figure	
  S8:	
  Nucleosome	
  movement	
  starts	
  at	
  5‘-­end	
  of	
  genes	
  and	
  propagates	
  to	
  the	
  3’-­end.	
  
For	
   each	
  nucleosome	
   in	
  the	
  reference	
  YPD1	
  dataset,	
  we	
   identiOied	
  the	
  equivalent	
   nucleosome	
   in	
  the	
  EtOH,	
  Gal	
  	
  
and	
   YPD2	
   datasets	
   as	
   the	
   ones	
   that	
   occupy	
   overlapping	
   genomic	
   positions;	
   we	
   excluded	
   non-­‐overlapping	
  
nucleosomes	
   since	
   they	
   cannot	
   be	
   distinguished	
   from	
   eviction	
   events	
   or	
   missing	
   data.	
   If	
   more	
   than	
   one	
  
nucleosome	
   in	
  the	
  condition	
  under	
   comparison	
  overlapped	
  with	
  a	
  reference	
  nucleosome	
  in	
  YPD1,	
  we	
  retained	
  
the	
  one	
  displaying	
  greater	
  overlap	
  (numbers	
  shown	
  in	
  SOM	
  Table	
  2).	
  We	
  used	
  the	
  distance	
  between	
  the	
  centres	
  
of	
   equivalent	
   nucleosomes	
  as	
   a	
  measure	
  of	
  movement	
  between	
  cellular	
   conditions.	
  The	
  distances	
  measured	
  in	
  
the	
  YPD1	
  v	
  YPD2	
  comparison	
  were	
  used	
  as	
  a	
  control.	
  

The	
  method	
  gives	
  a	
  very	
  conservative	
  estimate	
  of	
  nucleosome	
  movement,	
  as	
  it	
  assumes	
  that	
  nucleosomes	
  do	
  not	
  
shift	
  more	
   than	
   the	
   length	
  of	
   DNA	
  wrapped	
  around	
  them	
   (ie,	
  147bp).	
  Since	
  98%	
   of	
   reference	
  nucleosomes	
   in	
  
YPD1	
  have	
  a	
  counterpart	
  in	
  each	
  condition,	
  the	
  method	
  captures	
  most	
  of	
  the	
  movement	
  in	
  the	
  data	
  (Table	
  S3).

The	
  plot	
  shows	
  the	
  proportion	
  of	
  nucleosomes	
  at	
  each	
  position	
  along	
  the	
  gene	
  (numbered	
  +1	
  to	
  +9)	
  that	
  shifts	
  at	
  
least	
  10bp	
  between	
  two	
   conditions	
   for	
  YPD1	
  v	
  EtOH	
   (left	
  panel)	
  and	
  YPD1	
  v	
  Gal	
  (right	
  panel).	
  Nucleosomes	
   in	
  
gene	
   that	
  don’t	
   change	
  expression	
  state	
  (grey	
  solid	
   lines)	
  behave	
   similarly	
   to	
   the	
   YPD1	
  v	
  YPD2	
  control	
   (black	
  
dashed	
   lines):	
   there	
   is	
   least	
   movement	
   at	
   the	
   5'-­‐end	
   and	
   a	
   slight	
   increase	
   towards	
   the	
   3'-­‐end	
   of	
   the	
   gene.	
  
Nucleosomes	
   in	
  genes	
   that	
   change	
   expression	
  state	
  between	
  the	
   two	
  growth	
  conditions	
   display	
  much	
  greater	
  
movement	
   (blue	
   solid	
   lines):	
  movement	
   is	
   greatest	
   at	
   the	
   5’-­‐end	
  and	
  steadily	
   decreases	
   towards	
   the	
   3’-­‐end.	
  
SigniOicantly	
   larger	
   proportions	
  of	
  nucleosomes	
   in	
   switching	
   genes	
  move	
   in	
   the	
   Oirst	
   four	
   positions	
   compared	
  
with	
  non-­‐switching	
  genes.	
  Fisher	
  test,	
  p-­‐value	
  <	
  0.01(**)	
  and	
  <	
  0.0001(***).
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Table	
  S1
Numbers	
  of	
  predicted	
  nucleosome	
  positions	
  in	
  each	
  growth	
  condition.	
  Note	
  YPD1	
  is	
  used	
  throughout	
  the	
  analysis	
  
(See	
  methods).

  # nucleosomes # +1 # -1 
YPD1 53,657 5,120 3,851
YPD2 53,290 5,118 3,942
EtOH 53,637 5,122 3,985
Gal 53,271 5,119 3,928

Table	
  S2
Enrichment	
  of	
  poly(dA:dT)	
  of	
  different	
  sizes	
  in	
  open	
  NFR	
  promoters.

Promoters	
  were	
  scanned	
  for	
  motifs	
  of	
  poly(dA:dT)	
  of	
  size	
  4-­‐11.	
  Association	
  with	
  Open	
  and	
  Closed	
  promoters	
  was	
  
tested	
  using	
  Fisher’s	
  exact	
  test.	
  The	
  enrichment	
  for	
  poly(dA:dT)	
  in	
  Open	
  promoters	
  is	
  signiOicant	
  but	
  very	
  small	
  
with	
  Odd	
  ratios	
  between	
  1.2	
  and	
  1.5

Table	
  S4
GO	
  enrichment	
  analysis	
  -­‐	
  performed	
  using	
  GO-­‐proOiler	
  (Reimand	
  et	
  al.	
  2007)	
  -­‐	
  of	
  genes	
  whose	
  NFR	
  conOigurations	
  
(Open/Closed)	
  change	
  between	
  growth	
  in	
  EtOH	
  and	
  YPD.

Table	
  S3
Numbers	
  of	
  nucleosome	
  pairs	
  for	
  YPD1	
  v	
  EtOH,	
  YPD1	
  v	
  Gal	
  and	
  YPD1	
  v	
  YPD2.

  Total  Total   IntergenicIntergenic Genic  Genic  
  #pairs % YPD1 

nucleosomes # pairs % YPD1 
nucleosomes # pairs % YPD1 

nucleosomes
YPD1 v EtOH 52,653 98.1 2,958 100 49,695 98.0
YPD1 v Gal 52,481 97.8 2,914 100 49,567 97.7

YPD1 v YPD2 52,504 97.9 2,972 100 49,532 97.7
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Data	
  S1
The	
  dataset	
   describes	
   the	
  properties	
   (expression,	
   promoter	
  nucleosomes,	
  categories)	
  of	
   the	
  ORFs	
   and	
  contains	
  
the	
  following	
  information:
1:	
  ORF;	
  2:	
  gene	
  name;	
  3:	
   chromosome;	
  4:	
   strand;	
  5:	
  start	
   position;	
  6:	
  end	
  position;	
  7:	
  expression	
  level	
  YPD;	
  8:	
  
expression	
  level	
  EtOH;	
  9:	
  expression	
  level	
  Gal;	
  10:	
  expression	
  state	
  YPD;	
  11:	
  expresion	
  state	
  EtOH;	
  12:	
  expression	
  
state	
  Gal;	
  13:	
  switching	
  class	
  EtOH	
  v	
  YPD;	
  14:	
  switching	
  class	
  Gal	
  v	
  YPD;	
  15:	
   NFR	
   conOiguration	
   YPD;	
   16:	
  
NFR	
  conOiguration	
  EtOH;	
  17:	
  NFR	
  conOiguration	
  Gal;	
  18:	
  +1	
  nucleosome	
  id	
  YPD1;	
  19:	
  +1	
  nucleosome	
  id	
  YPD2;	
  20:	
  
+1	
  nucleosome	
  id	
  EtOH;	
  21:	
  +1	
  nucleosome	
  id	
  Gal;	
  22:	
  -­‐1	
  nucleosome	
  id	
  YPD1;	
  23:	
  -­‐1	
  nucleosome	
  id	
  YPD2;	
  24:	
  -­‐1	
  
nucleosome	
  id	
  EtOH;	
  25:	
  -­‐1	
  nucleosome	
  id	
  Gal

Data	
  S2-­S5
Datasets	
  S2	
  to	
  S5	
  describe	
  the	
  nucleosome	
  data	
  sets	
  for	
  YPD1,	
  YPD2,	
  EtOH	
  and	
  Gal	
  respectively.	
  Each	
  Oile	
  contains	
  
the	
  following	
  information:	
  
1:	
  nucleosome	
  id;	
  2:	
  chromosome;	
  3:	
  start	
  position;	
  4:	
  binding	
  strength;	
  5:	
  binding	
  focus

Data	
  S6:
The	
  dataset	
   describes	
   the	
  relations	
   between	
  nucleosomes	
  in	
  different	
   data	
  sets.	
   The	
  Oile	
  contains	
  the	
  following	
  
information:
1:	
  id;	
  2:	
  chromosome;	
  3:	
   start	
   position	
  YPD1	
  nucleosome;	
  4:	
  nucleosome	
   id	
  YPD1;	
   5:	
  nucleosome	
  id	
  EtOH;	
   6:	
  
nucleosome	
  id	
  Gal;	
  7:	
  nucleosome	
  id	
  in	
  YPD2;	
  8:	
  distance	
  EtOH-­‐YPD1;	
  9:	
  distance	
  Gal	
  -­‐YPD1;	
  10:	
  distance	
  YPD2-­‐
YPD1
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