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Supplementary  Figures  and  Legends  

Supplemental  Figure  S1  (Related  to  Figs  1  to  5).  Analytical  Ultracentrifugation  

(AUC)  and  MNase  digestion  of  Cse4/CEN3  nucleosomes.  

(A)  AUC  of  Cse4/CEN3  nucleosome  reconstituted  on  130bp  CEN3  DNA  (see  Materials  

and   Methods   for   details).   Normalized   absorbance   c(s)   distributions   obtained   for  

Cse4/CEN3   nucleosome   (red)   at   340nM.   The   Cse4/CEN3   nucleosome   yields   a  

sedimentation  coefficient  of  10.69  S  (estimated  molar  mass  185  kDa).  

(B,  C)  MNase  digestion  of  reconstituted  Cse4/CEN3  nucleosomes.  Samples  were  

digested  with  0.5  U  of  MNase  for  the  indicated  time  (min).  Digested  samples  were  

treated  to  1%  SDS,  and  DNA  analyzed  by  EMSA  and  SYBR  Green  staining.  Note  that  

the  136bp  DNA  as  indicated  has  130bp  CEN3  DNA  with  additional  6bp  from  the  

restriction  enzyme  AvaI  site  (see  Materials  and  Methods).  
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Supplemental  Figure  S2  (related  to  Figs  1  and  5).  Hydroxyl  radical  footprinting  of  

CEN3  DNA  and  Cse4/CEN3  nucleosomes.  

(A)  CEN3  DNA  sequence  with  the  nucleosome  dyad  (Shaytan  et  al.  2017)  and  in  vivo  

nucleosome  center and boundaries  indicated  (Cole  et  al.  2011).  
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  (B  and  C)  Autoradiograms  and  densitometry  scans  of  top  and  bottom  DNA  strands  of  

33p-­labeled  CEN3  DNA  and   in  vitro  reconstituted  Cse4/CEN3  nucleosomes.  Cyan  lines  

represent  free  DNA,  and  red  lines  nucleosomes.  33p-­labeled  CEN3  DNA  and  Cse4/CEN3  

nucleosome  were  partially  digested  with  Iron(II)-­EDTA  (see  Materials  and  Methods),  DNA  

extracted  and  analyzed  on  a  sequencing  gel.  

(D)  Autoradiograms  and  densitometry  scans  of  top  (TS)  and  bottom  (BS)  strands  of  DNA  

extracted  from  undigested  Cse4/CEN3  nucleosome.  Orange  line  represents  top  strand,  

and  green  line  bottom  strand.  
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Supplemental   Figure   S3   (Related   to   Figs.   1   to   6).   Characterization   of  Mif2   core  

(Mif2c)  binding  to  DNA  and  to  Cse4/CEN3  nucleosomes.  

(A)  Schematic  representation  of  conserved  domains  of  human  CENP-­C  and  the  budding  

yeast  homolog  Mif2   (Brown,  1995;;  Cohen  et  al.,  2008).  Conserved  structural   features  

include   the   CENP-­C  motif   and   the   dimerization   domain.   The   N-­terminal   region   of   60  

amino  acids  (yellow)  is  conserved  only  among  fungal  proteins,  and  deletion  of  this  region  

has  no  apparent  growth  phenotype  (Cohen  et  al.,  2008),  but  a  recent  study  showed  that  

Ame1–Okp1   directly   associates  with   this   region   of  Mif2   to   facilitate   outer   kinetochore  

assembly  (Hornung  et  al.,  2014).  Another  notable  difference  is  the  presence  of  a  minor  

groove-­binding   AT-­hook   motif   in   yeast   Mif2   but   absent   from   human   CENP-­C,   which  

harbors  a  central  DNA-­binding  domain  (purple  box)  (Politi  et  al.,  2002;;  Trazzi  et  al.,  2009;;  

Yang  et  al.,  1996)  containing  a  CENP-­C-­like  motif  (Kato  et  al.,  2013),  in  addition  to  the  

classic  CENP-­C  motif  (green  box).  The  PEST  domain  contains  a  high  percentage  of  the  

four  amino  acid  residues  P,  E,  S,  and  T,  and  is  involved  in  the  regulation  of  protein  stability  

(Lanini  and  McKeon,  1995).  Sequences  surrounding  and   including   the  CENP-­C  motif,  

sequences  between  the  CENP-­C  motif  and  the  dimerization  domain,  and  the  dimerization  

domain  itself  are  all  essential  for  protein  function  in  vivo  (Cohen  et  al.,  2008).  Thus,  Mif2c  
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appears  to  contain  all  essential  functions.  

(B)   Expression   and   purification   of   recombinant   Mif2   derivatives   (see   Materials   and  

Methods).  

(C)  Analytical  ultracentrifugation  demonstrates  that  Mif2c  is  a  dimer  in  solution  and  when  

bound  to  DNA.  The  upper  graph  shows  the  absorbance  c(s)  of  the  free  Mif2c  indicating  a  

single  dimeric  species  (red  line)  with  a  sedimentation  coefficient  of  3.04  S  and  average  

molar   mass   of   59   ±   3   kDa   (expected   monomer   mass   is   32.047   kDa).   To   study   the  

Mif2c/DNA  complex  formed  with  a  40bp  dsDNA,  the  dsDNA  was  first  characterized  by  

sedimentation   velocity   and  shown   to  primarily   consist   of   single  3.08  S  species  with  a  

molar  mass  of   24.5   kDa   (green   line,   expected  mass   is   24.575   kDa).  A  500µl   sample  

containing  Mif2c  and  the  40bp  dsDNA  at  ~2µM  concentration  was  subjected  to  analytical  

ultracentrifugation  (the  inset  in  the  lower  graph  represents  an  agarose  gel  showing  the  

free  DNA  and  DNA/Mif2c  complex,  D+M).  The  major  species  observed  at  5.23  S  has  an  

estimated  molar  mass  of  81  kDa,  indicating  that  a  single  Mif2c  dimer  binds  to  the  dsDNA  

(blue  line,  calculated  mass  of  88.669  kDa).  Mif2c  binds  to  a  Cse4/CEN3  nucleosome  also  

as  a  dimer  (see  Fig.  1C  and  D).  

(D)  Measurement  of  Mif2c  binding  affinity  for  the  Cse4/CEN3  nucleosome.  To  determine  

the   dissociation   constant,   0.39pmol   of   purified   Mif2c   was   added   to   0.46pmol   of  

Cse4/CEN3  nucleosome  labeled  with  Alexa  Fluor-­647  in  binding  buffer  containing  100mM  

NaCl   and   0.4mg/ml   BSA,   and   the   volume   was   adjusted   to   25µl,   giving   a   final  

concentration   of   15.44nM   of  Mif2c   and   18.4nM   of   nucleosome,   and   incubated   for   30  

minutes   at   room   temperature.   Under   these   conditions,   100%   of   Mif2c   was   bound   to  

nucleosomes.  Then  ~3-­fold  serial  dilutions  were  made  in  the  same  binding  buffer,  and  
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the  reactions  were  incubated  for  a  further  50  minutes.  Free  and  Mif2c  bound  nucleosomes  

were  resolved  on  a  1.3%  native  agarose  gel.  The  gel  was  scanned  on  a  Typhoon  scanner.  

The   two   top  panels   show   two  different   levels  of   exposure  of   the   same  gel.  Data  was  

quantified   using   ImageQuant   (Amersham   Biosciences),   and   exported   to   EXCEL  

(Microsoft)  and  plotted  as  input  Mif2c  concentrations  on  log  scale  against  %  Mif2c  bound  

to  nucleosomes.  

     



  Xiao_ 8 

  

  

Supplemental  Figure  S4  (Related  to  Figs  2  and  3).  Reconstitution  of  Cse4  and  H3  

nucleosomes  and  EMSA  assays  of  their  interactions  with  purified  (Mif2c)2.  

(A)   A   representative   scan   of   reconstituted   nucleosomes   analyzed   on   a   1.3%   native  

agarose  gel  stained  with  SYBR  green  I.  

(B)  Sample  quantification  of  gel  scan  in  panel  A  to  determine  the  relative  amounts  (µl)  of  

nucleosomes  to  be  used  in  competitive  EMSA  assays.  
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(C)  Mif2c  binds  CEN3  and  CEN4  nucleosomes  with  similar  affinities.  

(D)   Mif2c   binds   with   strong   preference   to   Cse4/CEN3   nucleosome   over   Cse4/601  

nucleosome.  

(E)   Mif2c   binds   with   very   similar   affinities   to   Alexa   Flour-­555   (top   gel;;   closed   circles  

indicate   Mif2c-­bound)   and   Alexa   Flour-­647   (bottom   gel;;   open   circles   indicate   Mif2c-­

bound)  labeled  Cse4/CEN3  nucleosomes,  demonstrating  that  the  two  fluorescent  labels  

do  not  differentially  affect  the  binding  activities  of  Mif2c.  

Competitive  binding  reactions,  agarose  gel  electrophoresis,  data  collection,  analysis  and  

calculations  were  performed  as  in  Figure  2.  
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Supplemental  Figure  S5  (related  to  Figs  4  and  5).  Hydroxyl  radical  footprinting  two  
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Mif2c  dimers  on  Cse4/CEN3  nucleosome.  

(A)  Nucleosomes  reconstituted  on  33p-­labeled  CEN3  DNA  were  incubated  with  purified  

Mif2c,  partially  digested  with  Iron(II)-­EDTA  (see  Materials  and  Methods),  free  and  Mif2c-­

bound  nucleosomes  resolved  on  an  agarose  gel.  Bands  containing  free  nucleosomes  and  

Mif2c-­bound   nucleosomes   with   two   Mif2c   dimers   were   excised,   DNA   extracted   and  

analyzed  on  a  sequencing  gel.  

(B)  Autoradiograms  and  densitometry  scans  of  top  and  bottom  DNA  strands  of  hydroxyl  

radical  digested  Cse4/CEN3  nucleosome.  Mobility  markers  were  generated   from  A+G  

and   C+T   sequencing   reactions   of   the   same   33p-­labeled   DNA   fragments.   Red   lines  

represent  free  nucleosomes,  and  cyan  lines  Mif2c-­bound  nucleosomes.  

(C)  Position  of  the  Cse4/CEN3  nucleosome  dyad  symmetry  axis  on  the  CEN3  DNA  as  

identified  by  symmetry  of  hydroxyl-­radical  footprinting  patterns  (see  Shaytan  et  al.  2017).  

Top  and  bottom  strands  are  shown  in  base  paired  representation.  Red  arrow  indicates  

dyad  at  position  61.5,  about  2bp  from  the   in  vivo  nucleosome  center  (Cole  et  al.  2011;;  

see  Supplemental  Fig.  4C).  

(D  and  E)  Cleavage  intensity  profiles  of  DNA  strands  at  specific  nucleotides  in  free  

Cse4/CEN3  nucleosomes  and  nucleosomes  with  two  Mif2c  dimers-­bound.  Intensity  

values  of  every  profile  are  normalized  from  0  to  1.  Top  strand  plots  are  shown  in  5’  to  3’  

direction,  while  bottom  strand  plots  in  3’  to  5’  direction.  Blue  bars  indicate  the  span  

protected  from  hydroxyl  radical  cleavage  conferred  by  binding  of  the  Mif2c  dimers  to  the  

nucleosome.     
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Supplemental  Figure  S6  (Related  to  Figs  4  and  5).  DNase  I  footprinting  to  map  Mif2c  

binding  sites  on  Cse4/CEN3  nucleosome  and  free  CEN3  DNA.  

(A)  DNA  sequence  of  CEN3  where  A  and  T  were  colored  in  red  and  orange,  respectively.  

Triangle   indicates   dyad   of   the  Cse4/CEN3   nucleosome.   Purple   bars   indicate   span   of  

protection  by  Mif2c  on  the  Cse4/CEN3  nucleosome.  
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(B   and   C)   Nucleosomes   and   DNA   were   incubated   with   purified   Mif2c,   and   partially  

digested  with  DNase  I.  Bound  and  free  nucleosomes  and  DNA  were  separated  on  a  native  

agarose  gel.  Bands  containing  bound  and  free  fractions  (boxed)  were  excised  from  gel,  

DNA  was  recovered  from  gel  slices  and  separated  on  a  sequencing  gel.  

(D)   Representative   footprinting   gels   of   top   and   bottom   strands   with   mobility   markers  

generated   from   A+G   and   C+T   sequencing   reactions   of   the   same   33P-­labeled   DNA  

fragments.  
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Supplemental  Figure  S7  (Related  to  Fig.  6).  Analysis  of  DNA-­binding  activities  of  

Mif2.  

(A)  Schematic  representation  of  Mif2  expression  constructs  (see  Fig.  S1A  and  B).  

(B)  EMSA  assays  of  Mif2  and  derivatives  for  their  DNA  binding  activities.  Purified  Mif2  

and  derivatives  (Fig.  S1B)  were  added  to  DNA-­binding  reactions  containing  a  90bp  CDEII  

DNA  from  CEN3,  and  the  reactions  were  analyzed  on  a  1.3%  native  agarose  gel.  The  

DNA  binding  activity  of  Mif2  was  located  to  amino  acids  256-­365  including  the  conserved  

CENP-­C  motif  and  an  AT-­hook  motif.  The  stepwise  mobility  shifts  on  the  90bp  DNA  with  
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increasing   protein   concentration   reflect   association   of  multiple  Mif2c   dimers   or  DHBD  

monomers.  

(C)  EMSA  assays  using  double  stranded  DNA  oligos  to  determine  the  minimal  site  for  

binding  of  Mif2  DHBD.  

(D)  Analytical  ultracentrifugation  of  Mif2(256-­365)  and   its  complex  with  a  20bp  double  

stranded  DNA  shows  that  it  is  a  monomer  in  solution  and  when  bound  to  DNA.  

(E)  Mif2(256-­356)  lacking  AT-­hook  retains  modest  selectivity  for  CEN  DNA  over  601  DNA.  

Equal  amounts  of  201bp  601  DNA  (open  circles)  and  149bp  CEN3  DNA  (closed  circles)  

were  mixed   and   incubated  with   increasing   concentrations   of   purified  Mif2   derivatives.  

After   electrophoresis,   the   gel   was   stained   with   SYBR   Green   I   and   scanned.   Data  

collection,  analysis  and  calculations  were  performed  as  in  Figure  2.  Relative  affinities  are  

given   in   parenthesis   below   the   graph.   It   should   be   noted   that   the   amounts   of   bound  

complexes  were  inferred  indirectly  from  the  depletion  of  the  distinct  free  DNA  fragments  

upon  Mif2  binding,  since  bound  complexes  of  the  two  different  DNA  fragments  could  not  

be  differentiated.  
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Supplemental  Figure  S8   (Related   to  Figure  7  and  Supplemental  Figure  S9,  S10).  

Analysis  of  sequence  motifs  and  RK-­clusters  in  CENP-­C  proteins.  

(A)  Location  of  DNA  minor  groove  binding  motifs  and  RK-­clusters  (=  or  >4  of  7  residues)  

in  the  vicinity  of  CENP-­C-­motif  for  a  selected  number  of  species.  All  protein  sequences  

are  aligned  by  CENP-­C-­motif.  

(B)  Birds-­eye  view  of  location  and  distribution  of  DNA  minor  groove  binding  motifs  and  

RK-­clusters   in   CENP-­C   proteins   across   different   species   grouped   by   phylogenetic  

kinship.  Apart  from  AT-­hooks,  SPKK-­motifs  and  RK-­clusters,  following  protein  domain  are  

shown  as  identified  by  PFAM  signatures:  CENP-­C_N  in  cyan,  CENP-­C_mid  in  magenta,  
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Dimerization   domain   (CENP-­C_C)   in   light   green.   If   more   than   one   CENP-­C-­motif   is  

present  in  a  sequence  both  regions  are  presented.  
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Supplemental  Figure  S9  (Related  to  Supplemental  Figures  S10  and  S11).  Human  

CENP-­C   DNA-­histone-­binding   domains   (HsDHBDs)   bind   preferentially   to  

centromere  DNAs.    

(A)   Sequence   alignments   of   budding   yeast   Mif2   domain   ScDHBD   (aa256-­365)   and  

human  CENP-­C  domains  HsDHBD-­1   (aa482-­597)  and  HsDHBD-­2   (aa698-­808).  Blue:  

RK,  Red:  DE,  Orange:  FWY,  Green:  P,  Pink:  ST.    

(B-­G)  EMSA  was  conducted  with  DHBDs  and  the  indicated  mixtures  of  DNAs.  AT-­33%  

and   AT-­42%   are   derived   from   the   human   NPM3   promoter   and   intron   regions,  

respectively,  and  AT-­74%  from  the  mar  del(10)  neocentromere  (see  Supplemental  Figure  

S11  for  more  details).  Data  collection  and  quantification  were  performed  as  in  Figure  2.  
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Supplemental  Figure  S10  (Related  to  Figure  7  and  Supplemental  Figures  S9  and  

S11).   Gel   shift   analysis   to   compare   DNA   binding   between   budding   yeast   and  

human  DHBDs.    

Both  yeast  and  human  DHBDs  binds  preferentially  to  sequences  of  higher  AT  contents  

such  as  human  a-­satellite  (58%  A+T)  and  AT-­74%  (from  the  mar  del(10)  neocentromere)  

over  AT-­33%  (from  NPM3  promoter)  and  AT-­42%  (from  NPM3  intron)  sequences,  and  to  
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yeast  CEN  DNA  (86%  A+T)  over  periCEN  DNA  (65%  A+T)  (see  Supplemental  Figure  

S11  for  more  details).  Competitive  binding  reactions,  agarose  gel  electrophoresis,  data  

collection,  analysis  and  calculations  were  performed  as  in  Figure  2.  
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Supplemental  Figure  S11  (Related  to  Figures  1  to  7;;  Supplemental  Figures  S1  to  

S7  and  S9,  S10).  Enrichment  of  short,  non-­alternating  A•T  tracts  in  centromere  

DNA.  

The  sources  of  DNA  sequences  and  their  AT  content  (%)  are  indicated  (see  also  

Supplemental  Figures  S9  and  S10).  

(A)  Centromere  and  non-­centromere  DNA  sequences.  A  and  T  base  pairs  are  

highlighted  in  red  and  green,  respectively.  

(B)  A  bioinformatics  analysis  of  A•T  tracts  2-­5bp  in  length  over  a  150bp  window.  
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Supplementary  Tables  

  

  

Supplemental  Table  S1  (Related  to  Fig.  7  and  Supplemental  Figs  S8  and  S9).  

Enrichment  of  DNA  minor  groove  binding  motifs  and  RK-­clusters  (=  or  >4  of  7  

residues)  in  CENP-­C  proteins  with  respect  to  whole  proteome  for  a  given  

organism.    

To  characterize  enrichment  of  a  given  motif,  first  the  distribution  of  proteins  with  respect  

to  the  number  of  motif  occurrences  per  protein  was  build,  next,  the  position  of  CENP-­C  

in  this  distribution  was  characterized  by  the  percentile  value,  which  is  reported  in  every  

cell  of  the  table.  The  values  above  95%  (high  enrichment  of  motifs  with  respect  to  

proteome)  are  highlighted  in  green.  The  last  row  lists  the  number  of  positive  (RK)  and  

negative  (ED)  residues  in  the  CENP-­C  protein  of  a  given  species.  
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Cellular  component      Molecular  function  

  

  

Table  Supplement  2  (Related  to  Figure  7  and  Supplemental  Fig.  S9).    Gene  

ontology  enrichment  analysis  of  RK-­clusters.    

Proteins  in  human  having  at  least  as  many  RK-­clusters  as  CENP-­C  are  grouped  by  

molecular  functions,  and  top  statistically  significant  (P<0.05)  protein  groups  by  

enrichment  value  are  shown.  
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Fluorophore Light source 

& channel   
Filter cube 
Excitation Beamsplitter Emission 

tdEos                        
(red emission) 

Colibri / LED555(1) BP550/25(1) FT570(1) BP605/70(1) 

tdEos 
(photoconversion) 

Colibri / LED405(1) FF01-405/10(2) 59004BS(3) 59004M(3) 

 

Source: (1)Zeiss, (2)Semrock, (3)Chroma 

 

Supplemental Table S3 (Related to Fig. 1). Light  sources  and  filters  used  for  wide  

field  fluorescence  imaging.  
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