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ABSTRACT	
  

The	
   accurate	
   inheritance	
   of	
   genetic	
   material	
   depends	
   upon	
   the	
  
establishment	
   and	
   maintenance	
   of	
   sister	
   chromatid	
   cohesion.	
  
Replicated	
   chromosomes	
   are	
   topologically	
   encircled	
   by	
   the	
   large,	
  
tripartite	
   protein	
   complex	
   cohesin,	
   allowing	
   bi-­‐orientation	
   in	
  
mitosis.	
  To	
  entrap	
  and	
  reversibly	
  dissociate	
  from	
  DNA,	
  the	
  annular	
  
complex	
   structure	
   must	
   be	
   disrupted	
   at	
   either	
   the	
   hinge	
   domain	
  
between	
   Smc1	
   and	
   Smc3,	
   or	
   the	
   interfaces	
   created	
   by	
   the	
   kleisin	
  
subunit	
  Scc1	
  bridging	
  the	
  two	
  ABC-­‐like	
  ATPase	
  domains.	
  The	
  aim	
  of	
  
this	
   work	
   was	
   to	
   characterise	
   the	
   cohesin	
   complex	
   loading	
   and	
  
releasing	
  mechanisms	
  by	
  examining	
  the	
  biochemical	
  requirements	
  
for	
   these	
   processes.	
   Although	
   the	
   identity	
   of	
   a	
   chromosomal	
  
cofactor	
   could	
   not	
   be	
   assigned,	
   the	
   loading	
   reaction	
  was	
   found	
   to	
  
necessitate	
   engagement	
   of	
   ATPase	
   domains	
   in	
   an	
   ATP-­‐dependent	
  
manner.	
  Notions	
  of	
  allosteric	
  modulation	
  of	
  ATP	
  binding	
  and	
  NBD	
  
engagement	
  by	
  acetylation	
  were	
  discredited.	
  Likewise,	
  a	
  direct	
  and	
  
stable	
  physical	
  association	
  of	
  hinge	
  domains	
  with	
  NBDs	
  was	
  shown	
  
to	
  be	
  an	
  unlikely	
  conformational	
  intermediate	
  in	
  a	
  reaction	
  thought	
  
to	
   promote	
   hinge	
   opening	
   for	
   loading	
   of	
   cohesin	
   onto	
   DNA.	
   The	
  
Smc3-­‐Scc1	
  kleisin	
  interface	
  might	
  be	
  exploited	
  during	
  the	
  opposing	
  
process	
  of	
  release	
  of	
  cohesin	
  from	
  DNA.	
  Therefore,	
  a	
  novel	
  protein-­‐
protein	
   cross-­‐linking	
   system	
  was	
   adapted	
   for	
   use	
   in	
   S.	
   cerevisiae,	
  
with	
   a	
   view	
   to	
   (1)	
   confirming	
   the	
   well-­‐founded	
   role	
   of	
   hinge	
  
dissociation	
  in	
  topological	
  entrapment,	
  and	
  (2)	
  validating	
  the	
  Smc3-­‐
Scc1	
   interface	
   as	
   the	
   recently	
   conjectured	
   exit	
   gate.	
   Despite	
  
promising	
   preliminary	
   kinetics	
   in	
   vitro,	
   the	
   SpyTag-­‐SpyCatcher	
  
system	
  was	
  considerably	
   less	
  efficient	
   in	
  vivo.	
   It	
  was	
   thus	
  deemed	
  
unsuitable	
   in	
   its	
   current	
   format	
   for	
   investigating	
   the	
   process	
   of	
  
interface	
   dissociation	
   in	
   live	
   cells.	
   Finally,	
   the	
   large,	
   cohesin	
  
complex-­‐associated	
   HEAT	
   repeat	
   protein	
   Pds5	
   has	
   been	
   either	
  
speculated	
   or	
   shown	
   to	
   participate	
   in	
   all	
   of	
   the	
   aforementioned	
  
processes,	
   potentially	
   modulating	
   the	
   hinge	
   and	
   Smc-­‐kleisin	
  
interfaces.	
   Acting	
   as	
   a	
   regulatory	
   node	
   in	
   cohesin	
   function,	
   it	
  was	
  
pursued	
  as	
  an	
  informative	
  target	
  for	
  structural	
  studies.	
  Although	
  no	
  
diffractive	
  material	
  could	
  be	
  obtained,	
  Pds5	
  was	
  confirmed	
  to	
  bind	
  
a	
  short,	
  N-­‐terminal	
  sequence	
  of	
  Scc1	
  and	
  was	
  in	
  turn	
  bound	
  at	
  its	
  N-­‐
terminus	
   by	
  Wapl.	
   Together,	
   these	
   findings	
   contribute	
   to	
   defining	
  
the	
  structures	
  and	
  states	
  of	
  the	
  cohesin	
  complex.	
  



	
   iii	
  

Abbreviations and acronyms	
  

Ω	
   	
   	
   	
   Aromatic	
  side-­‐chain	
  

ϕ	
   	
   	
   	
   Hydrophobic	
  side-­‐chain	
  

-­‐ve	
   	
   	
   	
   Negative	
  

1s	
   	
   	
   	
   Smc1	
  with	
  SpyTag	
  insertion	
  at	
  L595	
  

2xTY	
   	
   	
   	
   Two	
  times	
  tryptone	
  and	
  yeast	
  extract	
  

3s	
   	
   	
   	
   Smc3	
  with	
  SpyTag	
  insertion	
  at	
  S606	
  

AAA+	
   	
   	
   	
   ATPases	
  associated	
  with	
  various	
  cellular	
  activities	
  

ABC	
   	
   	
   	
   ATP	
  binding	
  cassette	
  

Ac	
   	
   	
   	
   Acetate	
  

ADE	
   	
   	
   	
   Adenine	
  

ADP	
   	
   	
   	
   Adenosine	
  diphosphate	
  

AFM	
   	
   	
   	
   Atomic	
  force	
  microscopy	
  

APC/C	
  	
   	
   	
   Anaphase	
  promoting	
  complex/cyclosome	
  

Ame	
   	
   	
   	
   Associated	
  with	
  microtubules	
  and	
  essential	
  

AMP-­‐PNP	
   	
   	
   Adenosine	
  5’-­‐(ß,γ-­‐imino)triphosphate	
  

ARM	
   	
   	
   	
   Armadillo	
  

Ask	
   	
   	
   	
   Associated	
  with	
  spindles	
  and	
  kinetochores	
  

ATP	
   	
   	
   	
   Adenosine	
  triphosphate	
  

ATPγS	
   	
   	
   	
   Adenosine	
  5’-­‐O-­‐(thiotriphosphate)	
  

B	
   	
   	
   	
   Bound	
  

B.	
   	
   	
   	
   Bacillus	
  (subtilis)	
  

bp	
   	
   	
   	
   Base	
  pair	
  

BPA	
   	
   	
   	
   p-­‐benzoyl	
  phenylalanine	
  

BSA	
   	
   	
   	
   Bovine	
  serum	
  albumin	
  

C	
   	
   	
   	
   Celsius	
  

CAP	
   	
   	
   	
   Chromosome	
  associated	
  protein	
  



	
   iv	
  

CEN	
   	
   	
   	
   Core	
  centromeric	
  sequence	
  

Cep	
   	
   	
   	
   Centromere	
  protein	
  

Cdc	
   	
   	
   	
   Cell	
  division	
  cycle	
  

CdLS	
   	
   	
   	
   Cornelia	
  de	
  Lange	
  Syndrome	
  

CDK	
   	
   	
   	
   Cyclin	
  dependent	
  kinase	
  

ChIP	
   	
   	
   	
   Chromatin	
  immunoprecipitation	
  

Chl	
   	
   	
   	
   Chromosome	
  loss	
  

COMA	
   	
   	
   	
   Ctf19,	
  Okp1,	
  Mcm21,	
  Ame1	
  

Cse	
   	
   	
   	
   Chromosome	
  segregation	
  

CTCF	
   	
   	
   	
   CCCTC-­‐binding	
  factor	
  

Ctf	
   	
   	
   	
   Chromosome	
  transmission	
  fidelity	
  

Cut	
   	
   	
   	
   Chromosomes	
  ultimately	
  torn	
  

D.	
   	
   	
   	
   Drosophila	
  (melanogaster)	
  

Dam	
   	
   	
   	
   Duo1	
  and	
  Mps1	
  interacting	
  

Dbf	
   	
   	
   	
   Dumbell	
  forming	
  

ddH20	
  	
   	
   	
   Double-­‐distilled	
  water	
  

DDK	
   	
   	
   	
   Dbf4-­‐	
  or	
  Drf1-­‐dependent	
  kinase	
  

DMSO	
   	
   	
   	
   Dimethyl	
  sulfoxide	
  

dNTPs	
  	
   	
   	
   Deoxynucleoside	
  triphosphates	
  

DNA	
   	
   	
   	
   Deoxyribose	
  nucleic	
  acid	
  

Drf	
   	
   	
   	
   Dbf4-­‐related	
  factor	
  

DSB	
   	
   	
   	
   Double	
  strand	
  break	
  

DTT	
   	
   	
   	
   Dithiothreitol	
  

E.	
   	
   	
   	
   Escherichia	
  (coli)	
  

ECL	
   	
   	
   	
   Enhanced	
  chemiluminescence	
  

Eco	
   	
   	
   	
   Establishment	
  of	
  cohesion	
  

EDTA	
   	
   	
   	
   Ethylenediaminetetraacetic	
  acid	
  

EM	
   	
   	
   	
   Electron	
  microscopy	
  

FACS	
   	
   	
   	
   Fluorescence-­‐activated	
  cell	
  sorting	
  



	
   v	
  

Fig.	
   	
   	
   	
   Figure	
  

FKBP12	
   	
   	
   FK506	
  binding	
  protein	
  1A,	
  12kDa	
  

FP	
   	
   	
   	
   Fluorescence	
  polarisation	
  

FRAP	
   	
   	
   	
   Fluorescence	
  recovery	
  after	
  photobleaching	
  

Frb	
  	
   	
   	
   	
   FKBP12-­‐rapamycin	
  binding	
  

FRET	
   	
   	
   	
   Fluorescence	
  resonance	
  energy	
  transfer	
  

FT	
   	
   	
   	
   Flow-­‐through	
  

g	
   	
   	
   	
   Gram	
  

g	
   	
   	
   	
   Gravitational	
  force	
  

G1	
   	
   	
   	
   First	
  gap	
  phase	
  

G2	
   	
   	
   	
   Second	
  gap	
  phase	
  

Gal	
   	
   	
   	
   Galactose	
  

GFP	
   	
   	
   	
   Green	
  fluorescent	
  protein	
  

H.	
   	
   	
   	
   Homo	
  (sapiens)	
  

HA	
   	
   	
   	
   Hemagluttinin	
  

Halobac	
   	
   	
   Halobacterium	
  sp.	
  

hd	
   	
   	
   	
   Head	
  domain	
  

HDAC	
   	
   	
   	
   Histone	
  deacetylase	
  

HEAT	
   	
   	
   	
   Huntington,	
  EF3,	
  PP2A,	
  PI3-­‐kinase	
  TOR1	
  

HF	
   	
   	
   	
   High	
  fidelity	
  

hg	
   	
   	
   	
   Hinge	
  domain	
  

HIS	
   	
   	
   	
   Histidine	
  

Hos	
   	
   	
   	
   Hda	
  one	
  similar	
  

HP	
   	
   	
   	
   Heterochromatin	
  protein	
  

HPH	
   	
   	
   	
   Hygromycin-­‐B-­‐phosphotransferase	
   	
   	
  

HR	
   	
   	
   	
   Homologous	
  recombination	
  

hrs	
   	
   	
   	
   Hours	
   	
   	
  

HRP	
   	
   	
   	
   Horse	
  radish	
  peroxidase	
  

Hs	
   	
   	
   	
   Homo	
  sapiens	
  



	
   vi	
  

I	
   	
   	
   	
   Input	
  

IMAC	
   	
   	
   	
   Immobilised	
  metal	
  ion	
  affinity	
  chromatography	
  

Iml	
   	
   	
   	
   Increased	
  minichromosome	
  loss	
  

IP	
   	
   	
   	
   Immunoprecipitation	
  

IPTG	
   	
   	
   	
   Isopropyl	
  ß-­‐D-­‐1-­‐thiogalactopyranoside	
  

k	
   	
   	
   	
   Kilo	
  

KAN	
   	
   	
   	
   Kanamycin	
  

kb	
   	
   	
   	
   Kilo	
  bases	
  

Kd	
   	
   	
   	
   Dissociation	
  constant	
  

kDa	
   	
   	
   	
   Kilo	
  Dalton	
  

L	
   	
   	
   	
   Litres	
  

LB	
   	
   	
   	
   Lysogeny	
  broth	
  

LEU	
   	
   	
   	
   Leucine	
  

M	
   	
   	
   	
   Molar	
  

m	
   	
   	
   	
   Metres	
  

m	
   	
   	
   	
   Milli	
  

M.	
   	
   	
   	
   Mus	
  (musculus)	
  

M	
  (phase)	
   	
   	
   Mitotic	
  phase/mitosis	
  

M/s	
   	
   	
   	
   Million	
  per	
  second	
  

Mad	
   	
   	
   	
   Mitotic	
  arrest	
  deficient	
  

MAT	
   	
   	
   	
   Mating	
  type	
  

MBP	
   	
   	
   	
   Maltose-­‐binding	
  protein	
  

Mcd	
   	
   	
   	
   Mitotic	
  chromosome	
  determinant	
  

Mcm	
   	
   	
   	
   Minichromosome	
  maintenance	
  

Mif	
   	
   	
   	
   Mitotic	
  fidelity	
  of	
  chromosome	
  transmission	
  

mins	
   	
   	
   	
   Minutes	
  

Mis	
   	
   	
   	
   Minichromosome	
  instability	
  

Mon	
   	
   	
   	
   Monomeric	
  SpyCatcher	
  

Mre	
   	
   	
   	
   Meiotic	
  recombination	
  



	
   vii	
  

MRN	
   	
   	
   	
   Mre11,	
  Rad50,	
  Nbs1	
  

mRNA	
  	
   	
   	
   Messenger	
  ribonucleic	
  acid	
  

Mtw	
   	
   	
   	
   Mis	
  twelve-­‐like	
  

n	
   	
   	
   	
   Nano	
  

NBD	
   	
   	
   	
   Nucleotide	
  binding	
  domain	
  

Nbs	
   	
   	
   	
   Nijmegen	
  Breakage	
  Syndrome	
  

Ndc	
   	
   	
   	
   Non	
  disjunction	
  of	
  chromosomes	
  

NIPBL	
  	
   	
   	
   Nipped-­‐B-­‐like	
  

Nkp	
   	
   	
   	
   Non-­‐essential	
  kinetochore	
  protein	
  

NLS	
   	
   	
   	
   Nuclear	
  localisation	
  sequence	
  

Nnf	
   	
   	
   	
   Necessary	
  for	
  nuclear	
  function	
  

NP-­‐40	
   	
   	
   	
   Nonyl	
  phenoxypolyethoxylethanol-­‐40	
  

Nsl	
   	
   	
   	
   Nnf1	
  synthetic	
  lethal	
  

NTP	
   	
   	
   	
   Nucleotide	
  triphosphate	
  

OD	
   	
   	
   	
   Optical	
  density	
  

Okp	
   	
   	
   	
   Outer	
  kinetochore	
  protein	
  

ORF	
   	
   	
   	
   Open	
  reading	
  frame	
  

PAGE	
   	
   	
   	
   Polyacrylamide	
  gel	
  electrophoresis	
  

PBS	
   	
   	
   	
   Phosphate-­‐buffered	
  saline	
  

PBST	
   	
   	
   	
   Phosphate-­‐buffered	
  saline	
  +	
  Tween	
  20	
  

PCR	
   	
   	
   	
   Polymerase	
  chain	
  reaction	
  

Pds	
   	
   	
   	
   Precocious	
  dissociation	
  of	
  sisters	
  

PEG	
   	
   	
   	
   Polyethylene	
  glycol	
  

Pfu	
   	
   	
   	
   Pyrococcus	
  furians	
  

PGK	
   	
   	
   	
   Phosphoglycerate	
  kinase	
  

PMSF	
   	
   	
   	
   Phenylmethylsulphonylfluoride	
  

PP2A	
   	
   	
   	
   Protein	
  phosphatase	
  2A	
  

Pre-­‐RC	
  	
   	
   	
   Pre-­‐replication	
  complex	
  

psi	
   	
   	
   	
   Pounds	
  per	
  square	
  inch	
  



	
  viii	
  

PVDF	
   	
   	
   	
   Polyvinylidene	
  difluoride	
  

qPCR	
   	
   	
   	
   Quantitative	
  PCR	
  

Rad	
   	
   	
   	
   Radiation	
  sensitive	
  

Raff	
   	
   	
   	
   Raffinose	
  

Rec	
   	
   	
   	
   Recombination	
  

RFP	
   	
   	
   	
   Red	
  fluorescent	
  protein	
  

RNA	
   	
   	
   	
   Ribonucleic	
  acid	
   	
   	
  

rpm	
   	
   	
   	
   Revolutions	
  per	
  minute	
  

s	
   	
   	
   	
   Seconds	
  

S.	
   	
   	
   	
   Saccharomyces	
  (cerevisiae)	
  

Sz.	
   	
   	
   	
   Schizosaccharomyces	
  (pombe)	
  

S	
  (phase)	
   	
   	
   Synthesis	
  phase	
  

SA	
   	
   	
   	
   Stromal	
  antigen	
  

SAC	
   	
   	
   	
   Spindle	
  assembly	
  checkpoint	
  

Sbc	
   	
   	
   	
   Suppressor	
  of	
  RecBC	
  

Sc	
   	
   	
   	
   Saccharomyces	
  cerevisiae	
  

Scc	
   	
   	
   	
   Sister	
  chromatid	
  cohesion	
  

SCE	
   	
   	
   	
   Sorbitol,	
  citrate,	
  EDTA	
  

SDM	
   	
   	
   	
   Site-­‐directed	
  mutagenesis	
  

SDS	
   	
   	
   	
   Sodium	
  dodecyl	
  sulphate	
  

Sgo	
   	
   	
   	
   Shugoshin	
  

SMC	
   	
   	
   	
   Structural	
  maintenance	
  of	
  chromosomes	
  

Smc	
   	
   	
   	
   Stability	
  of	
  minichromosomes	
  

SPB	
   	
   	
   	
   Spindle-­‐pole	
  body	
  

Spc	
   	
   	
   	
   Spindle	
  pole	
  component	
  

Spr	
   	
   	
   	
   SMC	
  partner	
  of	
  Rad	
  

Spt	
   	
   	
   	
   Suppressor	
  of	
  Ty’s	
  

Spy	
   	
   	
   	
   Streptococcus	
  pyogenes	
  

Srb	
   	
   	
   	
   Suppressor	
  of	
  RNA	
  polymerase	
  B	
  



	
   ix	
  

Ssl	
   	
   	
   	
   Swi6	
  synthetically	
  lethal	
  

SUMO	
   	
   	
   	
   Small	
  ubiquitin-­‐like	
  modifier	
  

Swi	
   	
   	
   	
   Switching	
  deficient	
  

T.	
   	
   	
   	
   Thermotoga	
  (maritima)	
  

Tan	
   	
   	
   	
   Tandem	
  SpyCatcher	
  

TCA	
   	
   	
   	
   Trichloroacetic	
  acid	
  

TetO	
   	
   	
   	
   Tetracycline	
  operator	
  

TetR	
   	
   	
   	
   Tetracycline	
  repressor	
  protein	
  

TEV	
   	
   	
   	
   Tobacco	
  etch	
  mosaic	
  virus	
  

Tm	
   	
   	
   	
   Melting	
  temperature	
  

TMD	
   	
   	
   	
   Transmembrane	
  domain	
  

TPR	
   	
   	
   	
   Tetratricopeptide	
  repeat	
  

tRNA	
   	
   	
   	
   Transfer	
  ribonucleic	
  acid	
  

TRP	
   	
   	
   	
   Tryptophan	
  

ts	
   	
   	
   	
   Thermosensitive	
  

µ	
   	
   	
   	
   Micro	
  

URA	
   	
   	
   	
   Uracil	
  

UV	
   	
   	
   	
   Ultraviolet	
  

v/v	
   	
   	
   	
   Volume/volume	
  

Wapl	
   	
   	
   	
   Wings-­‐apart	
  like	
  

WCE	
   	
   	
   	
   Whole	
  cell	
  extract	
  

WT	
   	
   	
   	
   Wild	
  type	
  

w/v	
   	
   	
   	
   Mass/volume	
  

X.	
   	
   	
   	
   Xenopus	
  (laevis)	
  

Ybp	
   	
   	
   	
   Yap1-­‐binding	
  protein	
  

YPD	
   	
   	
   	
   Yeast	
  extract	
  peptone	
  +	
  dextrose	
  

YPR	
   	
   	
   	
   Yeast	
  extract	
  peptone	
  +	
  raffinose	
  

YPRG	
   	
   	
   	
   Yeast	
  extract	
  peptone	
  +	
  raffinose	
  +	
  galactose	
  

Z.	
   	
   	
   	
   Zygosaccharomyces	
  (rouxii)
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Contributions	
  

	
  

Parts	
  of	
  this	
  thesis	
  were	
  conducted	
  in	
  collaboration	
  with	
  other	
  researchers.	
  	
  

Relevant	
  contributions	
  are	
  as	
  follows:	
  

	
  

Several	
  of	
  the	
  DNA	
  constructs	
  used	
  were	
  previously	
  created	
  by	
  others,	
  or	
  were	
  

modifications	
  thereof,	
  as	
  listed	
  in	
  Materials	
  and	
  methods	
  (Chapter	
  VI).	
  

	
  

Crystallisation	
  trials	
  with	
  each	
  protein	
  were	
  performed	
  by	
  Dr	
  Jan	
  Löwe1.	
  

	
  

All	
  SpyCatcher	
  proteins	
  used	
  in	
   in	
  vitro	
  experiments	
  were	
  prepared	
  from	
  E.	
  coli	
  

by	
  Jacob	
  Orry	
  Fierer2.	
  

	
  

Attempts	
   to	
  produce	
   recombinant	
  Smc3hd	
  containing	
  a	
  genetically	
   encoded	
  N-­‐

acetyl-­‐lysine	
  were	
  in	
  collaboration	
  with	
  Dr	
  Susan	
  Hancock1.	
  

	
  

Appendix:	
  Figure	
  A-­‐1.	
  Depicts	
  experiments	
  performed	
  by	
  Dr	
  Bin	
  Hu2.	
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Figure	
  I-­‐2.	
  The	
  events	
  of	
  mitosis.	
  	
  
The	
  stages	
  of	
  mitosis	
  are	
  distinguished	
  by	
  the	
  organisation	
  and	
  manipulation	
  of	
  the	
  genome,	
  
beginning	
  with	
  the	
  condensation	
  of	
  DNA	
  into	
  chromosomes	
  in	
  prophase.	
  The	
  breakdown	
  of	
  
the	
   nuclear	
   envelope	
   and	
   capture	
   of	
   chromatids	
   by	
  microtubules	
   signiGies	
   prometaphase.	
  
Sister	
  chromatids	
  congress	
  and	
  align	
  on	
  the	
  metaphase	
  plate	
  at	
  the	
  mid-­‐zone	
  between	
  the	
  
bipolar	
  mitotic	
   spindle	
   in	
  metaphase	
   before	
   their	
   separation	
   and	
   segregation	
   to	
   opposite	
  
spindle	
  poles	
  in	
  anaphase.	
  Mitosis	
  is	
  complete	
  upon	
  the	
  disassembly	
  of	
  the	
  spindle	
  and	
  the	
  
redeposition	
   of	
   the	
   nuclear	
  membrane	
   to	
   form	
   daughter	
   nuclei	
   in	
   telophase.	
   Cytokinesis	
  
physically	
   divides	
   the	
   cell	
   in	
   half	
   (adapted	
  by	
  permission	
   from	
  Macmillan	
  Publishers	
   Ltd:	
  
Nature	
  Reviews	
  Cancer,	
  Jackson	
  et	
  al.,	
  copyright	
  2007).	
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Figure	
  I-­‐3.	
  Separation	
  of	
  sister	
  chromatids	
  at	
  anaphase.	
  	
  
The	
   protease	
   separase	
   is	
   bound	
   to	
   securin	
   and	
   maintained	
   in	
   an	
   inactive	
   form.	
   Upon	
  
activation	
  of	
  the	
  APC	
  by	
  Cdc20,	
  securin	
  is	
  ubiquitinated	
  and	
  destroyed,	
  liberating	
  separase	
  
and	
  allowing	
  its	
  proteolytic	
  cleavage	
  of	
  cohesin.	
  Loss	
  of	
  cohesion	
  between	
  sister	
  chromatids	
  
allows	
   their	
   segregation	
   by	
   the	
   mitotic	
   spindle	
   (adapted	
   by	
   permission	
   from	
   Oxford	
  
University	
  Press:	
  The	
  Cell	
  Cycle:	
  Principles	
  of	
  Control,	
  Morgan,	
  copyright	
  2007).	
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Figure	
  I-­‐4.	
  Compaction	
  of	
  DNA	
  into	
  nucleosomes	
  and	
  metaphase	
  chromosomes.	
  
(A) A	
   linear	
   strand	
   of	
   DNA	
   undergoes	
   the	
   most	
   basic	
   level	
   of	
   packaging	
   via	
   its	
   winding	
  

around	
   histone	
   proteins	
   to	
   form	
   a	
   nucleosome.	
   Further	
   levels	
   of	
   coiling	
   allow	
  
compaction	
   into	
   metaphase	
   chromosomes	
   (adapted	
   by	
   permission	
   from	
   Macmillan	
  
Publishers	
  Ltd:	
  Nature,	
  Felsenfeld	
  and	
  Groudine,	
  copyright	
  2003).	
  

(B) Electron	
  micrograph	
  of	
   the	
  proteinaceous	
   chromosomal	
   scaffold	
   left	
   after	
   digestion	
  of	
  
DNA	
  in	
  mitotic	
  chromosomes	
  (Adolphs	
  et	
  al.,	
  1977)	
  	
  

A	
  

B	
  

13



 

14



 

15



 

SMC-like proteins by complex 

∝

16



 

17



 

∝

18



Figure	
  I-­‐5.	
  SMC	
  structure	
  and	
  possible	
  conformations	
  of	
  heterodimers.	
  
(A) The	
  primary	
   sequence	
  of	
   Smc1	
  and	
  Smc3	
  predict	
  5	
   structural	
   regions:	
   a	
   central	
  hinge	
  

domain	
   separated	
   from	
   the	
   globular	
   termini	
   domain	
   by	
   two	
   stretches	
   of	
   sequence	
  
predicted	
  to	
  form	
  coiled	
  coil.	
  

(B) Possible	
   arrangements	
   within	
   the	
   heterodimer:	
   (i)	
   Parallel,	
   intermolecular	
   coiled	
   coil	
  
alignment,	
   (ii)	
   anti-­‐parallel,	
   intermolecular	
   coiled	
   coil,	
   and	
   (iii)	
   anti-­‐parallel	
  
intramolecular	
  coiled	
  coil.	
  Arrows	
  indicate	
  the	
  direction	
  of	
  each	
  sequence	
  (Nasmyth	
  and	
  
Haering,	
  2005)	
  

(C) Smc1/3	
   heterodimers	
   adopt	
   a	
   V-­‐shaped	
   conformation	
   as	
   visualised	
   by	
   electron	
  
microscopy	
   (adapted	
   with	
   permission	
   from	
   Elsevier:	
   Molecular	
   Cell,	
   Haering	
   et	
   al.,	
  
copyright	
  2002).	
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Figure	
  I-­‐7.	
  Structure	
  of	
  SMC	
  and	
  SMC-­‐like	
  protein	
  dimerisation	
  domains.	
  
(A) Crystal	
   structure	
   of	
   the	
  M.	
   musuculs	
   Smc1/3	
   hinge	
   dimer,	
   showing	
   the	
   two	
   distinct	
  

interaction	
  surfaces	
  and	
  overall	
  toroidal	
  shape.	
  
(B) Charge-­‐surface	
   mapping	
   reveals	
   positively	
   charged	
   residues	
   within	
   the	
   channel,	
  

conserved	
  between	
  T.	
  maritima	
  and	
  M.	
  musculus.	
  
(C) Hinge	
   structures	
   from	
   other	
   SMC-­‐like	
   proteins,	
   including	
   (from	
   left	
   to	
   right)	
   MukB,	
  

Smc2/4	
  (M.	
  musculus	
  condensin	
  crystallised	
  in	
  an	
  open	
  conformation),	
  and	
  the	
  distinct	
  
zinc-­‐hook	
  that	
  coordinates	
  a	
  Zn2+	
  for	
  dimerisation	
  of	
  Rad50	
  molecules.	
  The	
  MukB	
  hinge	
  
domain	
  is	
  comparatively	
  small	
  and	
  lacks	
  a	
  central	
  channel	
  (Kurze	
  et	
  al.,	
  2011;	
  Ku	
  et	
  al.,	
  
2010;	
  Griese	
  et	
  al.,	
  2010;	
  adapted	
  by	
  permission	
  from	
  Macmillan	
  Publishers	
  Ltd:	
  Nature,	
  
Hopfner	
  et	
  al.,	
  copyright	
  2002).	
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Figure	
  IV-­‐7.	
  Fluorescence	
  polarization	
  assay	
  
Fluorescence	
   polarization	
   allows	
   protein	
   interactions	
   to	
   be	
   detected	
   based	
   on	
   changes	
   in	
  
the	
   speed	
   of	
   rotation	
   of	
   a	
   Cluorescently-­‐conjugated	
   peptide	
   upon	
   binding	
   to	
   a	
   protein	
  
partner.	
  Excitation	
  of	
  a	
  static	
  Cluorophore	
  with	
  polarized	
  light	
  leads	
  to	
  emission	
  of	
  polarized	
  
light,	
  however,	
  rotation	
  of	
  a	
  Cluorophore	
  in	
  solution	
  during	
  the	
  excited	
  state	
  lifetime	
  scatters	
  
this	
  signal.	
  Rotational	
  movement	
  is	
  reduced	
  by	
  binding	
  to	
  a	
  larger	
  protein	
  and	
  thus	
  a	
  greater	
  
amount	
  of	
  polarized	
  light	
  is	
  detected.	
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