N

N

Biochemical and biophysical characterisation of the Cohesin
complex
Kyle Muir

» To cite this version:

Kyle Muir. Biochemical and biophysical characterisation of the Cohesin complex. Biochemistry, Molecular
Biology. Université Grenoble Alpes, 2016. English. (NNT: 2016GREAV005). {tel-01688002)

HAL Id: tel-01688002
https://theses.hal.science/tel-01688002v1

Submitted on 19 Jan 2018

HAL is a multi-disciplinary open access archive L’archive ouverte pluridisciplinaire HAL, est des-
for the deposit and dissemination of scientific re- tinée au dépoét et a la diffusion de documents scien-
search documents, whether they are published or not. tifiques de niveau recherche, publiés ou non, émanant
The documents may come from teaching and research  des établissements d’enseignement et de recherche
institutions in France or abroad, or from public or pri- francais ou étrangers, des laboratoires publics ou
vate research centers. privés.

Auto':izition
HAL Authorization


https://theses.hal.science/tel-01688002v1
https://about.hal.science/hal-authorisation-v1/
https://about.hal.science/hal-authorisation-v1/
https://hal.archives-ouvertes.fr

| Communauté
& UNIVERSITE Grenoble Alpes

THESE

Pour obtenir le grade de

DOCTEUR DE LA )
COMMUNAUTE UNIVERSITE GRENOBLE ALPES

Spécialité : Biologie Structurale et Nanobiologie
Arrété ministériel : 25 mai 2016

Présentée par

Kyle MUIR

Thése dirigée par Daniel PANNE

préparée au sein du Laboratoire européen de biologie
moléculaire
dans I'Ecole Doctorale Chimie et Sciences du Vivant

Caractérisation biochimique et biophysique
du complexe cohésine

Biochemical and biophysical
characterisation of the Cohesin complex

These soutenue publiquement le 15 février 2016,
devant le jury composé de :

Monsieur DANIEL PANNE

DIRECTEUR DE RECHERCHE, EMBL GRENOBLE, Directeur de thése
Monsieur CARLO PETOSA

DIRECTEUR DE RECHERCHE, CNRS DELEGATION ALPES, Président
Madame JOANNA TIMMINS

CHARGE DE RECHERCHE, CNRS DELEGATION ALPES, Examinateur
Monsieur STEPHAN GRUBER

DIRECTEUR DE RECHERCHE, MPI - BIOCHIMIE (MARTINSRIED)
ALLEMAGNE, Rapporteur

Monsieur ANDREA MUSACCHIO

PROFESSEUR, MPI. (DORTMUND) - ALLEMAGNE, Rapporteur
Monsieur CHRISTIAN HARING

DIRECTEUR DE RECHERCHE, EMBL HEIDELBERG - ALLEMAGNE,
Examinateur



For May



Gie me ae spark o' Nature's fire,

That's a' the learning | desire



Table of Contents

I L o] 1SN0 ) B @ Y ] =] | PSSR 4
(IS A ) Y o] o (A= U1 Lo I ST PPPPPPPPPP 8
(S o ) o U =T PP PRSP PPPPPPPPPP 12
ADSTIACT e 14
RESUME BN FIrANGAIS ..oiiiiiiiiiiiiiiii ettt e e e e e e s e bbb ettt e e e e e s e bt bbbt e aaaeeeeaanneeenes 15
TN e Yo [ T3 4o ] o PP PPPPPPPPP 16
RESUME EN FIANGAIS ..eevviiiiiiiiiiiiiiiiiiiiiiiee ettt ettt ettt ettt et e ettt et et et et et ettt eeeeeeeaeeeeeeeeeeeeeeeeees 17
1.1 Sister chromatid CONESION ...t e e e e e e e e aaaee s 19
1.2. The general architecture of the cohesin compleX ..., 22
1.3. Cohesion and the Cell CYCIE ......ooviviiiiiiiiii e 24
1.3.1. Cohesin loading and POSITIONING .....cccevereieiiieerereertee et 26
1.3.2. EstabliShment Of CONESION .....c.ooiiiiiece e 28
1.3.3. Dynamic cohesin release and discovery of the prophase pathway...........cc............ 33
1.3.4. MaintenanCe Of CONESION .....cooiiiieeeee et nas 38
1.3.4. Termination Of CONESION ...c.ooiiiiiieeeee e 40
1.4. Cohesin regulatory faCtOrS ... e 43
Tt R =T o] o 1 ST USSP PO PPTO USRS 43
1 o ok ST TP PP TSP P PUUPPPROPORt 45
IR0 T Y V=Y U URUSPOt 47
R B o o [ S O OO O P O SRR P PO PPTOTPURPPPRO 49
TS Tod 1= oL L o= 11 B3R 52
1.5.1. Structural and biochemical characterisation of the Smc3-Smc1-Sccl heterotrimer ................... 52
1 oI A ol T T PO PO U PP TP PP OPPPPUPORt 53
1.5.3. Defining cohesin release COMPIEXES .....cccccuiiiiiiciiie ettt e e et e e e e sttee e e e araee e eearaaeesanes 53
1.5.4. The structural basis of Pds5 function and recruitment to cohesin........cccccevvveevciiniiiincieeniieene, 53
Materials and METNOUS ... e e e et e e e e e e e e eaeen s 54
RESUME BN FIANGAIS .uuuuuiiiieeeiieeiiiiee e e e e et e s e e e e et e e e e e e e e e e e et a e e e e e e e e ea sttt e e e e eaeeeennnnnnnnes 55
P20 N Y o 1 =T od 0] = 1o Ko Y 1 o o ST 56



WA e Ao ) (=T =Y o] L=FS3] o o IS 56

2.2.1. Bacterial expression of NAtive ProteiNS ......cc.eeieiciiiie et e e e aaee e 56
2.2.2. Bacterial expression of selenomethionyl proteins ..........coccveiiiciiiii i e 56
2.3. Protein PULIFICALION .oouiiiiii it e e e et e e e e e e e e e e r it eaaeaees 57
2.3.1. Immobilised metal-ion affinity chromatography........ccceeiveiiiiiiiiiiic e 57
2.3.2. GST affinity chromatograpny ...ccc.eeii i et e et e e e bae e e e aaeeeean 57
2.3.3. Anion exchange chromMatography .......cueiiieciiii it e e et e e e erae e e s aae e e e e aaneeean 58
2.3.4. Size exclusion ChromMatography ......coocciiii i e e e sba e e e e s areeeeas 58
2.4, CryStalliSAtION .....cceiieeiiie e e e e e e 58
2.4.1. Crystallisation Of @PO-PASST.....ccccuiiiiieiiie ettt ettt e e e e etre e e e stae e e s tte e e seasaeeessasaeeesenseeenan 58
2.4.2. Crystallisation Of PASS5T-SCCL ....cccutiiiiiiiieeeiiiee e ettt e e et e e eetee e e ettt e e e esataeeessateeessnsaeeesansaeeeeannsneenan 59
2.5, SHrUCTUIe determMiNaATION ... 59
2.5.1 X-ray data collection and ProCeSSING .......cccuciiiiiiiiiieeeiiieeeeciree e et e e e srre e e ssrre e e sseaeeessareeeesnreeeeas 59
2.5.2. HEAVY GtOM PRaSING.....eiiiiiiiiiie ettt e ettt e e et e e e ettt e e e e eatae e e s asaeeeensaeeeeansaeeesanssneenan 60
2.5.3. Molecular replacement and refinement of PAS5T-SCCL ........uiviiiiiiiiiiiiie et e 60
2.5.4. Molecular replacement and dynamic elastic network refinement of apo-Pds5T ..........ccccuueee.. 61
2.5.5 SMall angle X-ray SCAtLEIING ... ccciiciiieieiiie e e e e e e e s rtae e e estaeeeesnbaeeeesnreeeean 61
2.6. BioinfOrmatic MEthOOS .........euiiiiiie e e e 62
2.6.1 Protein secondary structure prediction ... 62
2.6.2. Proteolytic peptide fragmentation prediction..........cocceeeeeciiieeeciiiee e 62
2.6.3. Multiple sequENCE aligNMENTS.......uiiiiciiiiecciiee e e e e e s st e e estae e e esabbeeeesnaeeeean 62
2.7. Protein DIOCHEMISIIY oo et e e e e e e e e e e e e e e e eaaeas 62
B T X1 TR =T I o] o} (=T 1YL SRRt 63
2.7.2. Analytical size-exclusion chromatography......ccce i ccciiiiiiie e e e e e e eneees 63
2.7.3. 1IN VItro PUHOWNS ...ttt ettt e et e e et a e e e e at e e e e eataeeesasaeeeensseaesansaeeeennseneeaan 63
D A B Yol AV = o T o I 1YY= VSRS 64
2.7.5. Wapl-ternary compleX PUIAOWNS.........uviiieiiiie ettt e e s sere e e s seae e e ssaaaa e e e s aaneeean 64
2.7.6. Electrophoretic mobility Shift @SSAYS ......ciiiiiiiiiiiiiieeecee et e e aaee e 64
2.8, YEaAST MEINOAS ... 65
2.8.1. Yeast strain generation and validation ...........cooociiiiieiiie e 65
2.8.2. Tetrad diSSECHION .. ..eiiiitiet ettt sttt et e b e b s st bbb nes 65



2.8.3. Protein co-immuNOPreCipitation ... ittt e e s e e e s 65

PR R Yo [ o [o Y dele] a Y=Yy o] o = Y- 1Y PSPPSR 66
TS UL PSP P PP PPPPPPPPPPPP 67
RESUME BN FrANGAIS .uvuuuiiiieeieieiiiiiii s e e et e s e e e e et e e s e e e e e e e e et e e e e e e eeeeaataa e e eeaeeeeannrnnnnns 68
3.1. Assembling a heterotrimeric cohesin head COMPIEX .....cceeviiiiiiiiiiiiiiiii e, 69

3.1.1. Mutual entrapment of SMC heads by an Sccl domaiN-SWap, ......cccceeerirrreeeiireeeeiiieeeeeiree e 69

3.1.2. Solubility and initial purification of a Smc3hd-Smclhd-Sccl compleX......ccccvveeeeeeeeeeciiiieeeeeeen, 71
3.2. Ecol, the cohesin acetyltransSferase.........ooiiiii i 74

3.2.1. Ecol is an active acetyltransferase in Vitro........cccceeeeccueeeeecieee et e e 74

3.2.2. Ecol binds dsDNA in a manner dependent on its zinC fiNger.......ccccveeeciiieicciiee e, 75
3.3. Characterisation of the non-SMC cohesin SubUNItS..........ccoooiiiiiie 76

3.3.1. Isolation of full-length Scc3, Pds5, and Wapl........ccueeieiiiiiiceee et e 76

3.3.2. Prediction and crystallisation of subdomains in Pds5, Scc2, and ScC3 .......ccoccveeeeccvieeeeciiee e, 77

3.3.3. Identification of a stable PAs5 truncation..........c.c.eoiiiieiienie e 79

3.3.4. Refinement and crystallisation of a stable Pds5 truncation .........cccceeeeieeeiiiiiiieeeee e 81

3.3.5. SCreening OrthOIOGUES ......ciiiuiiieiciiee ettt e et e e e st e e e et ae e e s abeee e eabeeeeessreeeenasenas 84

3.3.6. Electrophoretic mobility Shift 3SSAYS ...ccvviiiiiiiie s 86

3.3.7. PUIIHOWN @SSAYS .. .uvviiieiiiiieeeiiteeeeeciteeeeitteeeestaeeeestaeeeeaasbaeeeaasbasaeasssaeaeanssasesansssaeeannseeesanssenesennsenas 87

3.3.8. ANAlYtiCal SIZ€ EXCIUSION ....ciieiiee ettt e e et e e e et re e e et a e e e eabeeeeerabeeeeennseeeeennsenas 89

3.3.9. Identification of @ PAS5T-SCC1 SUDCOMPIEX ....uueiieiiiiieeeiieee ettt et e e e e 91
3.4. The structural basis of Pds5 recruitment to CONeSIN ... 93

3.4.1. Structure of the PAS5T-SCCL COMPIEX c..uuriiiiiiiiiieeciee ettt e e tree e e et e e e e eabe e e e enbeeeeeenseeas 93

3.4.2. Conservation of the Pds5-SCCL iNterface ......ccouiriiiiieiiieiiesie ettt 98

3.4.3. Analysis of the PAS5-SCCL iNTEITACE ...ccuvieii ettt e e 101

3.4.4. Pds5-Sccl interface mutants are defective in sister chromatid cohesion........c.cccceveerieneennen. 107

3.4.5. A structural model of the Pds5-Smc3-Sccl COMPIEX ccuuviiiiiiiiieiiiiee et 110
[T EST o U =37 Lo o PP PPPPPPPP 113
RESUME €N FrANGAIS ..oiiiieiiiiiiiiiiii ettt e et e e e e e e e sttt e e e e e e e e e nnnrnenes 114
4.1. A Conserved Interaction Surface Mediates Pds5 Recruitment to Cohesin................ 116
4.2. The Structural Basis of Pds5 Function and its Recruitment to Cohesin................... 120



4.3. A cohesin releasing function at the Smc3-Sccl interface: arevised view of the non-

SMC protein iINTEraction NEIWOTK ......ccooiieiieeee s 121
4.4. Toward a molecular model for sister chromatid cohesion............cccccoeiiii, 124
ACKNOWIEBAGEMENTS ..ottt 128
7Y o7 o 1= o OSSPSR 130
6.1. Structure prediction and multiple-sequence alignments ...........ccccoeeeeieieeee, 131
L A o PP 131
S0 I TR ol olf AT T T T O TP TP TP 133
B.0.4. SCC2 e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e aaaaaaaaaaaeaaaaaaaaaaaaaaaeaens 134
O T ol ok J P SO PP UPPT O POPPPPPPTN 135
6.2. Crystallographic data collection, phasing, and refinement statistics ............c........... 137
Appendix table 1: Data collection, phasing and refinement statistics .........ccoccervviiiriiiiniiinieciireee, 137
8.3, YBAST SEIAINS it 138
Appendix Table 2: YEAST STFAINS. .ueiiiiciiieiccieee et ettt e et e e ectte e e e ebte e e e ettaee s snteeeesntaeeessteeeesantaeaesnns 138
6.3, CONSTIUCT LA 0. 140
S 1T =T Lo = PP 142



List of Abbreviations

A

A

aa
ABC
Ac
AcK
APC/C
ATP
bp
Cdc
Cdk
ChiP-Seq
Co
CoA
CTCF

Eco/Esco/Eso

EDTA
EM
EMSA
F
FACS
FL

Alanine
Angstrom

Amino acid

Adenosine triphosphate binding cassette

Acetyl
Acetyl-lysine

Anaphase promoting complex/cyclosome

Adenosine triphosphate
Basepairs
Cell-division cycle protein

Cyclin-dependent kinase

Chromatin immunoprecipitation sequencing

Cobalt

Coenzyme A

CCCTC-binding factor

Aspartic acid

Daltons

Maximum diameter

Deformable elastic network
Deoxyribonucleic acid
Dithiothrietol

Glutamic acid

Establishment of cohesion
Ethylenediaminetetraacetic acid
Electron microscopy
Electrophoretic mobility shift assay
Phenylalanine
Fluorescence-activated cell sorting
Full-length



GCN
GFP
GST

HA
HAT
hd
HDAC
HEAT
Hepes
His-tag
HCL
HTX

IMAC
IPTG
KEN

kDa

mAU
MES

ml
UM
mM
MPD

Glycine

General control nonderepressible
Green fluorescent protein
Glutathione S-transferase

Histidine

Haemagluttanin

Histone acetyltransferase

Head

Histone deacetylase

Huntington, EF3, PP2A, TOR1
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
Polyhistidine-tag

Hydrochloric acid

High-throughput crystallography
Isoleucine

Immobilised metal ion chromatography
Isopropyl--B-thio-galactoside

Lysine, glutamic acid, asparagine
Lysine

Kilodalton

Leucine

Methionine

Milliabsorbance units
2-(N-morpholino)ethanesulfonic acid
Microlitres

Millilitres

MicroMolar

MilliMolar

2-Methyl-2,4-pentanediol
Asparagine



NacCl
NCS

ScpA
SDS-PAGE
SEC
SeMet

Sgo

Smc

T

TCEP

Sodium chloride

Non-crystallographic symmetry
nanometres

Optical density

Open reading frame

Proline

Proliferating cell nuclear antigen
Polymerase chain reaction

Precocious dissociation of sisters

V5 epitope

Polo-like kinase

Protein phosphatase 2A

Protein databank

Glutamine

Arginine

Radius of gyration

Ribonucleic acid interference

Serine

Single wavelength anomalous diffraction
Small-angle X-ray scattering

Sister chromatid cohesion

Skp, Cullin, F-box containing complex
Segregation and condensation protein A
Sodium dodecyl sulphate-polyacrylamide gel electrophoresis
Size-exclusion chromatography
Selenomethionine

Shugoshin

Structural maintenance of chromosomes
Threonine

Tris(2-carboxyethyl)phosphine

10



tet
TEV
TLS
Tris
TRP
ts
URA

Wapl

w/w

zf

Tetracycline

Tobacco etch virus
Translation/libration/screw
Tris(hydroxymethyl)aminomethane
Tryptophan

Temperature-sensitive

Uracil requiring

Valine

Tryptophan

Wings apart-like protein homologue
Weight by weight

X-ray

Tyrosine

Zinc finger

11



List of Figures

Figure 1
Figure 2
Figure 3
Figure 4
Figure 5
Figure 6
Figure 7
Figure 8
Figure 9
Figure 10
Figure 11

Figure 12

Figure 13
Figure 14
Figure 15

Figure 16
Figure 17
Figure 18
Figure 19

Figure 20
Figure 21
Figure 22
Figure 23
Figure 24
Figure 25

Architecture of the cohesin trimer

Regulation of cohesion throughout the cell cycle
Cohesin loading

Establishment of cohesion in S-phase

Cohesin release in prophase

Termination of cohesion

Structure and domain organisation of Ecol
Structure and domain organisation of Scc3-Sccl
Structure and domain organisation of Wapl

Structure and domain organisation of Pds5-Sccl

Strategy design for the isolation of a Smc3hd-Smclhd-Sccl
complex

Initial  purification and solubility of Smc3hd-Smclhd-Sccl
assemblies

Functional characterisation of Ecol
Full-length non-Smc subunit purification
Non-Smc subunit  truncation solubility, purification and
crystallisation of Scc3

Identification of a stable domain in Pds5 by limited proteolysis
Purification and crystallisation of Pds5 truncations

Purification of Pds5T orthologues

Electrophoretic mobility shift assays with dsDNA and the
nucleosome

GST pulldowns of Wapl, Pds5 and Smc3

Analytical size-exclusion of Pds5, Wapl, and Sccl

Defining a Pds5T-Sccl subcomplex by limited proteolysis
Structure of the Pds5-Sccl complex

Biochemical analysis of Pds5T and Pds5T-Sccl

Validation of the Sccl register and Structural Analysis of Pds5

22
24
26
28
33
40
43
45
47
49
71

73

75
77
78

80
83
85
86

88
89
91
93
94

12



Figure 26
Figure 27
Figure 28
Figure 29
Figure 30
Figure 31
Figure 32
Figure 33
Figure 34

Figure 35
Figure 36
Figure 37
Figure 38
Figure 39
Figure 40
Figure 41
Figure 42
Figure 43

Surface conservation of Pds5 and Sccl

Sequence conservation of Pds5 and Sccl

Interaction of Pds5T with Smc3hd-NSccl

Size exclusion chromatography of Pds5 mutants
Complementation analyses of Pds5 and Sccl mutants
Structure of Pds5T with extended Sccl

Expression controls for Pds5 and Sccl in Yeast
Ecol-1 suppressor mutants

Cohesin binding mutants of Pds5 fail to maintain sister chromatid
cohesion

Pds5 expression and cell cycle arrest

SAXS analysis of the Pds5T-Smc3hd-NSccl complex
Electrostatic surface potential of Pds5

Biochemical analysis of Wapl binding

Toward a molecular model of the cohesin complex
Structural bioinformatics and construct design for Pds5
Structural bioinformatics and construct design for Sccl
Structural bioinformatics and construct design for Scc2

Structural bioinformatics and construct design for Scc3

98

100
101
102
103
104
105
106
107

109
111
118
119
125
132
134
135
136

13



Abstract

Sister chromatid cohesion is a fundamental prerequisite to faithful genome segregation.
Cohesion is precisely regulated by accessory factors that modulate the stability with
which the cohesin complex embraces chromosomes. One of these factors, Pds5,
engages cohesin through Sccl and participates both in the enhancement of cohesion,
and conversely in mediating the release of cohesin from chromatin. In this thesis the
crystal structure of a complex between budding yeast Pds5 and Sccl is presented, thus
elucidating the molecular basis of Pds5 function. Pds5 forms an elongated HEAT repeat
that binds to Sccl via a conserved surface patch. Complementary cell biological and
biochemical characterisation of this structure demonstrates that the integrity of the
Pds5-Sccl interface is indispensable for the recruitment of Pds5 to cohesin, and that its
abrogation results in loss of sister chromatid cohesion and cell viability, in a manner
correlative to weakened binding strength. The results presented in this thesis therefore

suggest that Pds5 is a constitutively bound, core subunit of cohesin.

14



Résumé en Francais

L'appariement des chromatides sceurs est un prérequis fondamental pour la
ségrégation fidele du génome. Cet assemblage est précisément régulé par plusieurs
facteurs modulant la solidarité entre le complexe formant la cohésine et les
chromosomes. Un de ces facteurs, Pds5, engage la cohésine par le biais de Sccl et
participe a la fois au renforcement de la cohésion, et inversement a la libération de la
cohésine de la chromatine. Dans cette thése, la structure cristalline du complexe entre
les protéines de levure Pds5 et Sccl est présentée. Celle-ci permet la compréhension
de la fonction moléculaire de Pds5. Pds5 forme un « heat-repeat » allongé qui se lie a
Sccl via une interface dont sa séquence reste conservée. Suite a la caractérisation
biologique et biochimique de cette structure, cette these démontre que l'intégrité de
l'interface entre Pds5 et Sccl est indispensable pour le recrutement de Pds5 a la
cohésine et que son abrogation conduit a la perte de la cohésion entre les chromatides
sceurs ainsi que la perte de la viabilité cellulaire. Les résultats présentés dans cette
thése suggerent donc que Pds5 est constitutivement lie au cceur de la sous-unité de la

cohésine.
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Introduction
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Résumé en Francais

Dans les trois principaux régnes de la vie: Eucaryote, Procaryote et Archaea
l'information génétique qui définit la cellule et donc I'organisme doit étre fidelement
transmise de génération en génération. Infailliblement, le maintien précis du génome
lors de la réplication et la ségrégation de celui-ci dans les cellules filles est donc

impératif pour le succés et méme l'existence de toute espece.

Dans de nombreux organismes procaryotes, la réplication et la ségrégation sont
étroitement couplées temporellement. Dans de nombreux cas, ils coincident avec
nucléoides doubles étant rapidement compactés et captifs, ou tout simplement
transportés, vers les poles opposés de la cellule avant de fission binaire de I'organisme.
Cependant, dans les organismes eucaryotes, la réplication se produit bien avant la
division cellulaire. Pour cette raison, de nouveaux mécanismes ont évolué pour assurer
'appariement (ou la cohésion), la dissociation et la ségrégation correcte des

chromatides soeurs.

Le processus de cohésion des chromatides sceurs répond a deux problémes
fondamentaux dans la cellule eucaryote. Tout d'abord, il permet, de maniére tout a fait
élégante, le couplage de la réplication de I'ADN avec le jumelage de chromatides
sceurs. En effet, la cohésion n'est possible qu'une fois que I'état diploide de la cellule
est atteint. D'autre part, la cohésion confére une résistance a la tension requise pour la
bi-orientation et fixation des chromatides soceurs aux centrosomes situés sur les pdles
opposés de la cellule, en compensant les forces exercées par microtubules du fuseau

sur cinétochores soeurs.

L'exécution correcte de ce processus permet d'éviter une mauvaise seégrégation et
'aneuploidie dG a un appariement incorrect des chromosomes. Aussi, les mécanismes
de ségrégation peuvent se dérouler de maniére appropriée pour assurer une

transmission fidele des chromosomes aux cellules filles.

La cohésion de chromatides sceurs est médiée par un complexe protéique appelé

cohésine. Ce mécanisme est ancien d'un point de vue évolutif et se compose d'un

17



sous-complexe annulaire formé par deux protéines ‘structural maintenance of
chromosomes' (SMC), Smcl et Smc3, qui sont apparu chez les procaryotes, et Sccl,
apparenté a la famille des protéines kleisin, partagent certaines caractéristiques

structurales avec leurs équivalents procaryotes.

Pendant le cycle cellulaire, la cohésine subit plusieurs cycles fonctionnels. Initialement,
la cohésine est liée a des proteines accessoires. Durant la réplication de I'ADN, lorsque
les paires de chromosomes apparaissent, la cohésion de chromatides sceurs est établie
par l'acétylation du complexe par Ecol, un acétyl-transférase spécifique. La cohésion
est ensuite maintenue jusqu'a la division cellulaire ou sa dissociation permise par un
processus en deux étapes. La premiere étape est précisément régulée par une série de
protéines accessoires: Scc3, Pds5, et le facteur de dissociation Wapl Ces proteines ont
été proposées pour la modulation de la stabilité de I'ensemble cohésine sur la
chromatine. L'association de ces protéines avec cohésine est permise par Sccl, qui agit
comme un hub pour le recrutement des facteurs de régulation de la cohésion. La
seconde, et derniere étape dans le cycle de la cohésion est la destruction de la
cohésine encore lié a la chromatine. Ceci est effectué par le clivage de la sous-unité
Sccl par la protéase Separase durant la transition entre la métaphase a I'anaphase,
permettant ainsi la libération des chromatides sceurs et leur ségrégation dans les

cellules filles

18



1.1 Sister chromatid cohesion

Across the three domains of life: Bacteria, Archaea, and Eukaryota, the genetic
information which defines the cell and thus the organism must be faithfully inherited
from generation to generation. Unfailingly accurate genome maintenance, replication,
and segregation into daughter cells therefore are imperative to the success and indeed

the continued existence of any species.

In many prokaryotic organisms, replication and segregation are tightly temporally
coupled, and in many instances coincide, with duplicated nucleoids being swiftly
compacted and tethered, or simply transported, to opposite poles of the cell prior to
binary fission of the organism. In eukaryotic organisms however, replication can occur
significantly in advance of cell division, thus additional mechanisms have evolved to

ensure proper pairing (or cohesion), dissociation and segregation of sister chromatids.

The process of sister chromatid cohesion addresses two fundamental problems in the
Eukaryotic cell. Firstly, it enables, quite elegantly, the coupling of DNA replication with
the subsequent pairing of sister chromatids, such that cohesion only arises when the
diploid state of the cell is achieved. Secondly, cohesion confers resistance to the
tension required for the biorientation and amphitelic attachment of sister chromatids to
centrosomes located on opposite poles of the cell, by counteracting forces exerted by

spindle microtubules on sister kinetochores.

The correct execution of this process thusly ensures both that missegregation and
aneuploidy do not arise through aberrant chromosome pairing, and that the segregation
machinery may assemble appropriately to ensure the fidelity of chromosome

transmission to daughter cells.

Early investigations led to the proposal of a mechanism wherein sister chromatid
cohesion is enforced by replication-coupled catenation of sister DNAs and resolved by
enzymatic de-catenation (Murray and Szostak, 1985). However, it transpired that cells
arrested in metaphase do not maintain such intertwined DNA structures, yet still

possess paired chromatids (Guacci et al., 1994, Koshland and Hartwell, 1987).
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Furthermore, the discovery that a cell-cycle regulated programme of proteolysis
(Holloway et al., 1993), and the discovery of the E3 ubiquitin ligase responsible for
targeting relevant substrates (the APC/C) (King et al., 1995, Sudakin et al., 1995),
facilitate the metaphase-to-transition to permit cell division, were crucial in establishing
that sister chromatid cohesion most likely had a mechanism that was predominantly

orchestrated by proteins.

The basic apparatus which mediates sister chromatid cohesion is evolutionarily ancient
and principally consists of an annular complex formed by two structural maintenance of
chromosomes (SMC) proteins, which arose in prokaryotes, and their cognate kleisin
proteins, which share some structural features with their prokaryotic equivalents (Gruber
et al., 2003, Haering and Jessberger, 2012, Haering and Hochwagen, 2002, Gligoris et
al., 2014, Huis in 't Veld et al., 2014, Peters and Nishiyama, 2012, Anderson et al.,
2002).

In Eukaryotic organisms, evolution has produced at least three separate families of
SMC complexes, each with distinct roles in chromosome condensation, sister chromatid
cohesion and DNA repair, referred to as condensin, cohesin, and SMC5/6 respectively
(Hirano, 2006). For the purpose of this thesis, | will focus primarily on cohesin, its
mechanisms, and regulation, with brief allusion to aspects of the other SMC complexes

where relevant.

The first SMC gene (initially an acronym of ‘stability of minichromosomes’; later revised
to ‘structural maintenance of chromosomes’ according to taste) gene was initially
named three decades ago in Saccharomyces Cerevisiae (Larionov et al., 1985).
Thereafter the gene product, Smcl, was characterised further and established as an
essential chromosome segregation factor (Strunnikov et al., 1993).

The discovery of the cohesin complex arose from parallel studies designed to identify
regulators of chromosome architecture (Guacci et al., 1997), and mutants capable of
executing sister-chromatid disjunction in the absence of APC/C function, which is

otherwise required for chromosome segregation, respectively (Michaelis et al., 1997).
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The latter study, in particular, demonstrated that Sccl, Smc3 and Smcl localise to
chromosomes to facilitate sister chromatid cohesion. Subsequently, cohesin complexes
were also identified in diverse Eukaryotic organisms, and the functions of previously
identified genes reconciled with the identification of this novel complex, underscoring
the functional conservation of this proteinaceous mode of sister chromatid cohesion and
dissolution (Losada et al., 1998, Darwiche et al., 1999, Jessberger et al.,, 1996,
Birkenbihl and Subramani, 1992).
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1.2. The general architecture of the cohesin complex
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Figure 1 | Architecture of the cohesin trimer. (a) Schematic illustration of cohesin. The

Smc3-Smcl-Sccl cohesin trimer forms a ring (depicted as a cartoon in the upper left), with
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corresponding rotary shadowing EM of the cohesin tetramer shown below (Huis in 't Veld et al.,
2014). Smc3 and Smcl interact through their hinge domains to form a toroidal heterodimer
(upper panel; PDB 2WD5). The N terminus of Sccl forms a 4 alpha-helical bundle with the
coiled coil domain of Smc3 (PDB 4UX3); the C terminus of Sccl folds into a winged-helix
domain which associates with the underside of the Smcl ATPase head (PDB 1W1W). (b)
Domain architecture and sequence boundaries of Sccl, Smcl, and Smc3. Sccl is a modular
protein scaffold with binding regions for Smc3, Pds5, Scc3, and Smcl (from N to C terminus).
Two separase sites are located in the centre of Sccl. The Smc proteins follow analogous
ATPase N-lobe, coils, hinge, coils, ATPase C-lobe domain configuration.

The core cohesin complex in budding yeast comprises an annular trimer composed of
two SMC proteins, Smcl and Smc3, and the alpha—kleisin subunit Mcd1/Sccl (figure
la). Each SMC protein contains a functional ABC-like ATPase head, comprised of two
lobes contributed by N— and C—terminal domains, and a central hinge domain, through
which Smc3 and Smcl heterodimerize, which are separated by ~40 nm through the
antiparallel packing of the intervening coiled—coil region. The ATPase heads are
arranged such that the Walker A and B motifs of one head engage ATP, through its
phosphate and ribose groups respectively, so that its y-phosphate group is positioned in
proximity to the signature C-motif of an adjacent head (Haering et al., 2004, Gligoris et
al., 2014). Consequently, the heads do not hydrolyse ATP independently, but must do
so in tandem with an opposing SMC head.

Finally the N— and C—terminal domains of Sccl associate with the Smc3, and Smcl
head, respectively (Figure 1. a-b), thus closing the ring. Sccl is a member of a highly
conserved, from bacteria to humans, family of proteins called ‘kleisins’ (a portmanteau
derivative of the Greek ‘kleisimo’, meaning ‘closure’), which are highly modular in nature
and, in addition to facilitating ring closure, per their namesake, by bridging SMC heads,
have been described to thus also serve as binding platforms for regulatory factors
(Schleiffer et al.,, 2003, Haering and Hochwagen, 2002, Kulemzina et al., 2012,
Murayama and Uhlmann, 2014, Piazza et al., 2014).

The resulting assemblies are large tripartite rings, which are thought to entrap sister

chromatids, most likely in a topological manner (Gligoris et al., 2014, Gruber et al.,
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2003, Haering et al.,, 2008, Huis in 't Veld et al., 2014). Rotary shadowing EM
experiments, of both native and recombinant cohesin confirm this ring-like architecture
(Anderson et al., 2002, Haering et al., 2002, Huis in 't Veld et al., 2014). However the

structure of chromosome-bound cohesin remains to be determined.

The functional importance of this circular architecture is, at least, twofold; firstly it
confers a considerable diameter to the complex, which is presumably important in
mediating chromatin entrapment, and secondly, it provides several heterotypic
interfaces through which DNA may pass (Haering and Hochwagen, 2002, Gruber et al.,
2003, Huis in 't Veld et al., 2014). The prevailing consensus in the field holds that DNA
entry into the ring requires dissociation of the Smc1-Smc3 hinges, as atrtificial closure of
this interface inhibits the accumulation of cohesin on chromatin (Gruber et al., 2006).
Release of cohesin from DNA, however, appears to be governed by two modes: the
cleavage of Sccl at the metaphase to anaphase transition, which naturally is
irreversible, and the transient dissociation of the Smc3-Sccl interface (Uhlmann et al.,
1999, Chan et al., 2012, Buheitel and Stemmann, 2013, Eichinger et al., 2013).

1.3. Cohesion and the cell cycle

Loading Establishment Maintenance Plk1

Scc2-Scc4

/ Wapl-Pds5

cohesin

Figure 2 | Regulation of cohesion throughout the cell cycle. In Metazoan telophase,
cohesin (pink) is loaded by Scc2-Scc4. Loading continues in G1 phase. During G1, cohesin
dynamics are enforced by the antagonistic loading and unloading activities of Scc2-Scc4 and
Wapl-Pds5 respectively. Cohesion establishment occurs in S-phase and coincides with
acetylation (acetyl-lysine is depicted as blue spheres) of Smc3 by Ecol, in a manner involving
Pds5. From S-phase to Mitosis, Pds5, Scc3, and Sororin co-operate to maintain cohesion. At
the onset of mitosis, mitotic kinases phosphorylate cohesin, rendering these complexes
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vulnerable to removal by Wapl. Centromeric cohesion is protected by Sgol-PP2A until the
metaphase-to-anaphase transition. Upon successful biorientation and spindle attachment,
cohesin is cleaved by separase to permit progression into anaphase. Chromosomes
subsequently segregate into daughter cells and the cell-cycle restarts. Figure adapted from
Haarhuis et al., 2014 and Singh et al., 2015.

Sister chromatid cohesion is a fundamental prerequisite to faithful genome segregation,
and so the establishment of and dissolution of cohesion is precisely regulated by
accessory factors that modulate the stable association of the cohesin complex with
chromosomes. Therefore, as will be described in this section, cohesin undergoes
several functional transitions concurrent with the stages of the chromosome cycle of the

cell.

At the commencement of the cell-cycle, cohesin is assembled onto chromosomes by an
accessory loading complex, and is antagonised by release factors. Turnover of the
complex on DNA remains dynamic until stable cohesion is established in S-phase by
the cohesin acetyltransferase, which is thought to neutralise release function by
acetylating a subset of centromeric and telomeric cohesin. Acetylated cohesin then
remains robustly associated with chromosomes throughout interphase until it is
proteolytically cleaved following G2 by specific protease, releasing sister chromatids to
be segregated into daughter cells, and permitting progression through anaphase to a

new cell cycle.

A schematic representation of the regulation of cohesin throughout the cell-cycle is

presented in figure 2.
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1.3.1. Cohesin loading and positioning
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Figure 3 | Cohesin loading. At the commencement of the cell-cycle, cohesin is recruited to
chromatin by the Scc2-Scc4 loading complex (indicated in green as a single entity), which may
utilise the energy produced from ATP hydrolysis by the SMC heads to facilitate entrapment of
chromatin by the cohesin ring (the loading reaction). Also shown are Pds5 (violet) and Scc3
(blue). The chromosome cycle is depicted inside spheres above a hemispherical arrow
indicating the stage of the cell-cycle represented. The stage of the cell-cycle under
consideration is highlighted in pink, and is accompanied by a more detailed illustration of
concurrent cohesin behaviour. Cohesin rings are again shown in pink, with and without KAc,

chromosomes are depicted in blue, centrosomes are shown in red and grey.

The loading of cohesin onto chromosomes commences in telophase in metazoans, and
in G1 in yeast, in a manner dependent on ATP hydrolysis by Smc1-Smc3, on binding of
the Scc3 subunit to a central region on Sccl, and on the accessory Scc4-Scc2
complex, which facilitates recruitment of cohesin to chromatin and its subsequent
loading on to chromatin respectively (figure 3) (Hinshaw et al., 2015, Chao et al., 2015,
Murayama and Uhlmann, 2014, Ladurner et al., 2014, Sumara et al., 2000, Losada et
al., 2000, Ciosk et al., 2000). In yeast, these loading sites converge in pericentromeric

chromatin, to which Scc2-Scc4 is recruited by an as yet unknown mechanism, whereas
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in humans no such loading sites have been determined as of yet (Ciosk et al., 2000,
Blat and Kleckner, 1999, Megee et al., 1999). In the absence of its loader, cohesin is
able to load onto plasmid DNA in the presence of ATP (Murayama and Uhimann, 2014).
It is possible that a specialised chromatin environment may be required for cohesin
loading (Bernard et al., 2001); ChIP-seq studies indicate that the Scc2-Scc4 complex
accumulates at and is maintained in regions of naked DNA (Lopez-Serra et al., 2014).
As Scc4 appears to be responsible for the targeting to cohesin, it was also recently
proposed that this may involve a specific chromosomal receptor (Chao et al., 2015).

In the absence of a functional ATPase activity, cohesin accumulates and turns over
rapidly at pericentromeric regions (Hu et al., 2011), however, in yeast, cohesin which
has fulfilled loading is then relocated to so-called cohesin-associated regions, possibly
by RNA polymerase Il and its associated factors, of which the majority coincide with
sites of convergent transcription. (Bausch et al., 2007, Lengronne et al., 2004, Tanaka
et al., 1999, Glynn et al., 2004, Megee et al., 1999, Blat and Kleckner, 1999).

The chromosomal localisation of cohesin in mammals is emerging as a determining
factor of large-scale modulation of genome biology, and appears to be correspondingly
more complex. Whilst the positioning of cohesin in metazoans has been reported to be
regulated by additional factors such as CTCF (Wendt et al., 2008, Parelho et al., 2008),
and may dictate processes as diverse as the global addresses of transcription factors
(Yan et al., 2013), execution of transcriptional regulation (Kagey et al., 2010), and X-
chromosome inactivation (Minajigi et al., 2015), the modes, mechanisms and

consequences of this function are yet to be fully understood.
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1.3.2. Establishment of cohesion

Entrapment of DNA Entrapment of Sister DNA Establishment of Cohesion

Figure 4 | Establishment of cohesion in S-phase. Sister DNAs are replicated and entrapped
by cohesin. Ecol then acetylates the Smc3 head, promoting Sororin recruitment (in Metazoans;

depicted as a padlock), and the establishment of cohesion.

Live imaging studies indicate that there are at least 3 populations of cohesin found
within cells: a transiently bound fraction, with a residence time of seconds, a dynamic
population, which loads and unloads within minutes, and a third population which
remains bound for an extended period of time and presumably corresponds to the pool
of cohesin concerned with sister-chromatid cohesion, only arising in S-phase (Chan et
al.,, 2012, Gerlich et al., 2006, Ladurner et al.,, 2014, Gause et al., 2010). The first
population likely corresponds to cohesin which associates with, but does not load on to
chromatin, whereas the second and third populations appear to depend on the ability of
cohesin to hydrolyse ATP, suggesting that they correspond to cohesin which has
successfully effected the loading process to entrap chromatin (Hu et al., 2011, Ladurner
et al., 2014). Therefore, current evidence indicates that there are two chromosomal
populations of cohesin: an exceptionally stable population, which emerges in S-phase

and is dependent on acetylation of Smc3, and a more dynamic population, which is less
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well understood and, as mentioned previously, may be responsible for functions of the

cohesin complex which extend beyond its role in sister chromatid cohesion.

Turnover of the complex on DNA remains dynamic until S phase, when stable cohesion
is established by the acetylation of two adjacent, evolutionarily conserved lysine
residues on the Smc3 head (K112-113 in yeast, K105-106 in humans), by the cohesin
acetyltransferase Ecol (Establishment of Cohesion 1) (figure 4) (Ben-Shahar et al.,
2008, Unal et al., 2008, Zhang et al., 2008, Skibbens et al., 1999, Toth et al., 1999,
Ilvanov et al., 2002).

Ecol is ordinarily expressed prior to and degraded after S-phase, following the
coordinated action of several kinases, which sequentially phosphorylate Ecol in an
elaborate AND-gated coincidence detection circuit, and Cdc4-SCF (Lyons and Morgan,
2011, Lyons et al., 2013, Borges et al., 2010). Thus activity of the enzyme is timed to

coincide with the replication of sister-chromatids.

Acetylation in vivo occurs preferentially on chromatin-bound cohesin (Unal et al., 2008,
Mishra et al., 2010), however it has proven possible to recapitulate this reaction in vitro,
and so the precise determinants of when and how cohesin becomes acetylated remain

somewhat mysterious (Ladurner et al., 2014).

However, several lines of evidence infer a direct coupling between the acetylation of
Smc3, and thus cohesion establishment, to replication. It was found that Ecol
coimmunoprecipitates and co-localises with elements of replication factor C (RFC), a
heteropentamer which facilitates the assembly of the DNA polymerase processivity
factor PCNA (proliferating cell nuclear antigen) on to DNA, in addition to potentially
directly interacting with PCNA itself (Kenna and Skibbens, 2003, Lengronne et al., 2006,
Moldovan et al., 2006), suggesting at least that Ecol associates with the replication
fork. The identification of cohesion defects arising from depletion or perturbation of non-
essential elements of replication forks, and of replicative DNA polymerases further

establishes that cohesion is indeed somehow directly coupled to replication (Edwards et
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al., 2003, Borges et al., 2013). Intriguingly, the Ecol equivalent in fission yeast, Esol,
is physically fused to DNA polymerase n in this organism (Tanaka et al., 2000).

The loading of cohesin onto DNA in Xenopus extracts has been proposed to depend on
elements of the pre-replication apparatus, and may indeed facilitate replication licensing
(Gillespie and Hirano, 2004, Takahashi et al., 2004), furthermore implying a mutually
beneficial relationship between the two processes. Notably, this is supported by studies
which indicate that ATP hydrolysis is a prerequisite for both the loading and acetylation
of cohesin (Arumugam et al., 2003, Hu et al., 2011, Ladurner et al., 2014, Murayama
and Uhlmann, 2014).

Finally, depletion of functional Ecol has also been shown to reduce the rate at which

the replication fork, and thus sister-chromatid synthesis proceeds (Terret et al., 2009).

Collectively, these data emphasise a model wherein timely establishment of sister
chromatid cohesion is achieved by directly linking acetylation of Smc3 to replication of

the sisters.

Accordingly, cohesin complexes which have loaded in G2 do not participate in
cohesion, emphasising that the establishment of cohesion is truly confined to S-phase
(Uhlmann and Nasmyth, 1998). The only exception to this appears to be DNA-damage
induced cohesion which appears to require de novo acetylation of cohesin, however it is
not currently clear how targeting of Ecol to sites of DNA damage is achieved (Strom et
al., 2007, Unal et al., 2007, Sjogren and Nasmyth, 2001).

The mechanistic details of how acetylation of the Smc3 head confers such dramatic
stabilisation of cohesin on chromatin remain elusive, however it has been proposed that
it may act to modulate the ATPase activity of the complex (Heidinger-Pauli et al., 2010,
Gligoris et al.,, 2014, Ladurner et al., 2014). Accordingly, acetyl-mimicking mutations
rescue inviability of temperature-inactivation of a temperature-sensitive Ecol allele,
ecol-1, in yeast, but appear to induce significant cohesion defects (Ben-Shahar et al.,
2008, Unal et al., 2008). Yet, this hypothesis remains somewhat controversial, as both
acetylated and acetyl-mimic cohesin complexes maintain essentially wild-type levels of
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ATP hydrolysis (Ladurner et al.,, 2014). A recent structure of the yeast Smc3 head
revealed that the targets of Ecol, K112-K113, are located on the external surface of the
Smc3 N-lobe, which led the authors to speculate that the positioning of these residues
enables direct coupling of acetylation to an alpha helix which resides in close proximity
to the Walker B motif, and may thus affect ATP engagement by Smc3 (Gligoris et al.,
2014). It was not directly reported whether or not this influences ATP hydrolysis by
cohesin. Instead it was determined that an R61Q mutation in this ‘coupling’ helix of
Smc3 perturbs accumulation of cohesin at pericentric regions in G2, a process which is
reliant on ATP hydrolysis. Given that the R61 residue participates in a hydrogen
bonding network with nearby backbone atoms, it remains entirely possible that the

phenotype observed is the product of a steric effect.

Further insights arose from parallel yeast studies designed to identify suppressor
mutants of loss of Ecol function through inactivation of a temperature-sensitive strain.
Initial studies in fission yeast determined that the deletion of Pds5 rescued lethality of
Esol deletion, implying that the function of acetylation may be to counteract functions of
cohesin-associated proteins which are refractory to the establishment of cohesion
(Tanaka et al., 2001). It was subsequently demonstrated that deletion of Wapl, and the
presence of certain point mutants within Smc3, Pds5, Scc3, Ecol, and Wapl, render
Ecol, which is an otherwise essential gene, dispensable for cell viability (Ben-Shahar et
al., 2008, Rowland et al., 2009, Shintomi and Hirano, 2009, Sutani et al., 2009). This
work led to the proposal that Pds5, Scc3, and Wapl might constitute a network of ‘anti-
establishment’ or ‘releasing’ factors which might facilitate the release cohesin in the
absence of Ecol function (Rowland et al., 2009, Shintomi and Hirano, 2009, Sutani et
al., 2009, Nasmyth, 2011). It is important to note that unlike, Pds5 and Scc3, Wapl has
not been described to participate in cohesion promoting activities, and appears to
associate with cohesin substoichiometrically, implying a transient, perhaps catalytic
mode of release (Chan et al., 2012). Therefore, Wapl has been proposed to constitute a
‘cohesin inhibitor’, and is most likely the key agent in driving this release activity (Chan
et al., 2012, Lopez-Serra et al., 2013, Ouyang et al., 2013, Tedeschi et al., 2013).
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Thus establishment of cohesion might not be fully explained by modulation of Smc3'’s
ATPase activity, but may require further regulatory mechanisms which are controlled by
cohesin-associated factors. Indeed, metazoan organisms require a further factor called
Sororin, for which a yeast analogue has not yet been identified, whose recruitment is
enhanced by Smc3 acetylation, and which is proposed to enhance stability of cohesion
by antagonising recruitment of the dissociation factor Wapl (Nishiyama et al., 2010,
Rankin et al., 2005, Minamino et al., 2015).

The discovery that fusion of Smc3 to Sccl can overcome this release activity led to the
proposal that the Smc3-Scc1 interface constitutes a DNA ‘exit-gate’, and that the stable
establishment of cohesion might therefore depend on the closure of this gate (Chan et
al., 2012, Buheitel and Stemmann, 2013, Eichinger et al., 2013). The structure of this
interface reveals that Scc1 forms a 4 a-helix bundle with the base of Smc3’s coiled
coils, which strongly resembles the assembly formed by the bacterial Condensin
homologue (Burmann et al., 2013, Gligoris et al., 2014). The opening and closure of
such interfaces therefore is likely to be a universal determinant of dynamic transactions

between DNA and SMC complexes.

Curiously, the Smc3-Sccl interface is relatively distant from the acetylation sites and
the ATPase pocket of Smc3, thus it is not yet clear how the acetylation status of cohesin
might prevent opening of this interface to confer sister chromatid cohesion, or
conversely how antagonistic factors such as Wapl may drive its dissociation. However,
it is highly probable that cohesion establishment by acetylation may involve the as of yet
ill-defined adaptor mechanisms of associated regulators such as Pds5, Sororin, and
Scc3, which may potentially act in concert to translate energy produced during the ATP

hydrolysis cycle to promote different functional outcomes.

Whatever the mechanism, it is clear that acetylated cohesin may remain robustly
associated with chromosomes, apparently resisting dissociation until proteolytic
cleavage of their Sccl subunits by the cysteine protease Separase at the metaphase—

to—anaphase transition, releasing sister chromatids for their segregation into the
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daughter cells (Peters and Nishiyama, 2012, Rowland et al., 2009, Sutani et al., 2009,
Tedeschi et al., 2013, Gerlich et al., 2006).

1.3.3. Dynamic cohesin release and discovery of the prophase pathway
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Figure 5 | Cohesin release in prophase. Mitotic kinases, as described in the text,
phosphorylate the cohesin subunits Sororin and Scc3, which causes Sororin dissociation and
enables Wapl to promote release of cohesin from chromatin. The prophase cohesin release
pathway affects both acetylated and non-acetylated (not shown) complexes. Energy for the

release process has been speculated to derive from ATP hydrolysis.

Liberation of non-acetylated cohesin from chromatin throughout the cell-cycle appears
to be mediated through disruption of the Smc3-Sccl interface and allows the complex
to participate in a dynamic cycle of DNA entrapment and release (Eichinger et al., 2013,
Buheitel and Stemmann, 2013, Chan et al., 2012). Cohesin release is exquisitely
regulated by a series of accessory proteins: Scc3, Pds5, and the dissociation factor
Wapl, which have been proposed to collectively modulate the stability of cohesin on
chromatin. The association of these proteins with cohesin occurs through Sccl, which
acts as a nexus for the recruitment of regulatory factors (Roig et al., 2014, Hara et al.,
2014, Chan et al., 2012, Sutani et al., 2009, Rowland et al., 2009). The appropriate
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regulation of this release activity is a critical determinant of genome architecture in
species ranging from yeast to humans (Tedeschi et al., 2013, Lopez-Serra et al., 2013,
Guacci and Koshland, 2012, Yan et al., 2013) and is presumably also essential to the
roles of cohesin which lie outside the establishment of sister chromatid cohesion.

The first indication of a dynamic release pathway arose from initial studies of cohesin in
vertebrate organisms which revealed the existence of a ‘prophase pathway’ wherein the
bulk of cohesin is removed from chromosome arms in prophase in advance of cell
division (Losada et al., 1998, Losada et al., 2000, Sumara et al., 2000, Waizenegger et
al., 2000). In Metazoans, the majority of cohesin is removed from chromosome arms in
prophase, with only a subset of telomeric and centromeric cohesion being maintained
prior to cleavage by Separase (Buheitel and Stemmann, 2013, Hara et al.,, 2014,
Nishiyama et al., 2010, Peters and Nishiyama, 2012, Losada et al., 2000, Sumara et al.,
2000, Waizenegger et al., 2000, Liu et al., 2013b).

In contrast to yeast, in which cohesin complexes are dismantled by proteolysis at the
metaphase-to-anaphase transition, the first studies of vertebrate cohesin revealed that
the majority of such complexes dissociate from chromatin at the onset of
mitosis(Losada et al., 1998). As immuno-depletion of cohesin in the same study
resulted in sister-chromatid separation, evidently a certain population must remain
bound to facilitate cohesion. However, the discovery of the prophase pathway
introduced a certain ambiguity in the role of cohesin in this process in vertebrates.
Subsequent work revealed that this dissociation occurs independently of Sccl cleavage
by Separase, and instead is driven by the phosphorylation of cohesin subunits (Losada
et al., 2000, Sumara et al., 2000, Waizenegger et al.,, 2000). These studies also
established that a small pool of centromeric cohesin remains protected from this
prophase pathway, the putative mechanism for which will be discussed in the next
section (Losada et al., 2000, Waizenegger et al., 2000). Shortly thereafter, it was
determined that the kinases Plk1 and Aurora B were required for the prophase pathway,
and that this pathway is essential for sister chromatid resolution, implying as was later

confirmed, that the majority of cohesin removed via this pathway dissociates therefore
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from chromosome arms and not the centromere (Losada et al., 2002, Sumara et al.,
2002, Gimenez-Abian et al., 2004). Whereas Plk1 directly phosphorylates Scc3 and
Sccl, and was shown thereby to reduce the stability of chromatin engagement by
cohesin, the relevant targets of Aurora B did not become apparent until later on
(Sumara et al., 2002, Nishiyama et al., 2013a, Losada et al., 2000, Hauf et al., 2005).

However, the utility of any such release pathway would be compromised if cohesin
displaced thus were to simply immediately reload onto chromatin. Hence, the Scc2-
Scc4 loading complex is also inactivated in mitosis in a Cdkl-dependent manner, thus
further biasing the equilibrium toward unloading of cohesin (Gillespie and Hirano, 2004,
Watrin et al., 2006). The re-emergence of Scc2-Scc4 coincides with, and is necessary
for the loading of metazoan cohesin in telophase (Sumara et al., 2000, Losada et al.,
2000, Watrin et al., 2006).

Unsurprisingly, the discovery of a cell-cycle regulated cohesin displacement pathway
strongly implied the existence of a cohesin inhibition factor, and thus triggered
concomitant research. These efforts resulted in the attribution of these release activities
to the protein Wapl, which was formerly identified in Drosophila as a regulator of
hererochromatin architecture and genome inheritance, and as an oncogenic factor in
humans and mice (Oikawa et al., 2004, Kueng et al., 2006, Verni et al., 2000, Dobie et
al., 2001, Gandbhi et al., 2006).

Initial studies indicated that Wapl is recruited to cohesin in a manner that appears to be
largely dependent on the stable association of Sccl and Scc3, and is thus positioned
within relatively close proximity to the Smc3-Smcl ATPase modules (Gandhi et al.,
2006, Kueng et al., 2006, Shintomi and Hirano, 2009, Kulemzina et al., 2012, Ouyang et
al., 2013, Hara et al., 2014, Huis in 't Veld et al., 2014). There is some evidence that
Wapl associates to form a subcomplex with Pds5, and that this subcomplex mediates
cohesin release, however the nature of this interaction appears to vary between the
methods employed to test it. The Pds5-Wapl complex has alternately been reported as
a direct, and indirect assembly, as it is enhanced by the addition of other factors such
as Scc3 and Sccl (Kueng et al., 2006, Rowland et al.,, 2009, Sutani et al., 2009,
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Nishiyama et al., 2010, Chan et al., 2012, Kulemzina et al., 2012, Huis in 't Veld et al.,
2014, Ouyang et al., 2013, Shintomi and Hirano, 2009, Carretero et al., 2013). Notably,
Wapl recruitment is only modestly depleted by the absence of Pds5 in mice cells,
whereas depletion or the deletion of select elements of Sccl significantly impairs co-
immunoprecipitation of Pds5 and Wapl, indicating that they associate through mutual
interactors (Shintomi and Hirano, 2009, Kueng et al., 2006, Carretero et al., 2013).
Human Wapl is therefore able to interact with the cohesin complex, yet the nature of this
association remains somewhat unclear, and seems to require the cooperative action of

multiple cohesin subunits.

The experimental depletion of Wapl by RNAI causes severe defects in sister chromatid
resolution in prophase, which is accompanied by, and presumably caused by, increased
retention of cohesin along chromosome arms (Gandhi et al., 2006, Kueng et al., 2006,
Haarhuis et al., 2013). Furthermore the reduction or deletion of Wapl results in an
increase in the residence time and quantity of chromatin-bound cohesin, from yeast and
to humans (Kueng et al., 2006, Chan et al., 2012, Lopez-Serra et al., 2013, Tedeschi et
al., 2013, Feytout et al.,, 2011). Thus Wapl constitutes a bona fide, and generally
conserved, cohesin release factor, which acts on the complex directly to promote its
removal from chromatin, most prominently in prophase. The finding that Wapl depletion
does not influence Scc3 phosphorylation, a hallmark and requirement of the prophase
pathway, nor does it cause enhanced accumulation of cohesin on chromatin through
aberrant activation of the Scc2-Scc4 loader further emphasises that Wapl must
somehow drive release through a direct means (Gandhi et al.,, 2006, Kueng et al.,
2006).

Whilst the nature of their association is unclear, it is generally accepted that functional
Wapl and Pds5 are both required for cohesin release and sister chromatid resolution in
mitosis (Shintomi and Hirano, 2009, Carretero et al., 2013, Ouyang et al., 2013, Losada
et al., 2005, Gandhi et al., 2006, Kueng et al., 2006). As mentioned previously, Pds5 is
unusual in that it is implicated in both cohesion establishment and release activities
(Hartman et al., 2000, Panizza et al., 2000, Tanaka et al., 2001, Sumara et al., 2002,
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Wang et al., 2003, Losada et al., 2005, Rowland et al., 2009, Shintomi and Hirano,
2009, Sutani et al., 2009, Chan et al., 2012, Carretero et al., 2013, Chan et al., 2013). In
yeast, this release function appears to be confined to the N terminal section of the
protein, as several point mutants distributed across this domain are able to neutralise
Wapl-induced cohesin release (Rowland et al., 2009, Sutani et al., 2009, Chan et al.,
2012).

In higher eukaryotes, this Wapl-Pds5 release activity is regulated by an additional factor
called Sororin, a metazoan-specific protein which associates with cohesin through Pds5
and is required for sister chromatid cohesion (Rankin et al., 2005, Lafont et al., 2010,
Nishiyama et al., 2010, Carretero et al., 2013, Nishiyama et al., 2013a, Schmitz et al.,
2007). Sororin is able to displace Wapl from Pds5 in vitro, however in vivo, the
engagement of Sororin and Pds5 antagonises Wapl-mediated release without impairing
its recruitment to cohesin (Nishiyama et al., 2010, Ouyang et al., 2013). Hence, it is
probable that Sororin promotes the stability of cohesin on chromatin by attenuating
release-related activities of Pds5, and the mode and consequences of Wapl-cohesin

interactions.

The protection conferred to Sororin-bound cohesin complexes is enriched for those
which harbour acetylated Smc3, and is antagonised by the concerted actions of mitotic
kinases, including Cdkl and Aurora B, which render it incompetent to compete Wapl
from Pds5 and result in its dissociation from cohesin (Nishiyama et al., 2010, Dreier et
al., 2011, Nishiyama et al., 2013a).

Thus, in summary, it is increasingly apparent who the players are in this process,
however there remains a paucity of mechanistic details of how phosphorylation may
promote an increased propensity for cohesin to dissociate from chromosomes. Whilst
most apparent in prophase, the mechanisms underlying this pathway most likely define
a general and central principle through which the dynamic association of cohesin with

chromatin is modulated (see figure 5 for a schematic summary).
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1.3.4. Maintenance of cohesion

Cohesion establishment in S phase is essential for correct sister-chromatid pairing and
subsequent segregation. However these processes are temporally rather distant, and
thus there is an apparent requirement for the cell to maintain cohesion throughout G2

until sister chromatid congression and separation are achieved.

Whilst the mechanistic details of these processes are yet to be fully revealed, several
cohesin-associated factors have been implicated in maintenance of cohesion, as will be
discussed. Pds5 has been shown to be necessary for cohesion maintenance in budding
yeast and vertebrates, where temperature inactivation and immunodepletion of Pds5
respectively result in progressive loss of cohesion (Hartman et al., 2000, Panizza et al.,
2000, Losada et al., 2005, Carretero et al., 2013, Chan et al., 2013). Investigation of the
Pds5 orthologue in fission yeast suggested that it might be dispensable for the normal
life-cycle of this organism, however this may reflect idiosyncrasies of cohesion
establishment and maintenance in this yeast, as experimentally extended G2/M arrest
results in loss of cohesion (Tanaka et al., 2001, Vaur et al., 2012). It has been proposed
that Pds5 may act to establish and maintain cohesion by protecting Smc3 acetylation by
Ecol (Vaur et al., 2012, Carretero et al., 2013, Chan et al., 2013). However as
deacetylation of cohesin appears to depend on its removal from chromatin, and as such
complexes still retain Pds5-binding sequences, and thus, theoretically, Pds5, following
cleavage of Sccl by Separase, the mode by which this protection might occur is unclear
(Borges et al., 2010, Xiong et al., 2010, Huis in 't Veld et al., 2014). Conversely, the
means through which maintenance of cohesion is conferred by Pds5 in fission yeast
does not appear to depend solely on acetylation or the neutralisation of Wapl, as Pds5
remains essential for this process even in the absence of Ecol and Wapl (Feytout et al.,
2011, Vaur et al., 2012).

At the centromere, the prophase pathway is antagonised by the actions of a complex
formed between the cohesin protector shugosin (Sgol) and the protein phosphatase

PP2A, and directly maintains hypophosphorylation of Cohesin subunits (Marston et al.,
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2004, McGuinness et al., 2005, Gandhi et al., 2006, Kitajima et al., 2006, Kueng et al.,
2006, Shintomi and Hirano, 2009, Xu et al., 2009, Liu et al., 2013a, Liu et al., 2013b,
Hara et al., 2014). Sgol was one of the first cohesion factors identified, and is
indispensable for centromeric cohesion (Kerrebrock et al., 1992, Tang et al., 1998,
Marston et al., 2004).

Notably, localisation of Sgol to the centromere is enforced by mitotic kinases including
Bubl, Aurora B, and Cdk1, and a failure in this process results in loss of cohesion and
mitotic arrest (Kitajima et al., 2005, Tang et al., 2004, Resnick et al., 2006) .

Sgol is thought to protect cohesion by facilitating dephosphorylation of Scc3, Sororin
and Securin (thus maintaining inhibition of Separase), and in so doing confers stability
to cohesin complexes (Kitajima et al., 2006, Shintomi and Hirano, 2009, Liu et al.,
2013b, Nishiyama et al., 2013b, Hara et al., 2014, Hellmuth et al., 2014, ClIift et al.,
2009). A recent study of the human Scc3-Sccl complex additionally indicates that
aspects of the Wapl N-terminus are able to directly compete with Sgol for binding to
Scc3-Sccl, which may explain the antagonism reported between Wapl and Sgol
functions previously (Hara et al., 2014, Gandhi et al.,, 2006, Kueng et al., 2006).
Furthermore, Sgol, and thus PP2A, are principally enriched at the centromeres in
guantities that are apparently sufficient to prevent cohesin removal by Wapl, hence it is
possible that the purpose of this competition is to ensure robust cohesion is confined to
appropriate chromosomal loci (Hara et al., 2014, Nishiyama et al., 2013a, Tedeschi et
al., 2013, Liu et al., 2013b). Remarkably, cohesion loss in cells artificially suspended in
metaphase for extended periods can be counteracted by depleting Wapl or interfering
with its ability to associate with Cohesin, suggesting that acetylation and Sororin binding

reduce but do not entirely abolish release activity (Daum et al., 2011, Hara et al., 2014).

Sgol has also been implicated as a sensor of kinetochore tension, and so it is thus
critically positioned to ensure cohesion is maintained until biorientation and amphitelic
spindle attachments are correctly established, at which juncture Sgol-PP2A actually
dissociates from cohesin and permits its destruction by Separase (Indjeian et al., 2005,
Campbell and Desai, 2013, Xu et al., 2009, Peplowska et al., 2014, Tsukahara et al.,
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2010, Liu et al.,, 2013a, Alexandru et al., 2001, Hauf et al., 2005, Nerusheva et al.,
2014). As Sgol is required for localisation of PP2A to the centromere, the implication
here is that Scc3-Sccl may also indirectly constitute a key facilitator of PP2A function
(Kitajima et al., 2006, Hara et al., 2014). This also suggests that the Wapl-Scc3 release
interaction appears to dictate chromosomal positioning of cohesion. Similarly, Pds5 was
recently implicated in control of the spindle assembly checkpoint and is required for the
correct localisation of Aurora B (Carretero et al., 2013, Yamagishi et al., 2010). Thus the
interplay between Sgol and cohesin functions, quite elegantly, as a switch to finely
couple cohesion maintenance and dissolution to the molecular mechanisms that drive

chromosome segregation.

1.3.4. Termination of cohesion

Separase -
Activation

Sister Chromatid Cohesion Cleavage of Scc1 Cohesin Release

Figure 6 | Termination of cohesion. Cohesion dissolution is achieved at the metaphase-to-
anaphase transition. Cohesin persisting at the centromere is destroyed by the cleavage of Sccl

by Separase, and thus sister chromatids are released for segregation.

In Metazoans, as discussed, most cohesion is dismantled in early mitosis through the
actions of the prophase pathway which facilitates the dissociation of all but a modest yet

very robust pool of centromeric cohesin. The maintenance of this centromeric fraction of
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cohesin is critical to ensure effective biorientation and its timely dissolution by the
protease Separase is essential to permit genome segregation. Thus the termination of
cohesion, in higher eukaryotes, occurs via a two-step process wherein the integrity of
most cohesin is firstly preserved through a Wapl-controlled release pathway (figure 5),
and is totally abolished by a second step contingent on proteolytic cleavage of Sccl by

Separase, and the consequent destruction of the ring (figure 6).

In addition to pairing sister chromatids through topological entrapment, cohesin also
generates catenanes, which must be resolved if chromosomes are to be subsequently
segregated (Farcas et al., 2011, Haering et al., 2008). The human genome comprises
over 3.2Gbp of DNA distributed across 23 chromosomes, each of which occupies a
unique territory, and thus there are substantial mechanical challenges which must be
addressed if interphase chromatin is to be neatly disentangled and condensed in
advance of cell division (Lieberman-Aiden et al., 2009, Sanyal et al., 2012). In
Metazoans, the efficiency of decatenation appears to be heavily reliant on the proper
functioning of the prophase pathway. The disastrous consequences of perturbing this
process are evident upon Wapl deletion. Such cells are inviable, and exhibit extended
projections of highly condensed loops from the central bodies of their chromosomes,
which were dubbed ‘vermicillo’ due to their worm-like appearance, and are densely
populated by Cohesin (Tedeschi et al., 2013). In the absence of Wapl-mediated release,
cohesin and the chromosomal structures enforced by the complex persist, and cause
extensive architectural aberrations including anaphase bridges, which can lead to
aneuploidy and even chromosome breakage (Haarhuis et al., 2013, Tedeschi et al.,
2013). Thus it was recently proposed that one of the major functions of the prophase
pathway is to permit efficient decatenation of chromatin such that chromosomes adopt
the condensed X-shaped architecture conducive to genome segregation (Haarhuis et
al., 2014) .

Advances in our understanding of the three-dimensional topology of our genome may
also provide some clues as to why the prophase pathway is central to the successful

execution of genome segregation in Metazoans. As the activity of Separase appears to
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be confined to chromatin-bound fractions, Wapl may spare cohesin from destruction by
displacing it from chromosomes (Tedeschi et al., 2013, Waizenegger et al., 2000, Sun
et al., 2009).

Furthermore it is probable that the modulation of chromatin structure is required for the
implementation of specific gene regulation programmes, in which cohesin actively
participates, and so a mechanism which preserves a significant reserve of intact
cohesin, rather than forcing the cell to resynthesise this 0.5MDa complex, has an
obvious utility in permitting the immediate continuation of these processes in newly
divided daughter cells (Wendt et al., 2008, Yan et al., 2013, Dowen et al., 2014, Minajigi
et al., 2015).

The function of Separase is inhibited throughout the cell-cycle by a specific inhibitory
protein, Securin, which is itself targeted for ubiquitin-mediated proteolysis by the APC/C
shortly in advance of the metaphase-to-anaphase transition (Cohen-Fix et al., 1996,
Funabiki et al., 1996, Zou et al., 1999). The process of Securin degradation is very
finely modulated by the coordinated actions of Cdk1, which phosphorylates a site close
to the KEN box on Securin, inhibiting the APC/C, and Cdc14, which dephosphorylates
Securin and is itself activated by Separase, leading to highly synchronous sister-
chromatid separation (Holt et al., 2008, Stegmeier et al., 2002, Pereira and Schiebel,
2003).

Cohesion is thusly terminated at the metaphase-to-anaphase transition by inactivation
of the Separase inhibitor Securin, by the APC/C. Whilst not essential, phosphorylation
of Sccl expedites the process of cleavage (Hauf et al., 2005, Alexandru et al., 2001,
Hornig and Uhlmann, 2004), and is presumably important therefore in promoting

efficient chromosome segregation.

Cleaved cohesin released in this manner is then deacetylated following its removal from
chromatin by Hos1 or HDACS in yeast and humans respectively (Deardorff et al., 2012,
Borges et al., 2010, Xiong et al., 2010, Chan et al., 2013). It has been reported that this
deacetylation is required for the efficient recycling of the Smcl and Smc3 components
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for the subsequent cell cycle, as the simultaneous suppression of Hosl function and
novel Smcl and Smc3 is sufficient to impair sister-chromatid cohesion in newly divided
cells, presumably by restricting the availability of non-acetylated cohesin (Borges et al.,
2010, Xiong et al., 2010). Additionally, impaired HDACS function has been identified as
causative in individuals with Cornelia de Lange syndrome, a developmental disorder,
and cells isolated from these patients exhibit extended retention of cleaved Sccl and
Sororin in G2, implying that, similar to yeast, the pathology may be caused by inefficient
recycling of cohesin components for a fresh cohesin cycle (Deardorff et al., 2012).
However, it is not yet apparent how Separase cleavage fragments of Sccl are removed
from their respective SMC partner, and it is important to note that non-acetylation of
Smc3 alone is apparently not sufficient to cause displacement of these cleavage
products from cohesin, indicating that the efficient recycling of SMC proteins requires
mechanisms in addition to deacetylation of Smc3 (Huis in 't Veld et al., 2014). Although
there is some evidence that the C-terminal Separase cleavage fragment is
subsequently degraded by the proteasome, it is not apparent that the N-terminal section
is similarly processed (Rao et al., 2001)

1.4. Cohesin regulatory factors
1.4.1. Ecol

a Ecol Acetyltransferase Domain

C2H2 Zinc-Finger N-Acetyltransferase Domain
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Figure 7 | Structure and domain organisation of Ecol. (a) The acetyltransferase domain of
human Escol (magenta; PDB 4MXE) with labelled N and C termini. (b) Domain organisation of

yeast Ecol.

Yeast Ecol, Establishment of Cohesion 1, is a 281 amino-acid acetyltransferase
required for sister-chromatid cohesion at S-Phase, and during DNA double-stranded
break repair (Toth et al., 1999, Tanaka et al., 2000, Ivanov et al., 2002, Bellows et al.,
2003, Hou and Zou, 2005, Zhang et al., 2008, Chan et al., 2012, Unal et al., 2007,
Strom et al., 2007). Ecol has been reported to acetylate Smc3 and Sccl in vivo (Ben-
Shahar et al., 2008, Unal et al., 2008, Zhang et al., 2008, Heidinger-Pauli et al., 2009).
Pds5 and Scc3 were also reported to be acetylated in vitro, but this has not been

reported to occur in vivo (lvanov et al., 2002, Unal et al., 2008).

The N-terminus of the protein is relatively divergent between yeast and metazoans,
where two isoforms, Escol/2, exist to coordinate general and pericentric/telomeric
cohesion respectively. Conserved features of the protein include a C2H2 type zinc-
finger, and C-terminal GCN5-like N-acetyltransferase domain (Ilvanov et al., 2002). The
structure of the acetyltransferase domain of human Escol, which was released by the
structural genomics consortium and is not accompanied by any functional
characterisation, indicates that it forms a dimer in the asymmetric unit of the crystal, and

there is further evidence that the protein oligomerises in yeast (Onn et al., 2009).
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1.4.2. Scc3

a
Smc3 Pds5 Scc3 Smcl
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Figure 8 | Structure and domain organisation of Scc3-Sccl. (a) Structure of the human
Scc3-Scel complex (aquamarine and green respectively; PDB 4PJW). (b) Domain organisation

of yeast Sccl and Scc3. Binding regions involved in the Scc3-Sccl assembly are indicated.

Yeast Scc3 is an 1150 amino-acid protein, with a central alpha-helical HEAT-repeat
domain bounded by regions of N- and C-terminal disorder. Scc3 was identified as a
factor required for budding yeast viability (Kurlandzka et al., 1995, Kurlandzka et al.,
1999), and was later shown to be a cohesin subunit, in yeast as well as in Xenopus,
C.elegans and humans (Toth et al., 1999, Losada et al., 2000, Wang et al., 2003).
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Telomere and centromere cohesion is differentially regulated by the Scc3 homologues
SA1l and SA2, respectively, in mammalian cells (Canudas and Smith, 2009, Hara et al.,
2014, Remeseiro et al., 2012a). Defective Scc3 leads to pathogenesis, as SAl
deficiency induces aneuploidy and tumourigenesis in mice, potentially due to impaired
telomere replication and altered gene expression profiles, and inactivation of SA2 has
been reported to be causative of aneuploidy in human cancer (Remeseiro et al., 2012b,

Remeseiro et al., 2012a, Solomon et al., 2011).

The majority of the available surface area of Scc3 is engaged in binding an element of
Sccl C-terminal to the second Separase cleavage site, and it is this interaction which
facilitates Scc3 recruitment to cohesin (Haering et al.,, 2002, Hara et al., 2014,
Kulemzina et al., 2012, Roig et al., 2014, Zhang et al., 2013). Scc3 patrticipates in the
loading of cohesin, as well as release and maintenance of cohesion (Murayama and
Uhlmann, 2014, Hu et al., 2011, Orgil et al., 2015, Chan et al., 2012, Chan et al., 2013,
Roig et al., 2014). Structures of fungal and human analogues reveal an extended HEAT
repeat conformation, which provides, in collaboration with Sccl, an interaction surface
for the recruitment of cohesin regulators such as Sgol and Wapl, and thereby
contributes to the regulation of centromeric cohesion (Kitajima et al., 2006, Shintomi
and Hirano, 2009, Liu et al., 2013b, Nishiyama et al., 2013b, Hara et al., 2014, Hellmuth
et al., 2014, Ouyang et al., 2013, Roig et al., 2014, Rowland et al., 2009, Chan et al.,
2012).
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1.4.3. Wapl

1 259 647
Wa pl_ N | WapLC Domain C

Cohesin Binding

Figure 9 | Structure and domain organisation of Wapl. (a) Structure of the human WapIC
domain (yellow; PDB 4K6J). (b) Domain organisation of yeast Wapl.

Wapl is generally considered to function as a key antagonist of cohesin and is thought
to directly promote release of the complex from chromatin, in manner which can be
counteracted in the cell by the acetylation of Smc3 and the recruitment of Sororin, and
appears to be dependent on functional Pds5 and Scc3 (Gandhi et al., 2006, Kueng et
al., 2006, Rowland et al., 2009, Sutani et al., 2009, Nishiyama et al., 2010, Chan et al.,
2012, Haarhuis et al., 2013, Tedeschi et al., 2013, Lopez-Serra et al., 2013, Ouyang et
al.,, 2013). Current evidence supports the notion that this release activity is exerted
through Wapl-dependent opening of the Smc3-Sccl interface of cohesin (Chan et al.,
2012, Buheitel and Stemmann, 2013, Eichinger et al., 2013). Wapl associates with
Cohesin substoichiometrically through cooperative, poorly defined interactions with
Pds5, Sccl and Scc3, and thus shuttles between cohesin complexes (Gandhi et al.,
2006, Kueng et al., 2006, Shintomi and Hirano, 2009, Nishiyama et al., 2010, Chan et
al., 2012, Kulemzina et al., 2012, Ouyang et al., 2013, Hara et al., 2014, Huis in 't Veld
et al., 2014).
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Yeast Wapl is a 647 amino-acid protein. The N-terminal region is predicted to be
disordered, and has roles in mediating interactions with other components of cohesin
(Shintomi and Hirano, 2009, Nishiyama et al., 2010, Ouyang et al., 2013, Hara et al.,
2014, Gandhi et al., 2006). In contrast, the C-terminal region of Wapl, annotated here as
the WapIC domain, is well-conserved between the Human and fungal proteins. The
structures of human and of Ashbya Gossypii, a filamentous fungus, WapIC reveal a
shared concave HEAT-repeat architecture (Chatterjee et al., 2013, Ouyang et al.,
2013). The precise function of this domain is currently unknown, however mutation of
conserved surface features, and outright deletion of WaplIC, are sufficient to inhibit
Wapl-mediated release (Sutani et al., 2009, Chan et al., 2012, Chatterjee et al., 2013,
Ouyang et al., 2013).
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1.4.4. Pds5
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Figure 10 | Structure and domain organisation of Pds5-Sccl. (a) Structure of the yeast
Pds5-Sccl complex (violet and green respectively; this study). The C terminal 570 amino acids
of Pds5 are absent from this structure (C-terminal domain; CTD). (b) Domain organisation of

yeast Pds5 and Sccl. Binding regions involved in the Scc3-Sccl assembly are indicated.

Yeast Pds5 is a 1,277 amino acid residue protein predicted to contain a HEAT repeat
domain and a highly charged, intrinsically disordered C-terminal region.
Initially identified in fungi, and was later shown to be conserved from budding yeast
through to humans, where two isoforms, Pds5A and B, exist (Denison et al., 1993, Holt
and May, 1996, Hartman et al., 2000, Panizza et al., 2000, Tanaka et al., 2001, Wang et
al., 2003, Sumara et al., 2000). In metazoan cells, these isoforms have been found to
both regulate cohesion at telomeres and chromosome arms, however Pds5B is thought
to be the major contributor to centromeric cohesion (Carretero et al., 2013). Initial
characterisation of the human equivalent revealed that it associated and dissociated

from chromatin with dynamics similar to Cohesin, but that this interaction was salt
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sensitive, as most Pds5 is depleted by high salt washes from Scc3 immunoprecipitated
from Xenopus extracts (Sumara et al., 2000) . Yet, it is not apparent that Pds5 is
depleted at physiological salt concentrations, so the relevance of this finding in vivo is
unclear (Sumara et al., 2000). The discrepancy may arise from the finding that a
substantial fraction of Pds5B, but not Pds5A dissociates under similar conditions, or
alternatively from the choice of immunoprecipitation target, as the use of antibodies
directed against specific Pds5 isoforms retain appreciable quantities of Sccl, a founding
member of the trimeric Cohesin ring, even at high ionic strength (Gandhi et al., 2006).
Recent evidence suggests that the interface between Sccl and Pds5 may be discrete
and principally hydrophobic in nature (Chan et al., 2013). Thus, as a result of
contradictory experimental evidence, it is yet to be resolved whether Pds5 truly
constitutes a core subunit of Cohesin.

Notably whilst the interaction of Pds5 with cohesin in vitro appears variable in nature, its
association with cohesin in vivo is essential for the establishment and maintenance of
cohesion. Moreover, the turnover of Pds5 in yeast and mammalian cells appears to
correspond closely to that of cohesin, implying it is a stoichiometric, and fundamental,
component of the complex (Chan et al., 2012, Sumara et al., 2000).

Of the factors that regulate cohesin, the structure and mechanisms of Pds5 function
remain enigmatic. It not only cooperates with Wapl in mediating the release of cohesin
from DNA, but is also implicated in establishing and maintaining cohesion by promoting
Smc3 acetylation by Ecol (Rowland et al., 2009, Unal et al., 2008, Ben-Shahar et al.,
2008, Zhang et al., 2008, Hou and Zou, 2005, Minamino et al., 2015, Carretero et al.,
2013). Pds5 is essential for the establishment of cohesion in yeast (Panizza et al., 2000,
Hartman et al., 2000), and in mammals acetylation is disrupted in the absence of Pds5
(Carretero et al., 2013). Moreover knockout-mice that lack both Pds5 isoforms fail to
complete embryonic development (Carretero et al., 2013). Cells from these mice exhibit
aneuploidy and impaired function of the spindle assembly checkpoint. Whilst the nature
of the interaction of Pds5 with cohesin in vitro remains elusive, it is essential for

establishment of cohesion, and turnover of Pds5 in yeast and mammalian cells appears
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to correspond to that of cohesin, implying it is a stoichiometric, and fundamental,

component of the complex (Chan et al., 2012, Sumara et al., 2000).

Pds5 binds to Sccl in close proximity to the Sccl-Smc3 interface, whose
disengagement is thought to be required for dynamic release of cohesin from chromatin,
therefore it is probable that Pds5 might fulfil its functions by regulating the opening and
closure of this interface (Chan et al., 2013, Kulemzina et al., 2012, Shintomi and Hirano,
2009, Gause et al., 2010).

Mutations in the N-terminus of Pds5 are able to suppress ecol-1 inactivation in yeast,
possibly by neutralising a release-related activity in this domain, and result in a
substantial increase in the residence time of Cohesin on DNA in Ecol temperature
sensitive mutants. In contrast with ecol-1 suppressor mutations in Smc3 and Scc3, they
do not induce cohesion defects (Rowland et al., 2009, Sutani et al., 2009, Chan et al.,
2012). The release and establishment functions of Pds5 are hence potentially
segregated into specific domains of the protein, and may be neutralised by the
recruitment of Sororin, which stabilises cohesion in Metazoans (Liu et al., 2013b,
Nishiyama et al., 2010, Lafont et al., 2010, Rankin et al., 2005). Whereas binding of
Sororin to Cohesin relies entirely on Pds5, Wapl recruitment is only modestly reduced
by the absence of Pds5, suggesting that their functional relationship may be more
subtle than as target and binding scaffold respectively (Carretero et al., 2013).

Conversely, Pds5 may mediate acetylation, however, although there is some evidence
that the human Escol isoform may have evolved the capacity to bind Pds5, direct
recruitment of the acetyltransferase Ecol by this protein does not seem to be a
generally conserved feature (Carretero et al., 2013, Lafont et al., 2010, Vaur et al.,
2012, Chan et al., 2013, Minamino et al., 2015).

Collectively, both such activities may require modulation of ATP hydrolysis by the
Smcl-Smc3 head domains, the acetylation status of Smc3, and the recruitment of the
release factor Wapl, or its inhibition by Sororin (Chan et al., 2013, Shintomi and Hirano,
2009).
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Ultimately, detailed molecular characterisation of the transactions between Pds5 and
cohesin at this interface will be essential to reveal the modes and mechanisms through
which the fate of individual cohesin complexes, whether release or stable establishment

of cohesion, is determined.

1.5. Scientific aims

At the inception of this thesis, structural information on the non-SMC subunits of
cohesin was totally lacking, in addition there was (and still remains) a paucity of
information regarding how Ecol might establish cohesion, and how these factors might
collaborate to promote different functional outcomes of the Cohesin complex. Therefore,

| sought to address these questions throughout my thesis work.

1.5.1. Structural and biochemical characterisation of the Smc3-Smcl-Sccl

heterotrimer

Presumably to accommodate increased regulatory, mechanistic, and organismal
complexity, Eukaryotic SMC complexes invoke an intrinsic asymmetry through the use
of heterodimeric SMC proteins, in contrast to the homodimers of their prokaryotic
equivalents. In order to address the structural and molecular basis for this evolutionary
adaptation, | aimed to design and implement a strategy through which the cohesin
heads could be assembled in vitro with their cognate Sccl partner. If successful, this
system would provide an invaluable tool in dissecting the molecular details of how
energy produced through ATP hydrolysis might be transmitted to achieve different
functional goals of the complex such as loading and release, and how these processes

might be influenced by regulatory factors.
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1.5.2. Ecol
Ecol is an essential cohesion factor which is both tightly regulated, and also exhibits
extremely high substrate specificity. Thus | aimed to characterise the basis of

chromosomal targeting of Ecol, and the regulation of its acetyltransferase activity.

1.5.3. Defining cohesin release complexes

The diverse functional roles of cohesin and its sister complexes condensin and Smc5/6
are, at least in part, likely to be determined by the accessory factors with which they
associate. SMC complexes have been generally described to act as topological linkers
of DNA, however activities encompassing chromosomal targeting and the longevity of
their association with chromatin is evidently regulated to a great extent through
divergent HEAT repeat subunits. In recent years, a cohesin release activity, believed to
be dependent on the interplay between Pds5, Scc3, and Wapl, was identified. Thus a
major objective of this thesis was to investigate the molecular mechanisms through

which these factors act to modulate the stability of cohesin on chromatin.

1.5.4. The structural basis of Pds5 function and recruitment to cohesin

Pds5 is a critical point of convergence for seemingly divergent functions of cohesin. In
order to resolve the different roles ascribed to Pds5, | therefore sought to determine the
structure of Pds5 in complex with Sccl from the budding yeast Saccharomyces
cerevisiae and investigated the nature of its transactions with cohesin at the Smc3—

Sccl interface.
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Materials and Methods
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Résumé en Francais

Dans ce chapitre, sont décrits les matériels et méthodes employés dans cette étude.
Les protocoles pour le clonage, l'expression et la purification des protéines
recombinantes d'intérét seront présentés. En outre, sont détaillé les méthodes

employées pour la caractérisation ultérieure de ces protéines.

L'étude biochimique des assemblages macromoléculaires a été permise en utilisant une
variété de techniques complémentaires telles que des « pulldowns », des expériences
de retard sur gel (EMSA ou electrophoretic mobility shift assay) ainsi que des
chromatographies d'exclusion stérique analytique (SEC pour size exclusion
chromatography). L'identification de sous-domaines stables et de sous-ensembles de
macromolécules d'intérét a été accomplie grace a une combinaison itérative de

protéolyse limitée et d'outils bio-informatiques.

Enfin, la détermination de la structure macromoléculaire par SAXS et la cristallographie
aux rayons X seront décrites, en particulier le processus de cristallisation des protéines,
la collecte de données de diffraction, et les procédures de calcul utilisées pour la

résolution de la structure.
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2.1. Molecular cloning
For protein expression, constructs were isolated from yeast genomic DNA (Merck-
Millipore), unless otherwise specified, by polymerase chain reaction (PCR), and inserted

via restriction digestion, and ligation into the E.Coli expression vector of choice.

Human Pds5A and B were kindly provided by Jan-Michael Peters (IMP, Vienna) and
Hongtao Yu (UT Southwestern, Dallas) respectively. Marko Kaksonnen (EMBL,
Heidelberg) kindly provided Ashbya Gossypii genomic DNA.

Site-directed mutagenesis was performed with the QuikChange® Lightning kit (Agilent
Technologies), essentially according to the manufacturers protocol.

2.2. Protein expression

2.2.1. Bacterial expression of native proteins
Protein expression was pursued in E.Coli BL21 (DE3, RIPL), and in BL21 (DE3) cells

for individual proteins, and protein complexes respectively.

All native proteins were expressed in ZYP-5052 autoinduction media, according to the
Studier protocol (Studier, 2005). Cells were cultured under agitation at 37°C, until an

OD600 = 0.8 was obtained, and cultured overnight at the lower temperature of 18°C.

Cell harvesting was performed in a JLA-8.1 (Beckman) centrifuge, operated at
5000RPM for 20 minutes at 4°C. The resultant cell pellets were then washed, and

resuspended in lysis buffer, prior to storage at -81°C or immediate purification.

2.2.2. Bacterial expression of selenomethionyl proteins
Expression of selenomethionine-labelled proteins was pursued in BL21 (DE3) cells,

cultured in M9 minimal media supplemented with trace elements and vitamins.

Cells were cultured under agitation at 37°C, until an OD600 = 0.8 was reached. At the

appropriate OD=¢09, amino acids were added as solids to induce feedback inhibition of
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methionine synthesis, and selenomethionine added to facilitate protein labelling; protein

expression was induced by the addition of IPTG to a final concentration of 0.5M.

2.3. Protein purification

All cell lyses were performed under essentially similar conditions.

Cell pellets were resuspended in a lysis buffer appropriate to the protein under
purification, supplemented with protease inhibitors (Roche), at a ratio of 10ml/g of
bacteria. Lysis was then performed under high-pressure using a Microfluidizer
(Microfluidics). Clarification of cell lysates was achieved by centrifugation (at an RPM of
14000, with a Beckman JLA-14 rotor) over a period of 45 minutes at 4°C. The resultant
supernatant was then collected and the proteins within purified as befitted their

associated affinity tag.

2.3.1. Immobilised metal-ion affinity chromatography

Exclusively his-tagged proteins were isolated by applying the appropriate supernatants
to IMAC Sepharose Fast Flow 6 resin (GE Healthcare) charged with Co?* and
equilibrated in lysis buffer. The resin was subsequently washed with Lysis Buffer prior to
elution in His Elution Buffer.

His-TEV tags, where required, were removed by incubation with his-tagged TEV
protease (1:100w/w), and simultaneously dialysed into Cleavage Buffer in order to
reduce the imidazole concentration of the sample. Dialysed protein mixtures were then
passed over Co® resin to capture the protease, cleaved tags, and uncleaved protein

prior to subsequent purification steps.

2.3.2. GST affinity chromatography

Constructs harbouring a GST tag were purified from lysed supernatants by applying
them to Glutathione Sepharose 4 Fast Flow resin (GE Healthcare), equilibrated with
lysis buffer. The resin was then washed in Lysis Buffer, and the proteins eluted in GST

Elution Buffer.
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Where appropriate, His-GST-TEV tags were removed as described for His-TEV proteins

in section 2.3.1.

2.3.3. Anion exchange chromatography

Anion exchange was performed with a Mono Q™ 5/50 GL column (GE Healthcare), in
conjunction with an Akta Purifier (GE Healthcare). Prior to application to the column,
proteins were diluted to a final NaCl concentration of 200mM in Anion Exchange Buffer
A. Gradient elution (from 10-100% Anion Exchange Buffer B) enabled separation of

proteins from contaminants.

2.3.4. Size exclusion chromatography

Size exclusion chromatography was variably conducted, with HiLoad 16/60 Superdex
75 (or 200) grade columns (GE Healthcare), for preparative purposes, and a Superdex
200 Increase 10/300 GL for analytical purposes. Columns were connected to an Akta

Purifier, and the proteins collected by isocratic elution in SEC Buffer.

Purified proteins were concentrated, and aliquots flash frozen in liquid N, for storage at -
80°C. The integrity, and purity, of protein samples was validated by SDS-PAGE, and

mass spectrometry.

2.4. Crystallisation
Initial crystallisation trials were performed by the EMBL Grenoble HTX facility, with a
standard setup of 576 conditions in 200nl drops (a 1:1 mixture of protein, at 20mg/ml,

and well-solution) dispersed across 96-well sitting-drop plates, at 4°C.

2.4.1. Crystallisation of apo-Pds5T

Pds5-1-688, the first of 14 yeast Pds5 constructs tested, produced spherulites and low-
quality crystals across a variety of conditions which it was not possible to optimise.
Extensive further refinement of the construct resulted in Pds5T (1-701), the truncation
used for final x-ray crystallography experiments, in the context of determination of both

the apo- and Sccl-bound structure.
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Unliganded Pds5T first crystallised in 0.1M MES pH 6, and 1.6M Ammonium Sulphate.
Crystals from which data was collected arose in 1.5M Lithium Sulphate, 0.1M MES pH
6.5, grown at 4°C using the hanging-drop vapour-diffusion method, and were
cryoprotected in a solution containing 2M Lithium Sulphate, and 0.1M MES pH 6.5.

Despite extensive attempts at optimisation, including osmotic dehydration, streak-
seeding, microseeding, screening of cryo-conditions, additive screening, crystallisation
of selenomethionine-labelled protein, trimming of the N-terminus, in situ proteolysis, on-
beam annealing, and random-matrix microseeding, to identify new crystallisation

conditions, Apo-Pds5T crystals did not yield diffraction to a resolution greater than 6A.

2.4.2. Crystallisation of Pds5T-Sccl
Upon refinement of the length of the Sccl moiety, the Pds5T-Sccl complex first
crystallised in 0.1M MES pH 6.5, 15% MPD.

2.5. Structure determination

All protein models have no Ramachandran outliers, good stereochemical parameters,
and low crystallographic Ryor/Riree, indicating a good agreement with the diffraction data
(Appendix Table 1).

2.5.1 X-ray data collection and processing

Diffraction data for Apo-Pds5T were collected at beamline 1D23-2 of the ESRF, at
100°K at an X-ray wavelength of 0.99987A. Data collection strategies for Apo-Pds5T
were determined by the initial characterisation of two diffraction images captured over 1
degree of rotation (Monaco et al., 2013), and were adhered to with minor modification.

Diffraction data for native and selenomethionine—derivatised Pds5T-Sccl were
collected at 100°K at an X—ray wavelength of 0.965A at beamline ID30A-1/MASSIF-1
of the European Synchrotron Radiation Facility, with a Pilatus 6M—F detector. Data
collection strategies for native and SeMet Pds5T-Sccl were calculated and
implemented automatically using MXpresse and MXpresse SAD respectively
(Svensson et al.,, 2015).To ensure good redundancy for SeMet Pds5T-Sccl, images
were collected by default over 360 degrees of rotation.
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Data were subsequently processed using XDS (Kabsch, 2010), and scaled with
AIMLESS (Winn et al., 2011).

2.5.2. Heavy atom phasing

Heavy atom parameter refinement and SAD phase calculations were performed with
SHARP using anomalous signal from 12 Selenomethionine sites. The electron density
map was improved with solvent flattening using PARROT. An initial model was then
built at a resolution of 3.4A, using BUCCANEER and Coot, as implemented in PHENIX,
and served as a search model for molecular replacement in a higher resolution native

dataset.

For the Scc1-*?®™ validation dataset, the data were phased directly using the final
Pds5T-Sccl model as an input for molecular replacement. SeMet residues were then
visualised by the generation of an anomalous difference map using PHENIX, using the
Pds5T-Scc1*?®™ model produced by molecular replacement for the calculation of
structure factors. Subsequent visualisation of the resultant map in Coot showed clear
anomalous signal at the expected L128M position, thus validating the register and

orientation of the Sccl chain.

2.5.3. Molecular replacement and refinement of Pds5T-Sccl

A final model for the Pds5—-Sccl complex was produced by iterative rounds of manual
model building and refinement using Coot and PHENIX (Emsley and Cowtan, 2004,
Adams et al., 2010). The final Pds5-Sccl complex model, containing residues 3—697 of
Pds5 and 126-142 of Sccl was refined to a resolution of 2.9 A with an Ry and an
Riree Of 26.5% and 29.8%, respectively. No electron density was observed for residues
610—623 in Pds5. The register of Sccl was verified by an anomalous difference map
generated from diffraction data collected from a selenomethione—labeled Scc1-*#M
mutant. Analysis of the refined structure in MolProbity showed that there no residues in
disallowed regions of the Ramachandran plot. The MolProbity all atom clash score was
5.77, placing the structure in the 100™ (best) percentile of structures (N=97) refined at

comparable resolution.
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2.5.4. Molecular replacement and dynamic elastic network refinement of apo-
Pds5T

The structure of apo Pds5T was determined by molecular replacement with Pds5T 3—
697, at a resolution of 5.7 A in space group 1422. The initial model was used as both a
starting and reference model for subsequent Deformable Elastic Network (DEN)
refinement using CNS over a grid—enabled web—server hosted by SBGrid (Schroder et
al., 2010, O'Donovan et al., 2012). The refinement protocol was similar to that
previously published (Brunger et al., 2012) with the following non—default setting: only a
single overall anisotropic B—factor refinement was carried out per chain. DEN restraints
and non-crystallographic symmetry (NCS) restraints were maintained throughout the
refinement procedure. Seven different temperatures (from 0 to 3000K) were tested in
the slow—cooling simulated annealing scheme. Of the resulting models, the one with the

lowest Rsee Value (31.1%) was selected for subsequent analysis.

2.5.5 Small angle X-ray scattering

X—ray scattering data were collected using an inline HPLC setup, at the Bio—SAXS
beamline (BM29) of the European Synchrotron Radiation Facility (Pernot et al., 2013).
Inline size-exclusion chromatography was performed at a temperature of 10°C using a
Superdex 200 Increase 10/300 GL column equilibrated in SEC buffer. Data were
collected with a photon—counting Pilatus 1M detector at a sample—detector distance of
2.86 m, a wavelength of A = 0.991 A and an exposure time of 1 second/frame. A
momentum transfer range of 0.008 to 0.47 A™ was covered (q = 417 sin®/A, where 6 is
the scattering angle and A the X-ray wavelength). Data were collected across the
elution peak, buffer scattering was subtracted and frames from 1380-1410 showing
constant a radius of gyration (Ry) were merged for further analysis. From the idealized
scattering curves, the radius of gyration was obtained using the Guinier approximation
in Primus (Petoukhov et al., 2012). The maximum particle dimensions, Dnax, distance
distribution function, p(r), and Porod Volume, Vp, were computed from the entire

scattering patterns using GNOM. The program CORAL from the ATSAS suite
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(Petoukhov et al., 2012) was to model the Smc3-NSccl-Pds5T ternary complex, using
the Smc3-Sccl (4UX3) and Pds5-Sccl complex as input files. The Smc3-Sccl and
Pds5-Sccl complexes were treated as rigid bodies, missing segments from Smc3
(amino acid residues 1223-1236), Sccl (amino acid residues 1-24; linker 113-127;
143-165) and Pds5 (amino acid residues 1-4; 693—-672) were modeled as dummy

atoms. The final model conforms well to the scattering data, with a X°=1.27.

2.6. Bioinformatic methods

2.6.1 Protein secondary structure prediction

The majority of protein secondary structure predictions were performed with the
PSIPRED protein sequence analysis workbench (Buchan et al., 2013). The PSIPRED
v3.3 and DISOPRED3 &DISOPRED?2 options were selected by default.

The HHPred server at Tubingen was also used to compare and validate predictions for

HEAT repeat packing of Pds5 when designing constructs (Soding et al., 2005).

2.6.2. Proteolytic peptide fragmentation prediction

The intact masses of protein fragments generated by limited proteolysis were submitted
to the FindPept tool (Gattiker et al., 2002). In order to unambiguously assign their N-
and C-terminal boundaries, the resultant predictions of cleavage fragments were
collated with protein termini identified in acid hydrolysis experiments, alongside
secondary structure prediction and sequence conservation as evaluated by multiple

sequence alignments.

2.6.3. Multiple sequence alignments

Collections of orthologous proteins were assembled with BLAST, and assembled and
visualised using the JalView plugin on the EMBL-EBI ClustalOmega webserver (Sievers
and Higgins, 2014).

2.7. Protein biochemistry
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2.7.1. Limited proteolysis

The Proti-AceTM and Proti-AceTM 2 kits (Hampton Research) were used initially to
identify suitable proteases, defined as those which cleave but do not result in the total
degradation of the target of interest after 30 minutes of incubation at a 1:100 protein:

protease ratio, according to the manufacturer’s protocol.

Limited proteolysis experiments were designed such that proteins of interest were
digested, in SEC Buffer, at several ratios of protein against an appropriate protease
(1:100, 1:500, and 1:1000), with samples being taken, and boiled in SDS-loading buffer
to inactivate the protease, at a series of time points ranging from 5 minutes to 4 hours.

Reactions were universally setup with 20ug of input protein, in a final volume of 100pl.
Incubations were always performed on ice to ensure a consistent reaction temperature.
For samples which were subsequently size excluded to isolate co-migrating complexes,
reactions were performed with 100ug of input protein, incubated against protease at a

1:100 ratio for 30 minutes, prior to loading on a Superdex 200 10/300 GL column.

Samples were then analysed by SDS-PAGE, and the N- and C- termini of cleavage
products of interest sequenced by acid hydrolysis. Results from acid hydrolysis
sequencing were then collated with masses obtained from mass spectrometry of in-
solution limited proteolysis samples in order to definitively determine protein domain

boundaries.

2.7.2. Analytical size-exclusion chromatography

Proteins were incubated individually, or in combination, at a concentration of 30 puM in
SEC buffer, a final volume of 100 ul for two hours at 4 °C, with gentle agitation.
Following this incubation period, the sample was loaded onto a Superdex 200 Increase
10/300 GL, or Superdex 200 10/300 GL column equilibrated in SEC buffer, and
subjected to size—exclusion chromatography. Fractions were subsequently analysed by
SDS-PAGE.

2.7.3. In Vitro pulldowns
63



Pds5T variants, wild—type and mutants, were isolated as described. NSccl (wild—type
and Scc1Y¥¥7C138C) was purified via a C—terminal 6xHis tag, in complex with the
Smc3Hd. All preparations were subject to anion exchange and size-exclusion
chromatography as described. Proteins were mixed to a final concentration of 2.5uM
each in binding buffer (300 mM NaCl, 20 mM HEPES pH 7.5, 30 mM Imidazole, 5 %
Glycerol and 0.5 mM TCEP), at a final volume of 150 pl, with 25 ul of Co?>*~IMAC beads
per reaction, and incubated at 4 °C for two hours with gentle agitation. Following this
incubation, an input sample was taken, the beads washed four times with binding buffer,
and a bound sample taken. Samples were run on SDS—-PAGE and the results visualized
with Coomassie blue staining. GST-Wapl and Pds5 pulldowns were performed under
identical conditions, albeit using Glutathione Sepharose 4B resin (GE Healthcare), and

without imidazole in the binding buffer.

Wapl-FLAG pulldowns were also performed as above, in the absence of reducing

agent, with Anti-FLAG agarose resin.

2.7.4. Acetylation assays

Acetylation reactions were incubated, at various durations, at 30°C in a buffer
containing 25mM Tris-HCI pH 7.5, 100mM, 5% glycerol, 10uM aceyl-CoA, and 50nM
acetyltransferase. Where appropriate, reactions were additionally supplemented with 50
MM ATP, 1ImM MgCl,, and 150nM substrate protein.

2.7.5. Wapl-ternary complex pulldowns

The ternary Smc3hd-NSccl-Pds5 complex was mixed, at a final concentration of
2.5uM, at a 1:1, 1:2 and 1:4 molar ratio with GST-WaplFl in binding buffer (150 mM
NaCl, 20 mM HEPES pH 7.5, 5 % Glycerol and 0.5 mM TCEP), at a final volume of 150
pl, with 25ul of GST Sepharose beads per reaction, and incubated at 4 °C overnight,
with rotation on a vertically oriented carousel. Subsequent procedures for washing and

analysis were identical to those described for the in vitro pulldowns.

2.7.6. Electrophoretic mobility shift assays
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Electrophoretic mobility shift assays were designed such that a fixed concentration was
mixed with a concentration series of protein. The initial protein concentration was set at
50uM, and serially diluted against a premix containing 10uM ADAR DNA (kindly
provided by Srinivasan Rengachari of the Panne Group). Protein and DNA mixtures
were incubated in a buffer containing 20mM Hepes pH 7.5, 150mM NaCl, 1mM DTT
and 5% glycerol, for 30 minutes at room temperature. Protein-DNA complexes were
resolved by electrophoresis on 6% native polyacrylamide gels, at 90V over a period of
45 minutes. Gels were then stained with ethidium bromide to evaluate DNA migration.

2.8. Yeast methods
All yeast work was performed by the Haring Laboratory at EMBL Heidelberg. Methods

are included here for completeness.

2.8.1. Yeast strain generation and validation

Wild—type or mutant variants of the PDS5 and SCC1 genes, under their endogenous
promoter sequences, were integrated into the URA3 or TRP1 loci of diploid
PDS5/Apds5 or SCC1/Ascc1 strains respectively. Gene integration was confirmed by
PCR, and the presence of the correct mutation(s) confirmed by DNA sequencing.
Expression of integrated Pds5 and Sccl was tested by western blotting against their
respective C—terminal PKg and HAg epitope tags. Genotypes are listed in Appendix
Table 2.

2.8.2. Tetrad dissection
Diploid cells were sporulated and 12 tetrads of two independently obtained strains for
each mutant dissected on YEP plus 2% glucose (YEPD) plates and imaged after 48 h at

30°C. Genotypes of resultant haploids were assigned by marker analysis.

2.8.3. Protein co-immunoprecipitation
Wild—type or mutant Pds5 proteins fused to a C—terminal PKg tag were expressed from
an ectopic copy, under the PDS5 promoter, in strains expressing endogenous Sccl

fused to a C—terminal HAg tag. Whole cell extracts from asynchronous cell cultures were
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prepared by glass bead lysis as described(Cuylen et al., 2011) and Sccl-HAs
immunoprecipitated with anti-HA antibody (12CA5). Precipitation of Sccl-HAg and co—
precipitation of Pds5—-PKg were analysed by western blotting against HA (12CA5) and
PK (anti-V5; AbD Serotec) tags.

2.8.4. Split dot cohesion assay

To test for cohesion defects, wild—type or mutant Pds5 proteins fused to a C—terminal
PKg tag were expressed from an ectopic copy under control of the PDS5 promoter in a
pds5-101 strain, which had CDC20 under control of the GAL1l promoter and
tetracycline operator sequences, integrated at the URA3 marker close to centromere of
chromosome V, labelled by the expression of tetracycline repressor-GFP fusion
proteins. Yeast cells grown in YEP plus 2% raffinose and 2% galactose (YEPRG) at
25°C to ODggp = 0.4-0.5 were collected by filtration and re—suspended in YEPD at 25°C
to repress Cdc20 expression and arrest cells in metaphase with intact spindles. After
2.5 hours in YEPD, cultures were shifted to 35°C to inactivate Pds5-101 and aliquots of
cells were taken at the indicated time points for immediate imaging GFP maker ‘spots’
in a DeltaVision Spectris Restoration microscope (Applied Precision) with a 60x oil

immersion objective.
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Results
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Résumé en Francais

Dans ce chapitre, sont décrits les résultats obtenus au cours de la thése. Ces résultats
sont séparés en plusieurs sections thématiques. La premiere section décrit la logique
de conception et les tentatives avortées d'isolation du complexe ternaire stable SMC1-
Smc3-Sccl. La seconde se concentre sur la caractérisation des activités
d'acétyltransférase et de liaison a I'ADN de la cohésine acétyltransférase Ecol.
L'isolement et la caractérisation des sous-unités non-SMC de cohésine sont décrits
dans plusieurs sections. Alors qu'un sous-complexe Pds5-NSccl a pu étre identifié,
aucune preuve n'a pu étre apportée pour soutenir l'idée que Pds5, Scc3 et Wapl
pourraient interagir. Grace a la protéolyse limitée, la spectroscopie de masse et la bio-
informatique, Pds5 et un complexe comprenant Pds5-Sccl ont été cristallisées. Les
cristaux contenant Pds5 et Sccl ont diffractés & une résolution maximale de 2,9A. Ainsi,
grace a la collaboration avec le laboratoire de Haering a I'EMBL Heidelberg, nous avons
pu interroger en détail la base structurelle et biologique de l'assemblage entre Pds5-
Sccl et la cohésine. En résumé, les résultats présentés ici établissent que l'interface
Pds5-Sccl, décrite dans la structure, est essentielle pour le recrutement de Pds5 a la
cohésine et est, en outre, essentielle pour la cohésion de chromatides sceurs. Ceci
fournis des preuves substantielles indiquant que Pds5 est une sous-unité
stcechiométrique de la cohésine. La structure révéle aussi l'existence d'éléments
conservés a la surface de Pds5 qui pourraient participer a la régulation dynamique de

capture de la chromatine par la cohésine.
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3.1. Assembling a heterotrimeric cohesin head complex

The heterotrimeric cohesin head complex, composed of the Smc3hd, Smclhd and Sccl
has been confirmed, more specifically the NScc1/Smc3hd interface, to constitute a key
focal point in the entrapment and release of DNA by cohesin, in Yeast, Fly and Humans.
At this interface reside the functional ABC ATPase heads of Smc3 and Smcl, which are
bridged by interactions with the N-terminal and C-terminal domains of Sccl
respectively. It is at this exit gate where interactions with the Releasin complex are
thought to execute reversible release of cohesin from DNA. Notably, this releasing
activity can be counteracted by acetylation of Smc3hd by Ecol (Ben-Shahar et al.,
2008, Chan et al., 2012, Rowland et al., 2009). This modification apparently uniquely
facilitates stable closure of the exit gate and stablishes robust sister chromatid
cohesion.

At current SMC head dimer structures are restricted to bacterial homodimers, thus there
remains a need for structural characterisation of the eukaryotic system to understand
the biological relevance of heterodimeric SMC rings. As revealed by past research,
there is an obvious asymmetry to the cohesin head module, both enzymatically and
architecturally (in terms of their association with Sccl).

Structural characterisation of the eukaryotic cohesin head complex would afford
considerable insight into how Pds5-Wapl might execute DNA release and why this

activity is so substantially antagonised by Smc3hd acetylation.

Therefore, to understand the structural and biochemical basis of the differential
functions attributed to the Smc3hd-Smclhd-Sccl complex, | designed and pursued a

fusion protein strategy to isolate and enforce such an assembly in vitro.

3.1.1. Mutual entrapment of SMC heads by an Sccl domain-swap,

The stable dimerisation of native Smcl & Smc3 is dependent on the association of their
hinge domains (Haering et al., 2002). Thus, any attempt to isolate a Smc3hd-Smc1hd-
Scclheterotrimer as a more discrete assembly would naturally require that this function

of the hinge should somehow be recapitulated. One approach could involve the use of a
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so-called ‘bonsai’ construct in which the coiled-coils separating the head and hinge
domains would be substantially truncated, as has proven particularly successful in
characterising the kinetochore protein Ndc80 (Ciferri et al., 2008, Alushin et al., 2010).
However, it was our preference to attempt to establish a more discrete system which

would limit the requirement for construct optimisation to the ATPase heads, and Sccl.

To this end, | designed domain-swap constructs, in which each Smc head was tethered
to the Sccl partner of the opposing head, as depicted in figure 11 a-d.; in this system,
the physical linkage between Sccl and the Smc heads would facilitate co-purification
the entire ternary assembly. Given that Smc-Sccl assemblies are functionally
asymmetric (Buheitel and Stemmann, 2013, Chan et al., 2012, Eichinger et al., 2013,
Gruber et al., 2006, Rowland et al., 2009, Arumugam et al., 2006), | operated on the
assumption that they would also be structurally asymmetric, which has now been
demonstrated (Gligoris et al., 2014, Haering et al., 2004). Therefore, for the
approximation of domain boundaries, and of linker lengths between the Smc and Sccl
proteins, | firstly modelled a hypothetical Smc3hd-Smclhd-Sccl assembly (figurell. a)
based on available structures. In this model, Smc1-CSccl is depicted as in the reported
crystal structure (IW1W), with Smc3-NSccl modelled on the Smclhd and the NScpA
chain from prokaryotic Condensin (3ZGX) respectively. As NSccl interacts with the

coiled-coil domain of Smc3, | extended the coiled-coils to include 4 heptad pairs.

The Smc3hd was fused C-terminally to the N-terminus of CSccl (figurellb) through a
short glycine-serine linker of 10 amino acids (aa), which would accommodate the
hypothetical distance between these domains (figurella) Similarly, NSccl was fused C-
terminally via a considerably longer linker of 30aa to the N-terminus of the Smclhd
(figurellc). Given the almost ludicrously extended linker, the Smclhd was, as
described in section 3.1.2., also cloned and expressed without such a fusion, lest the

fusion protein should prove insoluble.

These constructs were assembled using overlap extension PCR and inserted into the
two open reading frames of a modified pET DUET-1 vector harbouring a GST-TEV tag
in the first ORF.
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The final intended product of this endeavour is displayed in cartoon form in figurelld.

a b 10aa|Linker
~ :

30aaI Linker

N NScc11-105 C

'NSccl

Smcghd
Based on pdb:1W1W; 3ZGX st

Figure 11 | Strategy design for the isolation of a Smc3hd-Smclhd-Sccl complex. (a) A
model of the Smc3hd (blue), the Smclhd (red), and the N- and C-terminal domains of Sccl
(green). (b) Sequence boundaries for the fusion of Smc3 to CSccl. (¢) Sequence boundaries for
the fusion of Smcl to NSccl. (d) Schematic representation of the assembled Smc3hd-Smclhd-

Sccl complex.

3.1.2. Solubility and initial purification of a Smc3hd-Smclhd-Sccl complex

The fusion constructs of Smc3-CSccl and NSccl-Smcl, or Smcl alone, described in
the previous section were cloned together into a single pET-DUET vector with an N-
terminal 6xHistidine tag and an N-terminal GST-TEV tag respectively (figure 12.a). A
purification strategy (figure 12. b) was devised such that bacterial supernatants
containing the recombinant proteins would first be exposed to Co?*-charged IMAC
sepharose resin, thus isolating 6xHis-Smc3-CSccl in complex with GST-NSccl-Smcl
or GST-Smcl, along with any free 6xHis-Smc3-CSccl, whilst excluding excess GST-
fusion proteins. To remove free 6xHis-Smc3-CSccl, protein would then be eluted from
the IMAC resin with imidazole, and passed over GST sepharose. Complexes captured
by GST should therefore constitute a homogeneous ternary species of Smc3-Sccl-
Smcl. These assemblies would then be eluted by TEV-mediated cleavage of GST tags,

and a final size-exclusion step would be pursued (not depicted).
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However, unfortunately it soon became obvious that these fusion proteins were, at best,
very poorly soluble. In initial purifications (figure 12. ¢ and d), the strongest bands
corresponding to the expected molecular weights appeared to reside in the pellet
fraction, indicating that the proteins were confined to inclusion bodies. Western blotting
against the 6xHis and GST tags confirmed that this was the case. As neither protein
had been previously expressed in bacteria, the cloning and expression was repeated
using insect cells, but produced identical results, thus indicating that the fusion strategy
pursued herein may be intrinsically unfeasible irrespective of expression system. This
aspect of the thesis was considered unlikely to be conducive to success, and was

therefore discontinued.
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Figure 12 | |Initial purification and

solubility of Smc3hd-Smclhd-Sccl
assemblies. (a) Schematic representation
of the GST-NSccl-Smclhd, and 6xHis-
Smc3hd-CSccl complex. (b) Procedure
for stepwise purification of Smc3hd-
Smclhd-Sccl, leading to isolation of a
single species. (c) Coomassie gel of an
initial purification of GST-NSccl1l-Smclhd,
and 6xHis-Smc3hd-CSccl, and western
blotting of the pellet sample. (d)
Coomassie gel of an initial purification of
GST- Smclhd, and 6xHis-Smc3hd-
CSccl, and western blotting of the pellet
sample.
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3.2. Ecol, the cohesin acetyltransferase

The cohesin Acetyltransferase, Ecol, is thought to establish stable cohesion by
acetylating two adjacent residues on the Smc3hd, which reside in close proximity to its
nucleotide binding domain (Ben-Shahar et al., 2008, Unal et al., 2008, Zhang et al.,
2008, Rowland et al., 2009, Gligoris et al., 2014). This modification exponentially
enhances the stability of cohesin on DNA, increasing its residence time on chromatin
from ~20 minutes to over 6 hours (Chan et al., 2012, Peters and Nishiyama, 2012,
Buheitel and Stemmann, 2013, Eichinger et al., 2013).

Ecol acts during S-phase, presumably in order to couple cohesion to sister chromatid
synthesis, and is composed of two principle functional domains: a C2H2 Zinc Finger
and a GCN5 family histone acetyltransferase (HAT) domain (lvanov et al., 2002). |
therefore, in collaboration with a trainee, Siyi Zhang, under my supervision, sought to

characterise the relationship between these functional domains in vitro.

3.2.1. Ecol is an active acetyltransferase in vitro

As anticipated, recombinant GST-Ecol isolated from bacteria is an active
acetyltransferase (figure 13a). It becomes autoacetylated within 30 mins (which was the
earliest time-point recorded) in a manner that is neither stimulated by nor inhibited by
the inclusion of a 32bp DNA sequence. Furthermore, the activity of Ecol in vitro is
dependent on the integrity of its zinc finger, as mutation of two of the zinc-coordinating

cysteines results in a total loss of function (figure 13b).
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3.2.2. Ecol binds dsDNA in a manner dependent on its zinc finger

As zinc finger domains are frequently involved in the engagement of DNA, we decided
to test whether the Ecol zf binds to dsDNA. To do so, we employed a 32bp ADAR DNA
sequence, a reagent already available in our lab, and we found that the mixture of Ecol
and DNA at various ratios results in a substantial shift, commencing even at a
substoichiometric ratio of 1:0.32 of protein:DNA. As the shift in DNA does not result in
discrete species, we would speculate that Ecol binds DNA in a manner that is not
sequence-specific. Thus, Ecol presumably interacts with the phosphate backbone,
rather than the sugar bases. Furthermore, we discovered that the addition of EDTA,
which chelates divalent cations such as zinc, and the mutation of two of the zinc finger
cysteines to alanine results in perturbation and abolition of DNA binding respectively.
We therefore conclude that Ecol engages DNA in a manner dependent on its zinc

finger. With this information comes the implication that Ecol may interact with chromatin
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independently of recruitment factors such as PCNA, as was previously suggested
(Moldovan et al., 2006).

3.3. Characterisation of the non-SMC cohesin subunits

3.3.1. Isolation of full-length Scc3, Pds5, and Wapl

To initiate structural and biochemical studies of the non-SMC HEAT repeat subunits of
cohesin, | cloned genes encoding the full-length proteins into the pETM11 vector,
enabling their expression and purification in E.Coli, via N-terminal HIisTEV tags.
Purifying full-length, intact protein proved to be quite challenging, as they all behaved in
a rather polydisperse manner (figure 14 a-c), however | was able to isolate sufficiently
pure material for subsequent experiments. Pds5 and Wapl resulting from these
purifications migrate on SDS-PAGE at the expected positions for full-length material
(figure 14. d), whereas Scc3 purifications yielded both full-length protein, and an
apparently stoichiometric additional band at ~70kDa (figure 14. e), possibly indicating
degradation. Later optimisation of the Wapl purification resulted in essentially
homogenous preparations of this protein, which elute at a volume suggestive of

dimerisation or polydispersity (figure 22a).
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Figure 14 | Full-length non-Smc subunit purification. (a) S200 10/300 GL gel filtration profile
of Pds5FL. (b) S200 10/300 GL gel filtration profile of WaplFL (c) S200 15/60 gel filtration profile
of Scc3FL. (d) SDS-PAGE of Pds5FL and WaplFL gel filtration fractions. (e) SDS-PAGE of

Scc3FL gel filtration fractions.

3.3.2. Prediction and crystallisation of subdomains in Pds5, Scc2, and Scc3

In parallel with efforts to isolate full-length versions of the non-Smc HEAT repeat
subunits, | designed and sought to purify potential truncation constructs. To do so, |
used structural bioinformatics to predict potential globular domains (construct

boundaries are detailed in the appendix). In most cases, solubility assays revealed that
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these constructs were insoluble (figure 15a-b), in contrast to the full-length proteins,
indicating that the boundaries chosen must somehow have caused structural
destabilisation. However, removal of regions of predicted N- and C- terminal disorder
from Scc3 resulted in the purification of a monodisperse, crystallisable truncation
construct (figure 15c). Testing revealed that these crystals did not diffract. Shortly

thereafter we learned that a competing lab had already obtained a structure of Scc3,
and thus | did not seek to optimise these crystals further.
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Figure 15 | Non-Smc subunit truncation solubility, purification and crystallisation of Scc3
(a) Scc2Long is principally found in the insoluble fraction (b) The Scc3 core truncation elutes as
a single species from gel filtration, and is crystallisable (c) Solubility assays of Pds5 truncations

reveal they are insoluble

3.3.3. Identification of a stable Pds5 truncation

Limited proteolysis is a powerful biochemical technique that facilitates the identification
of stable, protease-resistant subdomains within proteins of interest. The full-length Pds5
isolated in figurel5d was of sufficient quality to perform limited proteolysis, and so |
performed such an assay using a 1:500 dilution of trypsin, collecting samples at a series
of predetermined time points as shown in figure 16a. The sample was principally
degraded into two prominent bands, annotated as ‘Upper Band’ and ‘Lower Band’
(figure 16a), and so the SDS-PAGE gel on which these samples had been run was
submitted to the EMBL Proteomics Core Facility (PCF) in Heidelberg for boundary
identification. Bands of interest were then cut out of the gel for further analysis by acid-
hydrolysis, a mass spectrometry technique in which protein samples are exposed to
hydrochloric acid to catalyse hydrolysis of the peptide bonds between amino-acids. This
produces a series of peptides, which can then be measured by mass-spectrometry, and
can thus be evaluated for sequence assignment of the domain boundaries of the protein
sample under investigation. | was thus able to obtain putative domain boundaries for the
selected fragments, which showed that the protein was substantially C-terminally
truncated by trypsin (figurel6b). It is important to note that these boundaries are not
necessarily definitive, as the technique is limited also by which peptides are suitable for
analysis by the MALDI instrument; however they were sufficient to provide an
approximate region of the protein to truncate. A small selection of C-terminal peptides
were also detected, yet were not considered further for two reasons. Firstly, they are
very distant in the sequence from other peptides. Secondly, they were poorly
represented, with few such peptides being detected by the instrument. Hence these
peptides were disregarded and considered to represent unlikely intermediates of the

original limited proteolysis experiment.
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In order to determine the domain boundaries unambiguously, | repeated the assay and

submitted in solution samples for analysis of the ‘intact’ degradation products and these

also provided evidence that the truncation product encompassed the N-terminal ~700 or

S0 amino acids of the protein.
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Upper Band

1 MA KLK FNSPIISTSD QLISTNELLD RLKALHEELA SLDQDNTDLT
51 GLDKYRDALV SRKLLKHKDV GIRAFTACCL SDILRLYAPD APYTDAQLTD
101 FEKLVLSQFE QLGDQENGYH TQOTYLITKL LEYRST LA DLPSSNNLL

151 ELFHIFYDPN 'PARLFNV IGGILG S EFDSVPLEVL RLIFNKFLTY
201 NPNEIPEGLN SDCGYEVS LILCDTYSNR MSRHLTK

251 NNSRLLTVVV KLHKLVLELW

301 KLIGQILT! NFVSTHS

351 KTFIDS £ WKNITNEATY
401 HEKEVRELCIN TMAKEFYSNSL EIWEIIDTIP|
451 STLYNLYYIN DLNINEQVDS VIFEYLLPFE PDNDKRVHRL LTVLSHFDKK
501 AFTSFFAFNA KYIDFSKFLN NQESMSSSQG PIVMNKYNOQT
551 QWLA ; TKQFNDERIF YLI TPFLTFKNCY
601 (L GLFKKYNIST GASIMPRDIA A SPIIYNVSNI
651 SVLLNLSNNS DAKQLDLKRR ILDDISKVNP KTITKDLDDP
701 DAEKNDNLSL EEALKTLYKA SKTLKDQVDF DDTFFFTKLY DFAVESKPEI
751 TEKYATKLIAL SPKAEETLKK IKIRILPLDL QKDEYFTSHI IVLMEIFKKF
801 PHVLNDDSTD IISYLIKEVL LSNQVVGDSK KEIDWVEDSL LSDTKYSAIG
851 NKVFTLKLFT NKLRSIAPDV PRDELAESFT EKTMKLFFYL TASGGELISE
901 FNKEFYPTPS NYQTKLRCVA GIQVLKLARI SNLNNFIKPS DIIKLINLVE
951 DESLPVRKTF LEQLKDYVAN ELISIKFLPL VFFTAYEPDV ELKTTTKIWI
1001 NFTFGLKSFK KGTIFERALP RLIHAIAHHP DIVGGLDSEG DAYLNALTTA
1051 IDYLLFYFDS TAAQENFSLL YYLSERVKNY QDKLVEDEID EEEGPQKEEA
1101 PKKHRPYGQK MYIIGELSQM ILLNLKEKKN WQHSAYPGKL NLPSDLFKPF
1151 ATVQEAQLSE KTYIPESLTE KIQNNIKAKI GRILHTSQTQ RQRLOKRLLA
1201 HENNESQKKK KKVHHARSQA DDEEGDGDRE SDSDDDSYSP SNKNETKKGH
1251 ENIVMKKLRV RKEVDYKDDE DDDIEMT

Lower Band

1 MAKGAVT? FNSPIISTSD QLISTNELLD RLEALHEELA SLDQDNTDLT
51 GLDK! LV SRKLLKHKDV GIRAFTACCL SDILF PD APYTDAQLTD
101 FELVLSQFE QLGDQENGYH IQOTYLITKL LEYRSIVLLA DLPSSNNLLI
151 ELFHIFYDPN RLFNV TGGILGEVIS EFDSVPLEVI, RLIFNKFLTY
201 NPNEIPEGLN VTSDCGYEVS LILCDTYSNR MSRHLTKYYS EIIHEATNDD,
251 NNSRLLTVVV KLHKLVLRLW ETVPELINAV IGFIYHELSS ENELFRKEAT
301 KLIGQILTSY DTFKAWISKI ADISPDVRVE WTESIPQIIA
351 TREDISKELN Q TFIDS DPRVRRTSVM IFNKVPVTEI WENITNKATY
401 TSLLHLAREK HKEVRELCIN TMAKFYSNSL NEIERTYQNK EIWEIIDTIP
451 STLYNLYYIN DLNINEQVDS VIFEYLLPFE PDNDKRVHRL LTVLSHEDKK
501 AFTSFFAFNA RQIKISFAIS KYIDFSKFLN NQESMSSSQG PIVMNKYNQT
551 3D STKAIDALET IKQFNDERIF YLLNACVTND IPFLTFKNCY
601 GLFKKYNIST GASIMPRDIA KVIQILLFRA SPITYNVSNI
651 SVLLNLSNNS DAKQLDLKRR ILDDISKVNP TLFKDQIRTL KTIIKDLDDP
701 DAEKNDNLSL EEALKTLYKA SKTLEDQVDF DDTFFFTELY DFAVESKPET
751 TKYATKLIAL SPKAEETLKK IKIRILPLDL QKDKYFTSHI IVLMEIFKKF
801 PHVLNDDSTD IISYLIKEVL LSNQVVGDSK KEIDWVEDSL LSDTKYSAIG
851 NEVFTLKLFT NKLRSIAPDV PRDELAESET EKTMKLFEYL IASGGELISE
901 FNKEFYPTPS NYQTKLRCVA GIQVLKLARI SNLNNFIKPS DITKLINLVE
951 DESLPVRKTF LEQLKDYVAN ELISIKFLPL VFFTAYEPDV ELKTTTKIWI
1001 NFTFGLKSFK KGTIFERALP RLIHATAHHP DIVGGLDSEG DAYLMNALTTA
1051 IDYLLFYFDS IAAQENFSLL YYLSERVKNY QDKLVEDEID EEEGPQKEEA
1101 PKKHRPYGQK MYIIGELSQM ILLNLKEKKN WQHSAYPGKL NLPSDLFKPF
1151 ATVQEAQLSF KTYIPESLTE KIQNNIKAKI GRILHTSQTQ RQRLOKRLLA
1201 HENNESQKKK KKVHHARSQA DDEEGDGDRE SDSDDDSYSP SNKNETKKGH
1251 ENTVMKKLRV RKEVDYKDDE DDDIEMT
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3.3.4. Refinement and crystallisation of a stable Pds5 truncation

Mass spectrometry results from section 3.3.3. facilitated the approximate determination
of the C-terminal boundary of a protease resistant fragment of Pds5. | therefore
designed and purified an initial series of three truncations (T1-3) within this region
(figure 17a-b). These truncations behave as well-ordered, globular entities, and thus |
sought to crystallise them. One of these truncations (T1) produced poor quality, needle-
like crystals, and another (T3) produced spherulites. UV screening and diffraction
imaging demonstrated that the needles were indeed protein crystals. Further additive

screening and seeding experiments did not yield diffraction grade crystals.

Sequence analysis of Pds5 predicts that it consists of an elongated a-helical repeat
protein (Panizza et al., 2000). More specifically it is expected to comprise many HEAT
repeats, a structural fold whose basic repeating unit is composed of two anti-parallel a-
helices, which typically combine to form higher-order assemblies whose gradual
involution determines the overall shape of the molecule. As these paired helices
typically form discrete bundles stabilised by a conserved, hydrophobic core, it is
possible that the presence of a 'stray’ C-terminal a-helix lacking its partner could
introduce instability which might be refractory to crystallisation, even if the protein

appears well-behaved in solution.

As we lacked conclusive information on where these pairs might terminate, | designed
two constructs to test the register of these repeats: one which truncates a predicted a-
helix (T4), and a second which extends the protein by a single a-helix (T5). Please note
that henceforth, truncation T5 will be referred to as Pds5T. The former, T4, despite
being a relatively moderate further truncation, substantially destabilises the protein,
whereas the latter, Pds5T, was purified to homogeneity and yields high-quality crystals
which are manually reproducible. However, at best, these crystals diffract to a minimum

Bragg spacing of 5.8A.

Despite extensive attempts, | was unable to improve the diffraction of the apo-Pds5T
crystals. Strategies included techniques aimed toward improving diffraction quality, such
as on-beam annealing, additive screening, and screening of a selenomethionine-
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substituted derivative protein. This was ultimately of no consequence, neither improving

nor worsening diffraction resolution.

Chemical methods were also employed, including reductive methylation, in which the ¢-
amino group of lysines are alkylated in order to modify protein hydropathy, solubility and
pl; thereby potentially promoting alternate crystal forms. In addition, various
concentrations of yttrium chloride were screened, the trivalent yttrium cation of which
can facilitate stable intermolecular interactions to enable crystallisation . However, both

of these methods lead to marked precipitation.

| additionally pursued the purification of modest further truncation of the Pds5T N and C
terminal amino acids in an attempt to change crystal packing by influencing potential
crystallisation contacts. However the influence such truncations had on crystallisation

was to totally abolish it.
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Figure 17 | Purification and crystallisation of Pds5 truncations (a) SDS-PAGE gels of a
series of 5 Pds5 truncations (b) Gel filtration traces at a wavelength of 280nm of the same
truncations, corresponding to s200 Peak’ samples in ‘a’ (c) Crystallisation of constructs T1, T3
and T5.

3.3.5. Screening orthologues

Another approach frequently employed when difficulties are encountered in the course
of seeking to structurally characterise macromolecules is the isolation of similar
constructs of orthologous proteins. | was successful in obtaining truncations of Pds5
from Ashbya Gossypii (AgPds5T), a filamentous fungus, and Human Pds5B (hPds5T).
AgPds5T was very well expressed in E.Coli and migrated essentially as a monomer in
solution, whereas hPds5T was fairly poorly expressed and appeared to be moderately
truncated (figure 18a-b). Both proteins were submitted for crystallisation screens, but
neither yielded crystals. AgPds5T did produce spherulites (not shown), thus it is
possible that further refinement of the C-terminal a-helices, as with yPds5T, may have
been similarly successful in improving the propensity of the sample to crystallise. As
yPds5T-Sccl crystals, described later in the text, were obtained in parallel with this
objective and diffracted to 2.9A after refinement of the crystallisation conditions, | did not

seek to further optimise the Pds5 orthologue constructs.
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3.3.6. Electrophoretic mobility shift assays

. |-Free DNA

Pds5T

b Vo

(RSTRSEE I Nucleosome

-Free DNA

Pds5T Pds5FL

5| -Free DNA

Figure 19 | Electrophoretic mobility shift
assays with dsDNA and the nucleosome (a)
Native gel-shift assay of increasing
concentrations of WaplC and WaplFL against a
constant concentration of dsDNA. The position
of free DNA is marked (b) Native gel-shift assay
of increasing concentrations of Pds5T and
Pds5FL against a constant concentration of
dsDNA. The position of free DNA is marked (c)
Native gel-shift assay of increasing
concentrations of Pds5T against a constant
concentration of nucleosome. The positions of
free DNA, and of the nucleosome, is marked

As cohesin is involved in chromatin transactions, electrophoretic mobility shift assays

were performed to assess DNA binding of the Pds5 and Wapl subunits by titrating the

full-length and

indicated truncation constructs against a random 32bp dsDNA.

Reasoning that Pds5 might interact with chromatin, either as a sensor for when the

cohesin complex has engaged sister chromatids, or as an event that might further

stabilise the association of cohesin with chromatin, Pds5T was also tested against the

nucleosome. However, no interaction could be observed for Wapl or Pds5 constructs

using either substrate (figure 19). In contrast to the Scc2-Scc4 loading complex, and the
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analogous HEAT repeat proteins of condensin, engagement of DNA, and of chromatin

by Pds5, does not appear to be a feature of Wapl and Pds5.

3.3.7. Pulldown assays

The nature of the association of Wapl with Pds5 remains ambiguous, with prior
experiments in the literature reporting alternatively that they may form a direct binary
complex in vitro and in vivo, or that such interactions depend on additional factors, such
as Sccl (Rowland et al., 2009, Shintomi et al., 2009, Nishiyama et al., 2010, Chan et
al.,, 2012, Kulemzina et al., 2012, Ouyang et al., 2013). Therefore, to further
characterise these putative assemblies in vitro, | isolated a series of GST-Wapl
constructs encompassing the full-length protein (WaplFL), as well as the N- and C-
terminal regions, WapIN (Wapl*?*%) and WapIC (Wapl*>*>®*") respectively, which would
allow simultaneous dissection of domain requirements for any interactions observed.
Similarly, given the proposition that Wapl may interact with the Smc3 head to achieve its
release function, | also performed pulldowns to investigate the nature of their
association in solution (Chatterjee et al., 2013). | found no evidence of any association
between full-length Pds5 and GST-WaplFL, despite employing buffer conditions similar
to those previously published (figure 20a). Correspondingly, there was no retention of
Pds5 or Pds5T by the aforementioned subdomains of Wapl (figure 20a). In contrast to a
report suggesting that Wapl might interact with the Smc3 ATPase head through its

WaplC domain, | also could not reproduce this interaction (figure 20b).
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Figure 20 | GST pulldowns of Wapl, Pds5 and Smc3 (a)
Pulldowns of Pds5, and Pds5T against GST-Wapl(lanes 2-6), aGST-
WaplN (lanes 7-11), and GST-WaplC (lanes 12-15). I: Input, B:
Bound (b) Pulldowns of WapIC and WaplFL against GST-Smc3hd
(lanes 2-6), and GST-binding controls (lanes 7—15).
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3.3.8. Analytical size exclusion
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Figure 21 | Analytical size-exclusion of Pds5, Wapl, and Sccl. (a) Size-exclusion
chromatography profiles for Pds5T, Wapl, Pds5T-Wapl, Pds5T-NSccl and Pds5T-NSccl-Wapl
preparations are shown. (b) Fractions from each run were analysed by SDS-PAGE. Coomassie

stained are shown below. Gels were cropped to show the relevant sections.

The N-terminal segment of Sccl, upstream of a proximal Separase cleavage site, was
previously shown to be required for the recruitment of Pds5 to cohesin (Kulemzina et
al., 2012, Chan et al., 2013). Furthermore, it was recently shown that the mutation of
highly conserved hydrophobic residues in this domain of Sccl perturb the recruitment of
Pds5 to cohesin in vivo, emphasising the relevance of this interaction (Chan et al.,
2013)

89



To investigate the nature of this association, | designed an NSccl construct which
extends from the predicted, and now published, Smc3 binding region through a domain
required for Pds5 binding, terminating shortly before the N-terminal Separase cleavage
site (Haering et al., 2002, Chan et al., 2013, Burmann et al., 2013. Gligoris et al., 2014).
Initial purification of a Pds5T-NScc1**°® yielded a pure complex which migrates close to

the exclusion volume of a 24ml s200 column (figure 21 a, b).

To explore the nature of the putative Pds5, Sccl, and Wapl sub-assemblies described
in the literature, | subjected these proteins to analytical size-exclusion under buffer
conditions essentially identical to those reported previously. The gel-filtration traces
from these experiments did not support the existence of a ternary assembly between
these proteins, nor of binary Pds5-Wapl complexes, as no appreciable changes in the
elution profiles of these proteins are detected upon mixing (figure 21a, b), consistent
with the pulldown experiments from figure 20a.
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3.3.9. Identification of a Pds5T-Sccl subcomplex

In parallel with efforts to improve apo-Pds5T crystal diffraction, | sought to isolate

liganded forms of Pds5. Following limited proteolysis and mass-spectroscopy, the Sccl

construct was refined to a 5kDa Pds5-binding domain.
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For this objective, | subjected the Pds5T-PScclM complex to limited proteolysis by
chymotrypsin and passed this material over a size-exclusion column, in order to isolate
potential co-migrating subdomains of each protein. The result was a single peak (figure

23a) which contained two bands corresponding to Pds5, Pds5T and Pds5Y®°,

as
shown by acid hydrolysis and intact MS (figure 22b, c), and a series of small peptides
which run below the 10kDa protein marker. Given their small size, | hypothesised that
these fragments probably corresponded to peptides which co-migrated with the larger
proteins at this position due to complex formation; however they proved to be
prohibitively small for analysis by acid hydrolysis. Thus, during analysis of intact masses
from MS, we isolated these smaller masses and subjected them to on-machine
fragmentation and further MS (MS/MS) to ascertain their identity. Of these fragments,
de novo amino-acid sequencing of fragments resulting from MS/MS of a 5065Da
peptide indicated the presence of a co-eluting subdomain of Sccl (Joanna Kirkpatrick,
personal communication). Collation of this mass with predicted chymotryptic cleavage
sites resulted in the unambiguous assignment of the fragment as Sccl1'***° Co-
expression of this Sccl construct with the Pds5 crystallisation construct allowed me to
isolate a binary complex which crystallises robustly. To exclude the possibility that the

initial NScc111%8

construct design might have led to the omission of key residues in
elements of Sccl further toward the C terminus, | repeated the limited proteolysis
experiment using Pds5T-Sccl complexes with C-terminal extensions, the furthest tested

11—251

being NScc , Which terminates shortly in advance of the second Separase cleavage

site, and obtained similar results (not shown).

As | was also presented with a novel construct of Pds5, | cloned and attempted to purify
this protein, however it displayed poor expression and solubility, similar to T4. During
the course of the MS/MS experiments, peptides corresponding to the region of Pds5
between the Pds5T and Pds5'°* were also detected, and so deletion of these

intervening amino acids most likely results in structural destabilisation of the protein.
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3.4. The structural basis of Pds5 recruitment to cohesin

The following chapter describes work which was undertaken as a collaborative effort. In
vivo characterisation of the Pds5T-Sccl structure we obtained was performed by Marc
Kschonsak, Jutta Metz, and Christian Haring. The results are included here to highlight
the biological significance of the biochemical and biophysical characterisation |
undertook during my thesis work.

3.4.1. Structure of the Pds5T-Sccl complex
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Figure 23 | Structure of the Pds5-Sccl complex. (a) Domain architecture of Pds5 and Sccl.
Regions involved in complex formation are indicated. (b) A ribbon view of Pds5 structure with
the HEAT repeats R1-R10 labelled. Pds5 is shown in magenta and Sccl in green. (¢) Surface
rendered view of the Pds5-Sccl interface. Select Sccl residues are indicated (d) View of
interactions between Pds5 and Sccl. Select Pds5 residues are labeled. Nitrogen and oxygen
atoms are shown in blue and red, respectively. Sccl backbone atoms are coloured in green and
sidechain carbon atoms in yellow. Pds5 sidechain carbon atoms are in grey. (e) Hypothetical
model of the quaternary Smcl-Smc3-Sccl-Pds5, (coloured red, blue, green, and magenta
respectively) complex containing available structural data (PDB codes 1W1W, 4UX3, this
study). A flexible linker comprising amino acid residues 103-125 of Sccl (dotted green line)
separates Pds5 from the N—terminal fragment (1-102) of Sccl bound to the Smc3Hd.

Budding yeast Pds5 is a 1,277 amino acid residue protein predicted to contain a HEAT
(Huntington, EF3, PP2A, TOR1) repeat domain and a highly charged C-terminal region
(Figure 23a). Sccl is a 566 amino acid residue protein that contains binding sites for the
cohesin Smc3 and Smcl subunits in its conserved N- and C-terminal domains. Two
Separase cleavage sites are located in the center of the protein and are flanked by
Pds5 and Scc3 binding sites. To derive further insight into the function of Pds5 and the
molecular basis of its interaction with Sccl, | employed limited proteolysis to identify a

crystallisable Pds5-Sccl cohesin subcomplex, as described in section 3.5.
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Figure 24 | Biochemical analysis of Pds5T and Pds5T-Sccl. (a) Proteolytic fragments of

Pds5 and Sccl were cloned expressed and co-purified. Mass spectroscopy shows the integrity
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of the expressed constructs. (b) Size exclusion chromatography of Pds5T and of the Pds5T-

Sccl complex.

Mass spectrometry revealed that an N-terminal fragment of Pds5 (Pds5T; residues 1-
701) is sufficient for complex formation with a fragment of Sccl (residues 116-159)
(figure 22; figure 24a). Expression of these proteins in Escherichia coli facilitated the
purification and crystallisation of Pds5T in isolation, and of the Pds5T—-Sccl complex
(Figure 24b). While crystals obtained of Pds5T in isolation only diffracted to a minimum
Bragg spacing of 6.0 A, the Pds5T—Sccl complex diffracted to 2.9 A. Diffraction data
collected from selenomethionine—substituted derivatives of these crystals enabled the
determination of initial phases by single wavelength anomalous diffraction (SAD) and
the generation of an incomplete model, built into a 3.4 A resolution map. This model
was then employed in phasing the higher resolution data by molecular replacement and
to build a final model containing residues 3-610 and 623—-697 of Pds5 and residues
126-142 of Sccl (Table 1, appendix).

As predicted from the amino acid sequence, Pds5T consists of tandem HEAT repeats
(designated R1-10) which together form a superhelical array. A segment containing an
extended loop interrupts the solenoid, such that HEAT repeats R4 and R5 are apposed
in a perpendicular fashion. Thus, the HEAT repeats are segregated into two major
subdomains: R1-R4 and R5-R10 (Figure 23b). Towards the C terminus, the solenoid is
interrupted by a 6 a-helix platform that serves as a scaffold for Sccl binding. Residues
126-142 of Sccl form an extended coil that binds along the outer surface of Pds5T,
such that its C—terminal end progresses toward the C terminus of Pds5 and terminates
along the 6 a-helix scaffold, perpendicular to the main axis of Pds5 (Figure 23b). To
validate the register and binding orientation of Sccl, we mutated residue L128 in our
Sccl construct to methionine and produced crystals of selenomethionine—substituted
Pds5T-Sccl. An anomalous difference map revealed an additional peak at the

expected position and therefore unambiguously confirmed the binding register (Figure
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25a). Calculation of an |Fo|-|Fc| omit map generates positive density for the Sccl chain
(Figure 25b).

Apo-Pds5T vs Pds5T-Scc1. (RMSD ~ 0.36A)

Figure 25 | Validation of the Sccl register and structural analysis of Pds5 (a) Anomalous
difference map of a selenomethionine—substituted crystal containing the mutation Scc1“***™. (b)
Electron density for Scc1 from an |Fo|-|Fc| omit map contoured to1.50 (shown as a blue mesh)

(c) Structural superimposition of apo (grey) and Sccl-bound Pds5T (violet).

The extended conformation of Sccl depends on its contacts with the surrounding
Pds5T and so this domain is likely to be unstructured in the absence of its partner. In

contrast, Pds5T does not undergo major conformational changes upon binding to Sccl:
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our 5.8 A crystal structure of Pds5T in isolation retains an identical conformation to that
observed for the Pds5T—-Sccl complex, despite a different crystal packing environment
(Ca root mean square deviation = 0.36 A?; Figure 25c). Engagement of this domain of
Sccl positions Pds5 in close proximity to the Smc1-Smc3 head complex (Figure 23e),
as the Smc3 and Pds5 binding regions of Sccl, Sccll-102 and Sccll26-142
respectively, are separated by only 24 amino-acids. Such close positioning of Pds5 to
the Smcl1-Smc3 head complex may potentially of be consequence in regulating the
closure of the Scc1-Smc3 interface (Chan et al., 2012, Buheitel and Stemmann, 2013,
Eichinger et al., 2013, Gligoris et al., 2014, Huis in 't Veld et al., 2014).

Sccl interacts with Pds5 predominantly through a tridentate projection of hydrophobic
residues into three cognate hydrophobic pockets, the first two of which sit astride a salt
bridge formed between conserved residues on both proteins. These interfaces are
additionally interspersed by and reinforced with electrostatic interactions. The first

5“9 accommodates Sccl''?® (Figure 23c).

hydrophobic pocket, including Pds
Backbone contacts of Pds5™*% further stabilise this interaction (Figure 23d). Further
toward the C terminus, Pds5R408 together with Pds5K500 participate in electrostatic
interactions with Scc1D130. The second hydrophobic pocket is the most substantial and
robustly anchors Pds5 to Sccl. Additional contacts occur between ScclV132 and
Pds5Y458. Electrostatic interactions between ScclT133 and ScclE136 curve the
peptide and loop the intervening sequence, such that residues ScclV137 and
Sccll138 project deeply into the hydrophobic pocket lined by Pds5Y457, Pds5Y458
and Pds5I459. The third hydrophobic pocket, delimited by Pds5I515 and abutted by

Pds5W553, accommodates Scc1T140 (Figure 23d).
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3.4.2. Conservation of the Pds5-Sccl interface
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Figure 26 | Surface conservation of Pds5 and Sccl. (a) The region of Pds5 around the Sccl
binding interface is shown and coloured according to sequence conservation. Highly conserved
residues of Pds5 are indicated. (b) Sequence conservation of Sccl is mapped onto the structure
and Pds5 is shown in grey. Sccl residues are shown as sticks and highly conserved Sccl
residues are indicated. (c) Surface residue conservation of Pds5 (left) including a 180° rotation
(right). The conserved Sccl binding site on Pds5 is part of a larger conserved spine that flows
from the N terminus of Pds5. Residues in the conserved spine that were analysed are indicated
in black. Previously published surface-located ecol-1 suppressor mutants are shown in blue (d)
Alignment of Sccl amino acid sequences. (e) Alignment of Pds5 amino acid sequences.

To investigate conserved surface features, which may themselves correspond to
conserved functional elements, sequence alignments for Pds5T and Sccl were
compiled and amino acid conservation mapped onto the structure. Amino acid residues
of Pds5T buried in the heterodimerisation interface are usually conserved, whilst
conservation of residues not engaged in the interface is divergent (Figure 26a, c, e).
Similarly, Sccl residues facing the interface are also well conserved (Figure 26b, d). In
particular, the chemical properties of residues in the second hydrophobic pocket are
highly conserved in divergent eukaryotes, ranging from yeasts to humans (Figure 27).
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Figure 27 | Sequence conservation of Pds5 and Sccl. (a) Sequence conservation of Pds5
across eukaryotes. Residues in the second hydrophobic pocket are indicated with an *. (b)
Sequence conservation of Sccl. Residues important for Pds5 binding are indicated with an *.
Conserved residues are shown in violet. Secondary structure is displayed above the

corresponding primary sequence.

Thus, it is likely that the same interface is also relevant for Pds5 and Sccl function in
organisms whose genomes encode orthologous proteins. Furthermore, the conserved
Sccl binding site on Pds5 is part of a larger conserved surface spine that extends
towards the N terminus of Pds5 (Figure 26c¢), which suggests that this region of Pds5

might also be required for other aspects of cohesin function.
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3.4.3. Analysis of the Pds5-Sccl interface
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Figure 28 | Interaction of Pds5T with Smc3hd-NSccl. (a) His-tagged Smc3hd-NSccl was
used to pulldown the indicated Pds5T mutants. (b) The Smc3hd-NScc1V*¥"¢M38¢ mytant (lanes
1, 2) or Smc3hd-NSccl wild-type (lanes 3, 4) was used to pulldown wild-type Pds5T. Controls
for Pds5T are shown in lanes 5, 6 and for Smc3Hd-NSccl in lanes 7, 8. M: Marker; I: Input; B:
Bound.

Purification of the Pds5-binding domain of Sccl in isolation proved intractable, thus to
establish the relevance of the assembly described in our structure, we performed
pulldown assays of Pds5T against a binary complex of the Smc3 head (Smc3Hd) and
an N-terminal region of Sccl encompassing binding sites for both of the larger proteins
(NSccl; amino acid residues 1-159; C-terminal 6xHistidine tag). We found that the
mutation of conserved residues in the Sccl binding domain of Pds5, including
Pd55R408D, PdS5Y457D, Pd35Y458A, Pd35Y458E, Pd55Y457A/Y458A, Pd85Y458D/Y458E and
Pds5'*°% greatly reduced binding to the Smc3Hd—NSccl complex (Figure 28a). Other

mutations in the interface, including Pds5"°°F, Pds5*°°"" and Pds5"°%***, reduced but
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did not fully abolish binding. Whereas the Pds5'*"* and Pds5™** mutants exhibit
essentially wild—type binding.
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Figure 29 | Size exclusion chromatography of Pds5 mutants. Mutations are located on the
surface and do not impact the structural integrity of Pds5T. Gel filtration traces are coloured and

annotated according to Pds5 variant.

All mutations analysed are located on the surface of Pds5T and do not interfere with
protein stability, as judged by size exclusion chromatography (Figure 29). Any impact of
these mutations on Sccl binding is therefore attributable to the perturbation of specific
interactions, rather than to any consequent destabilisation of protein folding. Consistent
with a previous in vivo study (Chan et al., 2013), simultaneous mutation of

1V137G/L13SG

Scc abolished binding of Pds5T (Figure 28b), confirming that the integrity of

this hydrophobic interaction is pivotal to their association.
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To test whether the newly revealed Pds5—-Sccl interface is essential for cohesin
function, we firstly investigated whether mutant versions of Pds5 or Sccl that perturb

the Pds5-Sccl interaction have any impact on cell viability.
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Figure 30 | Complementation analyses of Pds5 and Sccl mutants. (a) Diploid PDS5/Apds5

yeast cells expressing an ectopic copy of wild—type or mutant Pds5-PK6 were sporulated,
tetrad—dissected, and analysed after 48h at 30°C. Three representative tetrads are shown for
each mutant. Cells containing the ectopic copy of Pds5 over Apds5 are circled. (b) Analysis of
wild-type or mutant Sccl-HA¢ as in (a). Due to genetic linkage between the TRP1 locus, where
the ectopic copy of Sccl integrates, and the endogenous SCC1 locus, only cells that integrated

the ectopic copy of Sccl on the Ascc? chromosome were analysed.

In concordance with the pulldown experiments, mutations in Pds5 that disrupted binding

of Pds5T to Smc3Hd-NSccl, including Pds574%®P, pds5Y%"P Pds5"4°%* pds5Y4*%E,
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Pds5V4S8AYVASEA - pg5Y4SBDIVASEE BygElSE  (Figure  28a), and the triple mutant
Pds5Y458AV4S8ANMA failed to complement deletion of the essential PDS5 gene, and
resulted in cell death (Figure 30a). Mutations that reduced binding of Pds5T to
Smc3Hd-NSccl, including Pds5*°%F and Pds5">*** (Figure 28a), confer an impairment
in cell growth that is approximately proportionate to the weakening of binding strength
observed in vitro (Figure 30a).

A lower resolution Pds5T-Sccl structure features an extension of Sccl not present in

W
5 533

the electron density of the original crystal which reveals that Pds also interacts with

1L143

Scc , and may provide further explanation for the severity of phenotypes observed

for this mutant (Figure 31).

Additional residues
of Scc1

Figure 31 | Structure of Pds5T with extended Sccl. Structure of Pds5T-Sccl at 3.7 A
reveals a further 4 C—terminal Pds5-interacting residues of Sccl.

Finally, mutations that had little to no discernable influence on the interaction of Pds5T
with Smc3Hd-Sccl in vitro, including Pds5"*™, Pds5**°"" and Pds57°'** (Figures 28a
and 30a), did not notably alter cell growth.

Conversely, as anticipated, mutations in Sccl that interfere with Pds5 binding, including
Scc1V®% and Scc1VBCM3BC (Figure 30b)(Chan et al., 2013), failed to complement

deletion of the essential SCC1 gene while the individual mutation of these two residues

1Vl37D 1L138K

to Scc and Scc conferred a considerable reduction in cell growth (Figure

1V137G

30b). In contrast, neither a single Scc mutation nor the individual mutation of
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11280 and Scc1PXR, had any observable impact on cell

neighboring residues, Scc
growth. As all mutant proteins were expressed at equivalent levels to their wild—type
counterparts, these results are not a consequence of aberrant protein expression, but
instead are specifically attributable to the loss of critical Pds5 and Sccl functionality

(Figure 32).
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Figure 32 | Expression controls for Pds5 and Sccl in Yeast. (a) Western blotting of yeast
cell extracts (strains C4307-C4328) against the C-terminal PK6 epitope showed that Pds5
mutants were expressed at levels comparable to wild-type Pds5. (b) Western blotting of yeast
cell extracts (strains C4329-C4336) against the C-terminal HA6 epitope confirmed that Sccl

mutants were expressed at levels comparable to wild-type Sccl.

We conclude that, as diminished binding affinity observed in vitro directly correlates with
reduced cell growth, the Pds5-Sccl interface identified in our crystal structure is a
necessary requirement for cohesin function in vivo.

To assess the functional importance of the conserved surface spine (Figure 26c¢), we
mutated a series of residues along its length (Pds5”% ° R pds5*9R pds5Pi4R
Pds55'%R and Pds57%"*F, as shown in Figure 26c). However, despite their high
conservation, individual mutations within this spine have no apparent effect on cell

growth (Figure 30a).
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Figure 33 | Ecol-1 suppressor mutants. (a) Ecol-1 suppressor mutants mapped onto the
Pds5T structure. (b) Ecol-1 suppressor mutations mapped onto the Pds5 sequence.

Previous reports identified a series of mutations in the N—terminal region of Pds5 which
suppress inactivation of the temperature sensitive ecol-1 allele in yeast (Rowland et al.,
2009, Sutani et al., 2009). Of the surface—exposed suppressor mutations the majority,
encapsulating Pds5"%P o P pds5P89S " Q o' L gnd pds5™!T cluster around the highly
conserved Pds5°%, suggesting that the surrounding negatively charged patch might
function predominantly in the control of Pds5—mediated cohesin release activity (Figure
33). In contrast, other reported suppressor mutations such as Pds5%%'R, Pds5%*P and
Pds55'%"  are likely to disrupt stable packing of local HEAT-repeats, as they affect
buried residues. Suppressor mutations have also been reported in residues Pds57°8,
Pds5°°%° and Pds55°% (Rowland et al., 2009, Sutani et al., 2009). As Pds5™°"® forms a
salt-bridge with Pds55°% to stabilize association of two a- helices, it is probable that
mutation of these residues would also lead to local structural perturbation of Pds5. The

mechanistic basis for how such mutations might rescue inactivation of the temperature
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sensitive ecol-1 allele remains unclear, however the observation that a large fraction of
suppressor mutants are situated within or close to the conserved surface of Pdsb5
suggests that these elements of Pds5 might somehow function in regulating cohesin

release.

3.4.4. Pds5-Sccl interface mutants are defective in sister chromatid cohesion

As Pds5 is an essential component of the cohesin complex, we expected that disruption
of the Pds5-Sccl interaction would result defective sister chromatid cohesion. Hence,
we first investigated whether mutations in Pds5 that disrupt the interaction with Sccl in

vitro also do so within the context of the native yeast cohesin complex.
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Figure 34 | Cohesin binding mutants of Pds5 fail to maintain sister chromatid cohesion.
(@) Co-immunoprecipitation of Sccl-HAs from whole cell extracts of asynchronous yeast
cultures expressing ectopic copies of the indicated Pds5—PKg variants (wild-type, and mutants)
IN (input), UN (unbound) and B (bound, 17x relative to input for Pds5, 42.5x% for Sccl) fractions.
(b) Sister chromatid cohesion was assayed in cells expressing wild—type or mutant Pds5-PK6
in a pds5-101 temperature—sensitive background. Cells were arrested in metaphase by Cdc20
depletion, shifted to the restrictive temperature and released. The fraction of cells with split
sister chromatids at time points after shifting to the restrictive temperature was determined for
>100 cells per time point and strain. Mean values (xmax/min) of two independent repeats per
mutant are plotted.

Co—immunoprecipitation of Pds5 mutants that affect the salt—bridge (Pds57*%®,
Pds5*°°%) and hydrophobic interactions (Pds5Y**"P'Y4%8E  pds55%Ey with HA-tagged
Sccl produced phenotypes consistent with the in vitro pull-down assays (Figure 34a).
Whereas Pds574%P pds5"4°"P4%8E gnd pds5'° abolished any appreciable association
of Pds5 with cohesin in this assay, Pds5%°°F retained a modest capacity to bind
cohesin. As disruption of single residues in the Pds5-Sccl interface appears to be
sufficient to abolish Pds5 recruitment in the context of the yeast holocomplex in vivo and
in the context of the Smc3Hd-NSccl complex in vitro, we are led to conclude that robust
interactions between Pds5 and cohesin appear to be exclusively mediated through the
Pds5-Sccl interface described in our structure. Our experiments therefore suggest that

this interface is necessary and sufficient for Pds5 recruitment to cohesin
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Figure 35 | Pds5 expression and cell cycle arrest. (a) Western blotting of whole cell extracts
against a C-terminal PK6 tag showed comparable expression levels between of wild—type and
mutant Pds5 proteins (strains C4381-C4385). (b) FACScan analysis of DNA content of yeast
cells (as in (a)) that were arrested by Cdc20 depletion at the permissive temperature of 25°C,
and released from arrest at the restrictive temperature of 35°C. Indicated time points are relative

to the time of release (t = 0).

In order to investigate the influence of Pds5 mutations on sister chromatid cohesion, we
expressed Pds5 variants, including the wild—type and interface mutants, from an ectopic
copy in a pds5-101 temperature—sensitive strain and evaluated the competence of
these cells to maintain cohesion (Figure 34a) (Panizza et al., 2000). It is important to
note that this strain expresses tetracycline repressor—GFP fusions which bind to
multiple tandem tet operators inserted in the URA3 locus (Michaelis et al., 1997) and
enable visualisation of inter-sister distances close to the centromere. Thus levels of
sister chromatid cohesion in these cells can be monitored by wide-field microscopy. We

arrested cells containing wild—type or interface mutant Pds5 in metaphase by depletion
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of Cdc20, which otherwise permits cell cycle progression by activating the anaphase
promoting complex (Figures 34b & 35b) and then inactivated pds5-101 by shifting cells
to the restrictive temperature(Panizza et al., 2000). Whereas cells expressing ectopic
copies of wild—type Pds5 retained sister chromatid cohesion, cells that expressed any of
the mutant Pds5 versions rapidly lost cohesion, as was apparent by the appearance of
‘split’” GFP spots (Figure 34b). Notably, loss of cohesion was slightly less severe for the
Pds5%°%°F mutant, which maintains residual viability and binding to Sccl, compared to
Pds5R4%8P pds5Y4'PY4SEE gnd  Pds5*%F, which fail entirely to bind Sccl. These
phenotypes are clearly attributable to the mutation of specific Pds5 residues, as
expression levels of wild—type and mutant Pds5 do not detectably differ (Figure 35a).
Collectively, these data demonstrate that the inviability of Pds5-Sccl interface mutants
arises from the inability of the mutant Pds5 proteins to interact with cohesin, and their
consequent failure to functionally contribute to sister chromatid cohesion. We therefore
conclude that the interface described in the Pds5—Sccl crystal structure is fundamental
to Pds5 recruitment to cohesin in vivo and is thus essential for the correct execution of

sister chromatid cohesion.

3.4.5. A structural model of the Pds5-Smc3-Sccl complex

Multiple roles have been ascribed to Pds5 in the regulation of the cohesin complex. In
addition to promoting cohesion, Pds5 also participates in the removal of cohesin from
chromatin, apparently by interacting with the dissociation factor Wapl (Losada et al.,
2005, Kueng et al., 2006, Rowland et al., 2009, Shintomi and Hirano, 2009, Sutani et
al., 2009, Nishiyama et al., 2010, Chan et al., 2012). Acetylation of Smc3K!?K13 py
Ecol is a key determinant of sister chromatid cohesion, and is thought to interfere with
this cohesin release function of Pds5 (Rowland et al., 2009, Chan et al., 2012). Our
structure shows that Pds5 binds in close proximity to the Smc3-Sccl interface (Figure
24e), therefore it is possible that Pds5 might somehow monitor the acetylation status of
cohesin and regulate opening or closure of the ring by directly engaging the Smc3-Sccl
interface (Chan et al., 2012).
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Figure 36 | SAXS analysis of the Pds5T-Smc3hd-NSccl complex. (a) Size—exclusion
chromatography profiles for Pds5T, Pds5T-NSccl and the Pds5T— Smc3Hd-NSccl complex.
Fractions from each run were analysed by SDS-PAGE. Coomassie stained bands
corresponding to each protein are indicated. Gels were cropped to show the relevant sections.
(b) Experimental SAXS profile (log intensities calculated as a function of momentum transfer) for
the Pds5T— Smc3Hd-NSccl complex is shown (black) and the fitted curve (red) obtained using
CORAL. The Guinier region is inset. Points 10-25 were used for analysis and showed an s*Rg
= 1.06 (values < 1.3 indicate good quality data). (c) Structural model of the Pds5T— Smc3Hd—
NSccl complex generated from SAXS data. Pds5 (magenta), Smc3 (blue), Sccl (green).

Unstructured amino acid residues are displayed as dummy atoms. The region of Smc3
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containing the residues K112/K113 acetylated by Ecol are highlighted. (d) Distance distribution

function.

To investigate this possibility, we isolated a ternary complex comprised of Pds5T—
Smc3Hd-NSccl (Figure 36a), and sought to characterize this assembly in solution by
small angle X-ray scattering (SAXS; Figure 36b-d).

To reduce confounding inter—patrticle interference and aggregation effects, we collected
scattering data using an in—line size exclusion chromatography system (Pernot et al.,
2013). The scattering profile showed no aggregation and a linear Guinier range,
indicative of well-behaved, monodisperse sample (Figure 36b and inset). From these
data, we obtained a radius of gyration (Ry) of 56 + 0.5A. The distance distribution
function p(r) displayed a skewed shape characteristic for elongated particles with a
maximum diameter (Dpmax) Of 198 + 10A (Figure 37d). As structural models for almost
the entire complex except the Scc1®**% linker were available, we evaluated the
scattering curves by rigid body modeling using the atomic models for Smc3Hd—Scc1'™
192 and Pds5T-Scc1'?°? and modeled the missing amino acid residues, including the
Scc1'®*2 Jinker, using Coral (Petoukhov et al., 2012). The resultant model of the
ternary complex conforms very well (y?= 1.27) to the SAXS data (Figure 37b) While we
cannot exclude that other missing parts of the proteins engage in direct interactions, the
model suggests at least a limited degree of conformational flexibility. In agreement with
biochemical and cell biological analyses demonstrating that Pds5 is recruited to cohesin
exclusively through Sccl, these data reveal that the conserved surface of Pds5T does
not stably engage the Smc3Hd domain (Figure 36c).
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Discussion
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Résumeée en francais

La structure de Pds5 avec une résolution quasi atomique, dans un complexe avec son
partenaire de liaison Sccl, sera d'une grande importance pour révéler les événements
moléculaires qui se produisent lors de I'entrée de I'ADN et la sortie des anneaux de
cohésine. Bien que les mécanismes exacts de I'ouverture du portail restent flous, nos
expériences avec des préparations de protéines, structurellement et biophysiquement
bien caractérisés, excluent la proposition que Pds5 recrute simplement Wapl pour
dégager l'interface Smc3-Sccl. Nous avons identifié des éléments conservés sur la
surface de Pds5 qui sont en corrélation étroite avec les positions des mutants
suppresseurs qui sont sensés empécher l'ouverture des anneaux de cohésine en
I'absence de l'acétylation de Smc3. Ces caractéristiques pourraient donc permettre a
Pds5 de coopérer avec d'autres facteurs. Ainsi, cette nouvelle structure offre un jalon
important pour la poursuite de la dissection du réle que Pds5 pourrait jouer dans la
fonction avec la cohésine. En résumé, ce travaill donne un apercu détaillé
structurellement dans la fonction Pds5 ainsi que Sccl et établit un cadre pour étudier
plus précisément les détails moléculaires dans la fagon dont Pds5 coopere avec
d'autres facteurs pour exécuter la régulation dynamique de l'ouverture du cercle de
cohésine. La structure de Pds5-Sccl, ainsi que des structures précédemment publiées
d’autres sous-unités de cohésine, permettra maintenant de progresser dans la
compréhension des questions mécanistes qui peuvent étre abordées. Cela se traduira,
a terme, par un modele moléculaire détaillée de la fonction et la régulation de la famille

des cohésines.
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At the inception of this thesis, structural and biochemical information pertaining to the
cohesin complex and its regulation was extremely limited. However, the field has
advanced at an impressive pace. All three heterotypic interfaces of the core cohesin
ring have now been described in molecular detail, and are strongly in support of the
notion that this complex functions as a large ring to entrap DNA. Concurrent cell
biological evidence arose to implicate the opening and closure of the Smc3-Sccl
interface as being central to the regulation of dynamic and cohesive populations of
cohesin.

In parallel, the structures of Scc3 bound to Sccl, and of the WapIC domain in isolation
have advanced our understanding of how the stability of cohesin on chromatin might be
regulated by revealing the nature of their conserved functional surfaces. Finally, the
partial structure of the Scc2-Scc4 loader complex has lent insight into how cohesin is

targeted to chromatin.

Thus the work presented in this thesis consequently completes this complement of, at

least partial, structural information corresponding to regulators of cohesin.

Pds5 is a highly conserved regulator of cohesin function that has multiple roles in sister
chromatid cohesion. Paradoxically, Pds5 not only participates in the establishment and
maintenance of cohesion, but also collaborates with Wapl and Scc3 to promote the
release of cohesin from chromatin in (Panizza et al., 2000, Hartman et al., 2000, Vaur et
al., 2012). To advance our understanding of the multiple functions associated with
Pds5, we have determined the structure of Pds5 in complex with a fragment of Sccl.
Our structure comprises a large N—terminal fragment of Pds5, including regions that
have been previously shown to be critical for Pds5 function (Sutani et al., 2009,
Rowland et al., 2009) and a segment of Sccl that is required for the interaction of Pds5
with cohesin (Chan et al.,, 2013). Through a series of biochemical and in vivo
experiments, we found that the disruption of key features of the Pds5-Sccl interface
revealed by the structure abolishes Pds5 recruitment to cohesin. We further establish
that the minimal Pds5-Sccl interface is necessary and sufficient for the interaction

between the two proteins, and is critical for sister chromatid cohesion, as its disruption
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cannot be rescued by other components of the cohesin apparatus.

4.1. A Conserved Interaction Surface Mediates Pds5 Recruitment to Cohesin

Whereas the requirement for Pds5 in sister chromatid cohesion is well established, it
has remained controversial in which stages of the cohesin cycle it participates. Early
experiments pointed towards a model in which Pds5 is uniquely required for
maintenance of cohesion, but not its establishment (Hartman et al., 2000, Stead et al.,
2003). Initial observations suggested that the interaction of Pds5 with human cohesin is
salt sensitive, thus it was proposed that Pds5 might therefore constitute a transiently
bound regulatory factor, rather than a bona fide cohesin subunit (Sumara et al., 2000,
Losada et al., 2005, Kueng et al., 2006, Gandhi et al., 2006) However, it was recently
reported that Pds5 both promotes Smc3 acetylation and antagonizes its deacetylation,
and thereby contributes to the establishment and maintenance of cohesion (Chan et al.,
2013, Vaur et al., 2012).

Furthermore, as the simultaneous deletion of both Pds5 isoforms in mice is lethal, it is
highly likely that Pds5 function is also essential in vertebrates (Carretero et al., 2013).
Therefore, there is an increasing body of evidence to suggest that, from yeast to
humans, Pds5, like the other cohesin core components, is essential to both
establishment and maintenance of cohesion (Panizza et al., 2000, Hartman et al., 2000,
Losada et al., 2005, Vaur et al., 2012, Carretero et al., 2013).

We observed a strong correlation between the strength of the Pds5-Sccl interaction,
cell viability and sister chromatid cohesion. Mutations such as Pds5*°°F and Pds5"/>3%,
which reduced but did not fully abolish binding, led to considerably reduced cell growth.
Whilst our cohesion assay specifically addresses maintenance, but not establishment,
of cohesion, the direct correlation between binding strength, cell viability and sister
chromatid cohesion reported in this study, leads us to propose that Pds5 is an integral
cohesin subunit. As the Pds5-Sccl complex investigated herein remains associated
under stringent conditions, we conclude that Pds5, in all probability, is continuously and
stoichiometrically bound to the cohesin complex throughout the cell cycle. We therefore
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suggest that Pds5, like Scc3, should be considered a core subunit of the cohesin

complex rather than a mere regulator of its function.

The Pds5-Sccl interface is highly conserved across diverse eukaryotes. We would
suggest therefore that the mechanism of recruitment we describe here is a general and
necessary feature of cohesin function in all organisms containing Pds5. Differences in
phenotypes observed upon disruption of Pds5 in Schizosaccharomyces pombe might
reflect divergent modes of cohesion establishment and maintenance in this organism,
as experimentally extended arrest of such cells in G2/M induces sister chromatid
separation and cell death (Tanaka et al., 2001, Vaur et al., 2012).

4.2. Role of Pds5 in Regulating the Smc3-Sccl Interface

Not only does Pds5 contribute to the establishment and maintenance of cohesion,
conversely, Pds5 also controls the release of cohesin from chromatin in collaboration
with Wapl and Scc3 (Sutani et al.,, 2009, Rowland et al., 2009, Gandhi et al., 2006,
Shintomi and Hirano, 2009, Chan et al., 2013). As Pds5 binds in close proximity to the
Smc3Hd, one might envision that it could control Smc3 acetylation, and thus the stable

closure of the cohesin ring, by binding directly to the region surrounding Smc3"**#113,

C-terminus

Suppressor
mutants

N-terminus
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Figure 37 | Electrostatic surface potential of Pds5. Regions of positive and negative
electrostatic potential are shown in blue and red from +3 to -3 V calculated with APBS and
rendered using Pymol. The acidic patch showing the region where suppressor mutants are

localised is indicated.

Calculation of the electrostatic surface potential shows that the conserved N—terminal
region of Pds5 is highly negatively charged (Figure 38). It is therefore conceivable that
this region of Pds5 monitors the lysine acetylation status of Smc3Hd. However, we
found no evidence that Pds5 binds directly to the Smc3Hd while also bound to Sccl,
and ablation of key residues on Pds5 and Sccl alone is sufficient to preclude assembly
of this ternary complex in vitro and in vivo. The SAXS data further suggest that, at least
in the absence of acetylation, Pds5 is directed away from and does not engage the
Smc3Hd directly.
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Figure 38 | Biochemical analysis of Wapl binding. (a) Size exclusion chromatography
showing that full-length monodisperse Wapl does not interact directly with Pds5T. Below:

samples from fractions across the chromatograms were analysed by SDS-PAGE. (b) Wapl does
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not interact with full-length Pds5 or Pds5T. SDS-PAGE gel showing a pulldown of Pds5 full-
length (lanes 1+2) or Pds5T (lanes 3+4) by full-length GST-Wapl. (c) Wapl does not interact
with the ternary Pds5T-Smc3hd-NSccl complex. SDS-PAGE gel showing a pulldown of the
Pds5T-Smc3hd-NSccl ternary complex with increasing amounts of full-length GST-Wapl. |
(Input), B (Bound), (M) Marker.

Several studies have shown that Wapl directly interacts with Pds5 to execute the
removal of cohesin from chromatin (Sutani et al., 2009, Rowland et al., 2009, Shintomi
and Hirano, 2009). Such an interaction was proposed to occur through the conserved
N-terminal domain of Pds5, as suppressor mutations in this region abolish co-
localisation of Wapl and Cohesin in vivo (Chan et al.,, 2012). Hence, one possibility
might be that the N terminus of Pds5 positions Wapl in the vicinity of the Smc3-Sccl
interface. However, we were not able to isolate a stable complex between Wapl and
Pds5T or full-length Pds5 using biochemically well-defined protein preparations (Figure
38a, b), nor could we detect persistent interactions between Wapl and the Pds5T—
Smc3Hd-NSccl complex (Figure 38c).

A preponderance of evidence exists to suggest that the binding of Wapl to cohesin is
likely a highly co—operative event, and so the finding that Pds5 does not directly interact
with Wapl in our in vitro assay is not altogether irreconcilable with the notion that they
might still interact functionally in vivo, yet the nature of their collaboration remains
elusive (Huis in 't Veld et al., 2014, Hara et al., 2014, Ouyang et al., 2013, Gandhi et al.,
2006, Shintomi and Hirano, 2009, Kueng et al., 2006).

The structure reveals that Pds5 contains a highly conserved and almost continuous
surface spine that extends from the N terminus of Pds5 towards the Sccl binding
region. The positions of conserved surface residues along this spine correlate with
those of ecol-1 suppressor mutants, and are particularly enriched in a highly negative
patch located in the Pds5 N terminus (Figures 33 & 37) (Chan et al., 2012, Sutani et al.,
2009). Hence, it is possible that this patch might contribute to the efficient
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disengagement of cohesin from chromatin by Pds5, in cooperation with other release
factors such as Wapl. As deletion of Wapl alone is not sufficient to cause inviability in
budding yeast, this may offer an explanation as to why alteration of this conserved spine
does not impair cell growth (Chan et al., 2013, Lopez-Serra et al., 2013, Rowland et al.,
2009, Sutani et al., 2009).

In metazoans, Pds5 is universally conserved and may act, through the conserved spine,
as a crucial and indispensable regulator of the dynamic cellular population of cohesin
and its higher—order transactions with chromatin (Haarhuis et al., 2013, Haarhuis et al.,
2014, Yan et al., 2013). As Pds5 alone is not able to disengage Smc3 and Sccl, it is
likely that this function, appropriately, is restricted to a very specific context in the cell
and may depend on additional factors and biochemical events, such as Wapl and ATP
hydrolysis. Indeed, it could be that the function of Sororin, a Pds5-binding metazoan
cohesion factor, might be to confer an enhancement to cohesion by restricting access
to this ‘releasing’ patch on Pds5, until it is required to participate in cohesin release
during prophase, however this possibility remains to be investigated (Nishiyama et al.,
2010, Nishiyama et al., 2013a).

4.2. The Structural Basis of Pds5 Function and its Recruitment to Cohesin

In agreement with previously published data showing that Pds5 colocalises and turns
over with core cohesin components, and participates in the key functional steps of
cohesion establishment and maintenance, we found that the specific abrogation of
recruitment of Pds5 to cohesin results in a dramatic failure to maintain sister chromatid
cohesion (Panizza et al., 2000, Hartman et al., 2000, Losada et al., 2005, Vaur et al.,
2012, Carretero et al., 2013). Our work demonstrates Pds5 is physically positioned to
act as a critical bifunctional regulator of the closure of the ring at the Smc3-Sccl
interface, and therefore of the stable establishment and maintenance of cohesion and,

conversely, the dynamic release of cohesin. Moreover, the finding that cell survival and
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cohesion maintenance correlate linearly with the extent to which the Pds5-Sccl
interface is disrupted, in support of prior literature (Chan et al., 2013), provides further

evidence that Pds5, where conserved, is a constitutive subunit of the cohesin complex.

Future studies will be required to address at a mechanistic level how Pds5 might
coordinate the transition between the opening and stable closure of the Smc3-Sccl
interface, and how these mechanisms might in turn facilitate different functions of the

cohesin complex.

4.3. A cohesin releasing function at the Smc3-Sccl interface: a revised view of

the non-SMC protein interaction network

Whilst a cohesin release complex is convenient conceptual model, the nature of such
an assembly has remained elusive. The results reported here, in addition to prior
reports, suggest that it is unlikely to exist as a distinct, individual macromolecular
complex, but instead may be an emergent property of the concerted, and perhaps
ephemeral, actions of several factors (Chan et al., 2012, Hara et al., 2014, Huis in 't
Veld et al., 2014, Losada et al., 2005, Nishiyama et al., 2013a, Ouyang et al., 2013,
Rowland et al., 2009, Shintomi and Hirano, 2009).

Full-length Pds5, Scc3, and Wapl are intractable targets for isolation from E.Coli.
Optimisation of these protocols for Pds5 and Wapl led to preparations which were highly
pure, but wherein the proteins still do not migrate on size-exclusion in a manner
consistent with their predicted molecular masses, implying that they harbour some
degree of disorder (figure 14). Therefore, considerable effort was invested into defining
and isolating elements of Scc3 and Pds5 more conducive to rigorous biochemical
characterisation. Subsequently, both a Scc3 core construct, relatively easily identified
through truncation of N- and C-terminal disorder, and an extended truncation of Pds5,
which required more involved protein biochemistry and mass-spectroscopy, and
ultimately led to structure solution, were determined (figures 15-17, 23). As reported in
the literature, these constructs both encompass sequence elements to which Wapl

binding has been attributed (Chan et al., 2012, Roig et al., 2014, Sutani et al., 2009).
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However, despite their well-established functional relationships in the cell, we did not
find any evidence in favour of a direct, robust association between Wapl and its
purported functional partners (figures 20, 21, 38). Considerable inconsistencies and
ambiguities between in vitro and in vivo experiments persist and obfuscate our
imperfect grasp of these processes. Moreover, current models of the yeast system are
predicated on biochemical studies with proteins that do not behave as well-ordered

globular assemblies and so must be interpreted with caution.

It is probable that Pds5 and Scc3 each individually co-ordinate specific aspects of
cohesin regulation, and that these functions are in turn potentially modulated by
transient interactions with Wapl, which shuttles between different cohesin complexes
(Chan et al., 2012, Hara et al., 2014, Ouyang et al., 2013, Rowland et al., 2009). Wapl
has additionally been proposed to interact directly with the Smc3hd domain, however
this result has thus far not proven reproducible (figure 20) (Chatterjee et al., 2013,
Ouyang et al., 2013). Furthermore, the mode of Wapl binding to Smc3 proposed by a
peptide co-crystal structure was confounded somewhat by the recent discovery that this
direct mode of association is irreconcilable with the structure of the globular Smc3 head
(Chatterjee et al., 2013, Gligoris et al., 2014).

Fusion of the Smc3-Sccl interface antagonises Wapl function, hence it is possible that
the accessibility of NSccl and its engagement by Wapl is a key determinant of whether
Cohesin is released from DNA (Eichinger et al., 2013, Buheitel and Stemmann, 2013,
Chan et al., 2012). However, we did not observe any interaction in vitro between Wapl
and NSccl-Pds5T, nor between Wapl and Smc3hd, implying that, if they do associate
under less stringent conditions than those investigated herein, the strength of any such
subcomplexes is probably too weak for Wapl to plausibly compete Sccl from Smc3
(figures 20 & 38). Hence, release appears unlikely to occur via direct displacement of
Smc3 from NSccl by Wapl. The biological logic to disfavour such a mechanism is
obvious, as this would effectively generate constitutively unstable Cohesin complexes,
unable to support cohesion in a manner perhaps comparable to those with weakened
exit gates (Huis in 't Veld et al., 2014).
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Yet, the mutation of select surface residues, which would not obviously lead to structural
perturbation, in Pds5, Scc3, and Smc3 reduces turnover of the cohesin complex in Ecol
deficient cells, so evidently these factors do partake in an intrinsic release pathway
(Chan et al., 2012). Notably, supplementation of Pds5 or Wapl depleted extracts with
recombinantly expressed Pds5 and Wapl is sufficient to permit sister chromatid
resolution, indicating that they may cooperate in the same process (Losada et al.,
2005). The aneuploidy which arises from Pds5 isoform deletion in mice, and Wapl
depletion in humans may thus arise from the abolition of a single releasing function in
which both participate (Carretero et al., 2013, Haarhuis et al., 2013). In Humans, and in
Mice, Wapl is an indispensable regulator of genome architecture, thus, if release does
indeed depend on Pds5, one would anticipate that it too must be involved in controlling
the topology of our genome (Tedeschi et al., 2013, Haarhuis et al., 2013).

If Wapl does indeed engage Pds5 and Scc3 simultaneously, it is tempting to speculate
that, since these factors are situated at opposite sides of Sccl, release function might
somehow entail a contraction of the cohesin complex which brings the heads into close
proximity to promote ATP hydrolysis. However, it is difficult to envisage how such a
process might occur in the absence of stable Wapl-Pds5-Scc3 interactions.

As ATP hydrolysis has been shown to provide sufficient energy to disengage kleisin
proteins from a bacterial SMC complex (Woo et al., 2009), cohesin might exploit a
similar mechanism. However a recent study revealed that ATP hydrolysis alone does
not appear to be sufficient to drive dissociation of cohesin from circular DNA, and so it
could be that the function of these release factors is to translate energy from ATPase
activity into ring opening (Camdere et al., 2015). Accordingly then, Pds5-Scc3-Wapl, in
a manner analogous to the mechanism by which Scc2-4 is proposed to drive opening of
the hinges for the initial entrapment of DNA (Hinshaw et al., 2015, Chao et al., 2015,
Murayama and Uhlmann, 2014, Hu et al., 2011, Arumugam et al., 2003, Weitzer et al.,
2003), might be required to transmit the conformational changes resulting from ATP
hydrolysis to achieve transient opening of the Smc3-Sccl interface. Direction of

functional outcomes of ATP hydrolysis by associated non-SMC subunits might then be
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a general principle of eukaryotic SMC complexes (Arumugam et al., 2003, Chao et al.,
2015, Piazza et al., 2014).

4.4. Toward a molecular model for sister chromatid cohesion

Figure 39 | Toward a molecular model of the cohesin complex. Schematic illustration of
cohesin (left). Hypothetical model of the cohesin complex using existing structural information
(right) with absent sections rendered as cartoons. Smcl-Sccl (red and green; 1IW1W); Smc3-
Smcl hinge complex (blue and red; 2WD5); Scc3-Sccl (aquamarine and green; 4PJW); Smc3-
Sccl (blue and green; 4UX3); Pds5-Sccl (violet and green; this study).

Whereas the identification of acetylated lysines on the ATPase head of Smc3
suggested that this modification might function as a direct switch to modulate the
ATPase activity of cohesin, experimental evidence suggests that this modification does
not detectably influence ATP hydrolysis of the Smc3-Smcl-Sccl trimer in isolation

(Ladurner et al., 2014). Instead, the converse is true: ATPase activity is actually
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required for acetylation. In Metazoans, acetylation is essential yet not sufficient for the
establishment of sister chromatid cohesion, given the additional requirement for Sororin.
Thus it is entirely possible that Smc3 acetylation in itself may simply be a signalling
event to indicate that such cohesin complexes have fulfilled loading and should be

retained on DNA to participate in cohesion.

The Smc3hd only weakly stimulates ATP hydrolysis by Smcl (Arumugam et al., 2006),
thus it also remains to be seen whether Pds5, Scc3, or Wapl can enhance this function,
in a manner comparable to the enhancement in ATP hydrolysis conferred to the
condensin complex by its non-SMC subunits upon binding DNA (Piazza et al., 2014).
The short residence time of Wapl on cohesin, along with the lack of interactions
reported in this thesis disfavour any mechanism of release which requires a stable
Pds5-Wapl assembly; however they do not exclude a transient, catalytic mode of
cohesin disjuncture. Thus, in such a system, Pds5, Scc3 and Sccl might collectively
constitute a composite non-SMC subunit receptor for Wapl, which would in turn provide
the stimulus for ATPase activity of the SMC heads. The function of acetylation then may
be to further weaken the association of Wapl by masking a prospective binding surface
on the Smc3 head, and so reduce the probability of ATP hydrolysis. In its essence, the
most basic model of sister chromatid cohesion may simply entail the enrichment of
cohesin on chromatin. In agreement with this prediction, a number of eukaryotic
organisms, in fact lack the acetyltransferase whilst retaining the other non-SMC proteins
including Pds5 and Wapl, and presumably are able to attain sufficient cohesion through
stochastic processes (Peters and Nishiyama, 2012). However it is clear that from yeast
to humans, efficient sister chromatid cohesion is achieved through the post-translational
control of cohesion-associated regulatory factors (Ben-Shahar et al., 2008, Carretero et
al., 2013, Chan et al., 2013, Hara et al., 2014, Hauf et al., 2005, Hou and Zou, 2005,
Kitajima et al., 2005, Kitajima et al., 2006, Liu et al., 2013b, Nishiyama et al., 2013a,
Unal et al., 2008, Waizenegger et al., 2000, Zhang et al., 2008).

Stable establishment of cohesion from yeast to humans may thus simply be conferred

by rendering a subset of cohesin complexes insensate to release stimuli such as Wapl.
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Moreover, that the prophase pathway should be so heavily reliant on mitotic kinases for
its execution, and that centromeric cohesin might escape this process through
recruitment of a phosphatase, is rather indicative of the existence of a signalling
network which controls cohesion through the regulation of a putative, latent release

function.

Establishment, maintenance and prophase dissolution of cohesion may therefore
operate under the same principle: the control of functional surfaces in the cohesin
complex through their post-translational modification. Whether these post-translational
modifications then induce conformational changes in cohesin or are predicated upon

them remains an open question.

Perhaps one of the most exciting elements of cohesin research is that these questions
are not just conceptual challenges: they also represent significant technical challenges.
Cohesin, as determined by electron microscopy, has an innate propensity toward
conformational pleiotropy that, whilst presumably central to its function, considerably
confounds conventional biophysical approaches. The field has made substantial
advances toward a structural understanding of this complex: the ring model for cohesin
predicted many years ago has now been validated through biochemical and structural
characterisation of the putative ‘gates’ of the complex (Haering and Hochwagen, 2002,
Gruber et al., 2003, Gruber et al., 2006, Gligoris et al., 2014, Huis in 't Veld et al., 2014);
a molecular switch, the acetylation of Smc3, for cohesion has been described (Ben-
Shahar et al., 2008, Unal et al.,, 2008, Zhang et al., 2008); the atomic details of the
major cohesin regulatory factors, Pds5, Scc3, and Wapl, are now available (Chatterjee
et al., 2013, Ouyang et al., 2013, Hara et al., 2014, Roig et al., 2014).

However, considerable questions remain as to the nature of cohesin function. How do
accessory factors execute loading and unloading activities? How might cohesin
accommodate chromatin? Are sister chromatids apportioned to distinct domains of
cohesin, or is their entrapment relatively fluid? What is the architecture of DNA captured
by cohesin? How is the ATPase activity fine-tuned to facilitate seemingly distinct
functional events? Why do there appear to be separable entry and exit gates for DNA?
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Are cohesin complexes engaged in sister chromatid cohesion structurally distinct from

those which are not? How do cohesin complexes actually confer cohesion?

The high conservation of buried elements in the HEAT repeats of Scc3 and Pds5 may
indicate that, in addition to providing interaction surfaces, the structure of these proteins
may in itself be of mechanical significance. Whereas Scc3 occupies a considerable
length of Sccl, and may confer additional strength to the ring, Pds5 is more flexibly
positioned at the Smc3-Sccl interface (Hara et al., 2014, Roig et al., 2014, this study).
Our SAXS experiments support a degree of conformational flexibility (figure 36), and so
it is possible that this may, in the context of the cell, serve a more directed purpose. It
will be of great interest in future to study the topology of Pds5 at this interface, and
whether events such as Smc3 acetylation or Wapl recruitment might manipulate this

protein in order to effect structural alteration of the cohesin ring.

The results produced throughout this thesis work clarify the transactions between
cohesin and its non-SMC regulators at the Smc3-Sccl interface. Furthermore, the
structural, biochemical and cell biological characterisation presented here provides
atomic level insight into Pds5 and Sccl function, and, together with existing structural
models, establishes a framework for investigating further the molecular details of how
these factors collaborate in the orchestration of sister chromatid cohesion. Defining the
states, structures, and interactions, or lack thereof, of the cohesin complex and its
regulators will be critical in the process of iteratively refining our understanding of this
assembly, and ultimately the derivation of a molecular model for sister chromatid

cohesion.
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6.1. Structure prediction and multiple-sequence alignments
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Figure 40 | Structural bioinformatics and construct design for Pds5. (a) Intrinsic disorder
profile for Pds5 as predicted by Psipred. A confidence score above the dotted grey line indicates
a disordered state. (b) Psipred structure prediction output for Pds5 overlaid above a multiple
sequence alignment of fungal Pds5 proteins. Pink tubes indicate alpha helices. Blue bars
indicate the confidence in structure assignment. The position of the C-terminal residue of
Pds5T4 is marked with an asterisk. (c) Structure prediction of Pds5 overlaid above a multiple
sequence alignment of Pds5 as in b. Positions for the C-terminal residue of Pds5T1 and
Pds5T/Pds5T5 are marked with asterisks.
For brevity, not all Pds5 construct boundaries are shown. N-termini are as for the wild-type

protein.
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6.1.3. Sccl
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Figure 41 | Structural bioinformatics and construct design for Sccl. (a) Intrinsic disorder

profile for Sccl as predicted by Psipred. A confidence score above the dotted grey line indicates

a disordered state. (b) Psipred structure prediction output for Sccl overlaid above a multiple
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sequence alignment of fungal Sccl proteins. Pink tubes indicate alpha helices. Blue bars

indicate the confidence in structure assignment. The positions of the N- and C-terminal

boundaries of the Sccl crystallisation construct are marked with asterisks. (c) Structure

prediction of Sccl overlaid above a multiple sequence alignment of Sccl orthologues as in b.

Position of the original NScc1**®® C-terminus is indicated with an asterisk.

6.1.4. Scc2
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Figure 42 | Structural bioinformatics and construct design for Scc2. (a) Intrinsic disorder

profile for Scc2 as predicted by Psipred. A confidence score above the dotted grey line indicates

a disordered state. (b) Psipred structure prediction output for Scc2 overlaid above a multiple
sequence alignment of fungal Scc2 proteins. Pink tubes indicate alpha helices. Blue bars
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indicate the confidence in structure assignment. The position of the N-terminal residue of

Scc2long is indicated, the C-terminus is as the wild-type protein.
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Figure 43 | Structural bioinformatics and construct design for Scc3. (a) Intrinsic disorder

profile for Scc3 as predicted by Psipred. A confidence score above the dotted grey line indicates
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a disordered state. (b) Psipred structure prediction output for Scc3 overlaid above a multiple
sequence alignment of fungal Scc3 proteins. Pink tubes indicate alpha helices. Blue bars
indicate the confidence in structure assignment. The position of the N-terminal boundary of
Scc3Core is marked with an asterisk (c) Structure prediction of Sccl overlaid above a multiple
sequence alignment of Sccl orthologues as in b. The position of the C-terminal boundary of

Scc3Core is marked with an asterisk.
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6.2. Crystallographic data collection, phasing, and refinement statistics

Appendix table 1: Data collection, phasing and refinement statistics

Pds5T-Sccl Pds5T Pds5T-Sccl Pds5T—
Native Native—Apo SAD Scc1-#M
SAD
Data collection
Space group P2, 1422 P2, P2,
Cell dimensions
a, b, c (R) 147.23, 62.56, 283.69, 283.69, 147.30, 62.67, 148.61, 62.64,
155.94 172.79 156.20 156.89
Wavelength 0.965 0.999 0.965 0.965
Resolution (A) 50-2.9 50-5.8 50-3.4 50-3.7
Rsym OF Rmerge 46 (71.3)* 2.3(51.8)* 6.1(41.2)* 19.8 (94.7) *
|/ ol 9.14 (1.11)*  17.19 (1.57) * 10.1(1.8) * 8.39 (1.56)*
CC (1/2) 99.9 (50.7) * 99.9 (61.89) * 99.7 (69.6) * 99.9 (66.6) *
Completeness (%) 96.3 (89.5) * 99.3 (98.5) * 96.4 (71) * 99.2 (93.1) *
Redundancy 2.58 (2.55) * 7.61 (7.99) * 1.99 (1.92) * 6.4 (5.1)*
Refinement
Resolution (A) 50-2.9 50-5.8 50- 3.7
No. reflections 59992 10082 29319
Ruork / Riree 0.2656/0.2980 0.2490/0.3111 0.2128/0.2609
No. atoms 11116 10858 11160
Protein 1371 1337 1376
B-factors
Protein 106 424 92
R.m.s deviations
Bond lengths (A) 0.003 0.003 0.008
Bond angles (°) 0.677 0.611 1.02

*Values in parentheses are for the highest-resolution shell.
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6.3. Yeast Strains

Appendix Table 2: Yeast strains. Al strains are derived from S. cerevisiae W303.

Nota bene: All strains were generated by the Haring Lab at EMBL Heidelberg and are included here for

completeness.

Strain

Genotype

Figures 30a and 32a

C4307 MATa/a, pds5::
C4308 MATa/a, pds5::
C4309 MATal/a, pds5::
C4310 MATal/a, pds5::
C4311 MATa/a, pds5::
C4312 MATal/a, pds5::
C4313 MATal/a, pds5::
C4314 MATal/a, pds5::
C4315 MATal/a, pds5::
C4316 MATal/a, pds5::
C4317 MATa/a, pds5::
C4318 MATal/a, pds5::
C4319 MATal/a, pds5::
C4320 MATa/a, pds5::
C4321 MATa/a, pds5::
C4322 MATa/a, pds5::
C4323 MATal/a, pds5::
C4324 MATa/a, pds5::
C4325 MATa/a, pds5::
C4326 MATa/a, pds5::
C4327 MATa/a, pds5::
C4328 MATa/a, pds5::

Figures 30b and 32b

C4329 MATa/a, scc1::
C4330 MATa/a, sccl::
C4331 MATala, scc::
C4332 MATal/a, scc1::
C4333 MATa/a, sccl::
C4334 MATa/aq, scc1::
C4335 MATal/aq, sccl::
C4336 MATa/a, sccl::

Figure 34a

natMX4/PDS5, ura3::
natMX4/PDS5, ura3::
natMX4/PDS5, ura3::
natMX4/PDS5, ura3::
natMX4/PDS5, ura3::
natMX4/PDS5, ura3::
natMX4/PDS5, ura3::
natMX4/PDS5, ura3::
natMX4/PDS5, ura3::
natMX4/PDS5, ura3::
natMX4/PDS5, ura3::
natMX4/PDS5, ura3::
natMX4/PDS5, ura3::
natMX4/PDS5, ura3::
natMX4/PDS5, ura3::
natMX4/PDS5, ura3::
natMX4/PDS5, ura3:
natMX4/PDS5, ura3::
natMX4/PDS5, ura3::
natMX4/PDS5, ura3::
natMX4/PDS5, ura3::
natMX4/PDS5, ura3::

PDS5-PKg::URA3/ura3-1
PDS5"%*-PK,::URA3/ura3-1
PDS5""R-PK4::URA3/ura3-1
PDS5"*""-HRV3C,-PK;::URA3/ura3-1
PDS5P***.HRV3C;-PKg::URA3/ura3-1
PDS5"**!**.HRV3C;-PKes::URA3/ura3-1
PDS5%*""-HRV3C;-PKg::URA3/ura3-1
PDS5F*R-HRV3C;-PKg::URA3/Ura3-1
PDS5%".HRV3C;-PKg::URA3/ura3-1
PDS5*P_HRV3C;-PKe::URA3/ura3-1
PDS5"*"A-HRV3C;-PKg::URA3/ura3-1
PDS5"*"°-HRV3C;-PKg::URA3/ura3-1
PDS5"****-HRV3C;-PKs::URA3/ura3-1
PDS5"***-HRV3C3-PKs::URA3/ura3-1
PDS5"***-HRV3Cs-PKs::URA3/ura3-1
PDS5"*"A Y4 HRV3C,-PKe::URA3/ura3-1

:PDS5"**"P " HRV3C,-PKe::URA3/Ura3-1
:PDS5Y457A Y4SBANA IRV Cs-PKe: :URA3/Ura3-1

PDS5"°F-HRV3C;-PKg::URA3/ura3-1
PDS5"""-HRV3Cs-PKs::URA3/ura3-1
PDS5™"*.HRV3C;-PKg::URA3/ura3-1
PDS5"***.HRV3C;-PKs::URA3/ura3-1

kanMX/SCCA1, trp1::SCC1-HAg:: TRP1/trpl-1
kanMX/SCCH1, trp1:SCC1"*®°-HAg:: TRP1/trp1-1
kanMX/SCC1, trp1::SCC1°"***-HAs:: TRP1/trp1-1
kanMX/SCCH1, trp1:SCC1V*¥"C-HAG:: TRP1/trp1-1
kanMX/SCCH1, trp1::SCC1V"*"P-HA: TRP1/trp1-1
kanMX/SCCH1, trp1::SCC1V*"“-HAs:: TRP1/trp1-1
kanMX/SCC1, trp1::SCC1"*¥-HAg: TRP1/trpl-1
kanMX/SCCH1, trp1::SCC1V*¥" S ¥ A TRP1/trpl-1

C4342 MATa, SCC1-HAg::HIS3, ura3::PDS5-HRV3C;-PKg::URA3

C4343 MATa, SCC1-HAg

C4344
C4345
C4346

MATa, SCC1-HA¢
MATa, SCC1-HA¢
MATa, SCC1-HAg

::HIS3, ura3::PDS5M®°-HRV3C3-PKs::URA3
:HIS3, ura3::PDS5 "™ Y*¥E_HRV3Cs-PKg:URA3

::HIS3, ura3::PDS5“*F-HRV3C,-PKe::URA3

::HIS3, ura3::PDS5" - HRV3C;-PKg::URA3
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Figures 34b and 35

C4381

C4382

C4383

C4384

C4385

MATa, pds5:HIS3, leu2::pds5-101::LEU2, BMH1::PDS5- HRV3C;-PKs::natMX, cdc20::LEU2, trpl::pGAL-
CDC20::TRP1, ura3::tetO::URA3, his3::tetR-GFP::HIS3

MATa, pds5::HIS3, leu2:pds5-101:LEU2, BMH1::PDS5™**°-HRV3Cs-PKg::natMX, cdc20:LEU2, trpl::pGAL-
CDC20::TRP1, ura3::tetO::URA3, his3::tetR-GFP::HIS3

MATa, pds5:HIS3, leu2::pds5-101:LEU2, BMHL1:PDS5'*"P Y48 HRV3Cs-PKg:natMX,  cdc20::LEU2,
trpl::pGAL-CDC20::TRP1, ura3::tetO::URAS3, his3::tetR-GFP::HIS3

MATa, pds5::HIS3, leu2:pds5-101:LEU2, BMH1::PDS5"*F-HRV3Cs-PKg::natMX, cdc20::LEU2, trpl::pGAL-
CDC20::TRP1, ura3::tetO::URA3, his3::tetR-GFP::HIS3

MATa, pds5::HIS3, leu2::pds5-101::LEU2, BMH1::PDS5*C-HRV3Cs-PKg::natMX, cdc20:LEU2, trpl::pGAL-
CDC20::TRP1, ura3::tetO::URA3, his3::tetR-GFP::HIS3
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6.3. Construct table

Construct Organism Residues Vector Tag Variants
Smc3hd- S. Smc3 1-226- pPET-Duet / N-ter 6xHis Wit
CSccl & Cerevisiae  gsggs-991-1230- pFastBac (Smc3-Sccl)
Smclhd polyGS linker- Dual N-ter GST-
Sccl 451-566 TEV
Smcl 1-214- (Smc1lhd)
0sggs-1024-1225
Smc3hd- S. Smc3 1-226- pPET-Duet / N-ter 6xHis Wit
CSccl & Cerevisiae  gsggs-991-1230- pFastBac (Smc3-Sccl)
NScc1- polyGS linker- Dual N-ter GST-
Smclhd Sccl 451-566 TEV (Sccl-
Sccl 1-105- Smclhd)
polyGS linker-
Smcl 1-214-
gsggs-1024-1225
Ecol S. Full-length pGEX-6T N-ter GST- C35A/C38A
Cerevisiae thrombin
Scc3 S. Full-length pETM11 N-ter 6xHis- Wt
Cerevisiae TEV
Scc3 Core S. 134-1064 pETM11 N-ter 6xHis- Wt
Cerevisiae TEV
Scc2 S. Full-length pETM11 N-ter 6xHis- Wit
Cerevisiae TEV
Scc2 Long S. 183-1493 pETM11 N-ter 6xHis- Wit
Cerevisiae TEV
Pds5 S. Full-length pETM11 N-ter 6xHis- Wit
Cerevisiae TEV
Pds5 Core L S. 1-656 pETM11 N-ter 6xHis- Wt
Cerevisiae TEV
Pds5 CoreM  S. 1-611 pETM11 N-ter 6xHis- Wt
Cerevisiae TEV
Pds5 Core S S. 1-530 pETM30 N-ter 6xHis- Wit
Cerevisiae GST-TEV
Pds5T1 S. 1-688 pETM11 N-ter 6xHis- Wt
Cerevisiae TEV
Pds5 T2 S. 1-680 pETM11 N-ter 6xHis- Wt
Cerevisiae TEV
Pds5 T3 S. 1-684 pETM11 N-ter 6xHis- Wt
Cerevisiae TEV
Pds5 T4 S. 1-660 pETM11 N-ter 6xHis- Wt
Cerevisiae TEV
Pds5T5/ S. 1-701 pETM11 N-ter 6xHis- Wt, R408D, Y457A, Y457D,
Pds5T Cerevisiae TEV Y458A, YA58E, YA57A/Y458A,
Y457D/Y458E, 1459E, K500E,
A507L, R511A, W553A
Ag Pds5T A. 1-708 pETM11 N-ter 6xHis- Wt
Gossypii TEV
H Pds5AT H. Sapiens 1-692 pETM11 N-ter 6xHis- Wit
TEV
H Pds5BT H. Sapiens 1-682 pETM11 N-ter 6xHis- Wit
TEV
Wapl S. Full-length pETM11/ N-ter 6xHis- Wt
Cerevisiae pETM30 GST-TEV, C-
ter Flag
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WaplC

WapIN

NSccl
Sccl-Xtal

Smc3hd-Xtal

S.
Cerevisiae

S.
Cerevisiae

S.
Cerevisiae
S.
Cerevisiae
S.
Cerevisiae

250-647

1-249

1-159

116-159

1-260-linker-971-
1230

pETM30

pETM30

pAcyc-Duet
pAcyc-Duet

pAcyc-Duet

N-ter 6xHis-
GST-TEV, C-
ter Flag
N-ter 6xHis-
GST-TEV, C-
ter Flag
None / C-ter
6xHis

None

None

Wit

Wit

Wt, V137G/L138G
Wt, L128M

Wit
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