*SMC condensin: How to organize bacterial
chromosomes for segregation?”

Stephan Gruber (Max Planck, Germany)
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Souhrn 4. prednasky

* Genetické metody
— Plasmidy (kvasinkové elementy)
— Integrace (plasmidy, PCR, kazety)
— Teplotné-sensitivni mutanty (esencialnich gent)
— Tetradova analyza
— Synteticka letalita, epistase, suprese

Pomoci téchto genetickych metod byly analyzovany metabolické drahy, proteinove
komplexy, evoluce biologickych systémd ... pfipravovany nové kmeny pro
biotechnologie ... feSeny otazky tykajici se zdravi Cloveka



Osnova 5. prednasky

* Genetické metody
— mutageneze/“screen”
— komplementace
— Identifikace
e Bunécny cyklus
— Priibéh a regulace BC
— Synchronizace bunéek
— mechanismy regulace parovani
— Homothalické kmeny



Studium metabolickych drah (URA, GAL ...)
... flokulace, aglutinace (FLO, AGA ...)
... Sekrece, endocytozy, morfogeneze (SEC, END ... ORB)

... mechanismu parovani (STE ...) secC

... Vlivu zafeni na bunky ... rad mutanty (napf. RAD21,mutanty
RAD50, RAD51)

... bunécného cyklu (CDC ...)

WT

Mutl

y-zareni
(budova A3)

Mut2

rad51

redici rada



Studium metabolickych drah (URA, GAL ...)
. flokulace, aglutinace (FLO, AGA ...)
. sekrece, endocytozy, morfogeneze (SEC, END ...
. mechanismu parovani (STE ...)

. vlivu zareni na bunky ... rad mutanty (napf. RAD21,
RADSO RAD51)

ORB)

e ... bunécného cyklu (CDC ...)
Allele Reverts? Notes Molecular description? Reference
ochre mutation. red G to T transversion at nucleotide
ade2-101 yes colonies ’ 190, changing amino acid 64 from | Gai and Voytas, 2005
aGlutoa STOP
Cold sensitive; high
his3-200 o frequer_lcy of petl_te 1 kb deletion, (-205 to 835) Struhl 1985; Fasullo and Davis
- formation, especially 1988
during transformation.
GTT-to-GCT missense change at
codon 69,
G insertion at nucleotide 249, Hinnen et al. 1978;
leu2-3.112 no double mutant G insertion at nucleotide 792, Gaber and Culbertson 1982;
GAC-to-AAC missense change at
codon 300.
trpl-1 yes amber mutation SQSJ;;EE;;?Z?LS;?Q McDonald, et al. 1997




coningthe | ZOlACE MULANT  yseiotic Anatysis
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e+ .
na plasmidu na 1% Complem entation
FOAplotnach W Croge the Yfz” MATa mutant
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Ovéfeni pravosti (mutant+delec - rozdéleni do komplementacnich skupin (allelicka kompl
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- mutagenese S. pombe — hledani ts mutant (55 000 kolonii) s defektni morfologii —
nasli 64 kmen0 (3 druhy defektu: 51 kulatych=orb, 8 tip elongation aberrant=tea, 5

banana=ban)

- z 51 orb mutant kiizenych s WT segregovalo 43 v poméru 2:2 tj. jeden gen (8
sterilnich), ,linkage analysis“ mezi mutantami ukazala 12 orb gent (skupin — Tab.I)

... aktinovy cytoskelet (polarizovany rlstu)

Cell Division

——leal, tea2
end markers

Constant Length Stage

orb3, 8, 9
re-establishment
orb 1,6, 12 of cell polarity
sts5, cwg2
maintenance of . o
polarized growth '.. .
New End .
Take Off ban1,2 3 4
\ maintenance of
growth direction orts
orb2, teal, ban2 growth
activation of activation

blPOlﬂ"Q'o““h\‘-__ E._ OI O“‘E /

Oid End Take Off

Table 1. orb Genes

Synthetc Close Multicopy
Gene Allzles lethality limkage* SUPPTEssLon
wrbl fi (3F) rtrd, orbb
arh? 245 Gt orh
orb3 (1%
orhd 12(1%) srs st pokd ™, pypd?
orh3s 2(2"
et 4 artl, orb2
arh? | {.“.ggl
ortnd L b, okl |
orbd 1 orb®, orbl]
ek ) 4
corfeld | 2 arbd, orhl i_"rl':g']ll
ot 2 2

Pkl pypl ™, rasi®

Verde, Mata, Nurse, JCB, 1995



Nobelova cena za vyzkum
bunécného cyklu v roce 2001

Leland Hartwell zaCal studovat bunécny cyklus v 60.letech na S. cerevisiae.
Podarilo se mu izolovat kvasinky, ktere mély mutovany gen kontrolujici bunécny
cyklus (BC). V néasledujicich letech identifikoval podobnym zplsobem vice nez 100
genu kontrolujicich bunéény cyklus (napf. CDC28). Také sledoval citlivost kvasinek
na poskozeni DNA radiaci. Zjistil, ze BC je pfi poSkozeni DNA zastaven — aby ziskal
cas na opravu DNA

Paul Nurse studoval bunécny cyklus na S. pombe. V 70. letech objevil gen cdc2,
ktery je zodpovedny za regulaci vétsSiny fazi BC. V roce 1987 |zoloval homologni
lidsky gen a nazval jej CDK1 (cyclin dependent kinase). s

Tim Hunt na zaCatku 80. let objevil prvni cyklin — cykliny jsou proteiny, které jsou
syntetizovany a odbouravany (ubikvitinace) béhem urcité Casti buneécného cyklu.
Cykliny se vazi na CDK a reguluji jejich aktivitu.



Bunéecny cyklus S. pombe

S.pombe ma rovnocenne déleni - vznikaji bunky stejné velikosti — hned
vstupuji do S faze (jsou dostatecne velké) — pro vstup do mitozy musi byt
dvojnasobna velikost (kontrola v G2 fazi => nejdelSi je G2 faze)

Sy
Meiosis | L
'\ Sporulation
Y e W
Cﬁ% - ! o~ 2l
- e
Meiosis|

h

conjugation
i stationary

phase
Ty

-

Meiotic cvele Vegetative (mitotic) cvele

- nestalé diploidni bunky vstupuji do meiosy hned po konjugaci (ade6-M210xade6-M216)
- pro konjugaci je kritickd G1 faze jako u S. cerevisiae



Hoffmann a spol, Genetics, 2015
http://www.genetics.org/content/suppl/2015/
10/02/201.2.403.DC1
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Bunécny cyklus S. cerevisiae

Cln/Cdc28 Clb1/2/Cdc 28 Cik'Cdc 28
activahion activation inactivation

oO%“

00@0“8

o

M

- zahdjeni tvorby pupene a duplikace SPB — zaCatek S faze

@ Actin cable
___ Cortical actin

]_r.':it h

Spinaie pole
body

Nucleus

Mikrotubuly
(nocodazol)

- rozchod jadernych plaki na opacné poély — prfechod z S do G2 faze

- Jadro se protahuje — zaCatek M faze (mitozy) - mikrotubuly
- oddéleni pupene — cytokineze — prechod z M do G1

- Oddéelena dcefinna burnka je mensi nez materska — nerovnocenné déleni—

pro dalSi déleni musi dosahnout urcité velikosti

=> dlouha G1 faze
Curr Opin Gen Dev 5 (1995)



Klicovym meznikem BC u S. cerevisiae je START, kdy se rozhoduje o pfechodu z

G1 do S faze:

- pro dalsSi déleni musi bunka v G1 fazi dosahnout urcité velikosti
- pfi nedostatku zivin arestuje v G1 nebo posléze prechazi do stacionarni faze

(vyCerpani zivin)

- nedostatek dusiku — rlist pseudohyf
- pfi nedostatku N a C (diploidni bunky) zastavuji v G1 a zahajuji sporulaci

- haploidni bunky v pritomnosti partnera zastavuji v G1 fazi a konjuguji

Carbon
Rich Poor
Yeast Form Growth Colony Morphology

Rich

Pseudohyphal Sporulation

op
noyy

Nitrogen
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B Mutant

Gain of CCM
-

MAP Kinase

Phenolype ,—- Glucose

cAMP-PKA

Nitrogen \

Nitrogen
Discrimination

Dig1/2p

Hog1p

Ras2p.
‘Tpk2p Tpk3p

Shlukovani
- parovani /
- morfologie kolonii

o

Complex Colony
Morphology

S\

<

Granek and Magwene, PLoS Genet (2010)



Klicovym meznikem BC u S. cerevisiae je START, kdy se rozhoduje o pfechodu z
G1 do S faze:

- STARTovni interval I1ze rozdélit na isek Aa B

- v Useku A se rozhoduje o prechodu do stacionarni faze (mutanty zastavené v této
fazi nemohou konjugovat)

- v useku A hraji roli CDC25 a CDC35 (komponenty RAS drahy - ziviny)

- v Useku B se rozhoduje o konjugaci Ci sporulaci (zastaveni pomoci alfa-faktoru,
nemUZe byt zvolena alternativa pfechodu do stacionarni faze)

-pro usek B (a dalsi ,checkpoints®) je klicovy CDC28 (tj. CDK1) a prislusné cykliny

A G, B S G, M

Cin/Cdc28 Clb1/2/Cdc28 Clb/Cdc28
activation activation inactivation

e D00~ L

MAP Kinase




CDC28 a cykliny u S. cerevisiae

Interakce fosforylované Cdc28p s cyklinem vznika aktivni komplex:

- v G1 fazi Cinlp a CIn2p (CLN3 mRNA je konstantni)

- pro vstup do S faze jsou nutné Clb5p a Clb6p (transkripce stimulovana CLN)
- zahajeni mitdzy se ucastni Clb3p a Clb4p

- mitozu ukoncuji Clb1p a Clb2p a jejich degradace

activates
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Nasmyth, Trends in Gen, 1998



Bunécny cyklus S. cerevisiae - detail
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4 bimds tha . Unattached kinetochores Ilisalig ned spindles DML damage sensing
Hutrients FPheromone e ! |
- substrate o rating sigtal) ¥ ] ¥
Substrate W . Ubiitn et Tl
—— = " £ai H alysis
ATPR @ p&ﬂtﬂﬁﬁ Second messenger | proReT +o
B signaling pathway |
chamical modification | SCF
(phospharyation) I MAPK signaling
¥ I:aﬂ'mlgay Gl Iylad2 Bub3
cAMP O Cds20
bef ] s
Ileral iyl " SCB —!— Buh3 Ivlad2 | Bub3
Toxl ODNA | Fusd SCF Bl __Pﬁ ol | s
. Cded
SBF | 4 Pl =
DHA O 1 | Ilitotic exit APCIC +'LL
ECB i | A Cde20 i
! |
I Separin Cor8 |
+u Ce5 Tupl
Start — — —— w Cln3 Clhaid l—
Cae22 Cde22 *p
[ Bl [ Bub2 |[ Leet

v
\p ¥ ge].l c;;hli ames}:)NA
nstreplicatrie e
Cde55 Transéription of target S%S

SCF
el W Swe FF24 | [ Fobl | | Cd,;15|
Ip e . B l
ieh ' Di£2,20[ Iiob! |
Phosghate © — & Fhagl] [Eelt |80 || [oua ] el v - [ Mett |
Hsll
+ AP
Phosi Cdes u .
Fhos5 Cint %5 [Car14]
Vol | Release from the nucleolus
i i1 ; Cohesin
i v Swel | Swme3 See2
Pho2 Fho3 5-phase proteins DI A& binsynthesis ol =
Iml | |
l Chra o
ORC (Origin Recogrition  MCM ({Mini-Chroransome Condensin. ™ TAOF0TINE SEZTEEAION
Cornplex) Ivlainterance) coraplex I —I
Inc. T
Omwl | Q2 Wor | Mora Yesd | Bml
Ore3 Ored Ilcrd | IlcraS Yegl
Om5 | Owh Wor6 | Mo

— - dalsi CD
- e i bty

oy i0ags - fosforylace

() Kanehisa Lahoratories
ubiquitylace




Maintenance of genome stability
1 1

G, S G, M
RFC5 RAD17 SGS1
RAD17 RAD17 BUB1,3 BUB2
RAD24 Bl RAD24 RAD24 MAD1,2,3 BFA1/BYR4
MEC3 MEC3 MEC3
DRC1
DNA damage Replication intra-S (replication) DNA damage Mitotic Mitotic
checkpoint (G4) checkpoint (S) checkpoint (S) checkpoint (Gy) checkpoint (M) checkpoint (M)
G, arrest in response | S phase arrest Slowing of replication G, arrest in response | Meta-Anaphase Block of exit
to DNA damage in response to in response to DNA tOZDNA damage arrest in response  from mitosis
replication blocks  damage in S phase to spindle damage
L ]
Human homologs
Yeast Human Cancer syndrome
- MEC1
TELS MEC1/TEL1 ATR/ATM Ataxia telangiectasia
MRE11-RAD50-XRS2 . : R
Transducer and RAD9 MRE11 MRE11 Ataxia telangiectasia-like disorder
PR BN gc:? XRS2 NBS1 Nijmegen breakage syndrome
23;’155 RAD53/DUN1 hCHK2 Li-Fraumeni syndrome
SGS1 BLM/WRN/RTS Bloom, Wemner & Rothmunds=

Thomson syndromes

Kolodner et al, Science (2002)

Checkpoints slouzi burice ke kontrole Uplnosti ¢i spravnosti priibéhu urcité ¢asti
bunééného cyklu ¢i procesu — napf. burika nemUlze nechat neopravené
dvouretézcové zlomy DNA nebo jina poskozeni DNA (podle faze bunécného cyklu

opravuje rtznymi mechanismy) - Vice v dalgich prednaskéch



Synchronizace S. cerevisiae bunek

] —
Gl@A 8‘\

ol .. Q@
haploid

G1-B

.® hilo%d ‘
- v useku A jsou bunky ,nedorostlé* — elutriace (centrifugace dle velikosti bunék) —
tzv. GO synchronizace
- v useku B se rozhoduje o konjugaci - za pritomnosti alfa-faktoru (kratky synteticky
peptid) dochazi k zastaveni buneécného cyklu — G1 synchronizace
- HU inhibuje syntézu nukleotidt potfebnych pro replikaci — synchronizace v S fazi
- nocodazol blokuje polymeraci tubulinu — schazi mikrotubuly pro mitézu — G2

synchronizace
- ts mutanty rliznych CDC genU — rtizné faze bunécéného cyklu



Parovani S. cerevisiae
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Diploid

Chant, Curr Opin in Cell Biol, 1996
Vybudovani bunécné stény premostujici ,shmoo* vybézky



Funkce jednotlivych proteinl v priibéhu parovani/matingu

MAP Kinase

B _E-Ia:tur

Mating Signaling
FUS3, STE1ZE HYMT
Call Cyela Arrest
Shmoo Project Formation FART, FUS3
AFRT, GICZ, CHST
Actin Cytoskeleton
Organization Membrane Binsythesis
POLZ ERGSH, PRM1, YERD T OW STE = sterile

Cell Wall Biosynthesis

Cell Fusion YILTeoLC, YOLISSLE, PGM]

Fize, AODAZ, FIGT, FUST,

\ /( Nuchear Fusian

CK1, SPEES ) KAR1 kARS

Ren et al., Science, 2000



Receptor
kinases

cytoplasm ﬁ';f
G protein
o subunit
: G protein §y subunits
GAP - nucleus

) MAPKKK kinase

MAPK kinase

MAP kinase

Transeripton  2aStaveni bunecneho cyklu
factor

Morfologické zmeény (aktin)
Phosphatases

Ste12 regulators Aktivace transkripce

Wang et al., Nature, 2004



ChIP on CHIP - Stel2p transkripcni e @) €

- V4 Shmoo Project Farmation j i Cell:;gl‘e';.?g;st ;0’5{:{;::";0;3:
A faktor (indukované geny) TEE (oe)
Binding Expression Name Binding g
- \ by
- be fore a fter FiG2, AGAZ, FIGT, FUST, :“ ,‘_,,____-_:‘
s§ a-’ Muclear Congression \
2 E ratio P-value ratio P-value Description e ¢
PRM1 - 1.3%10% 6.2 4.5X10°3 Pheromone-regulated membrane protein
ERG24 - 1.3x104 6.2 4.5X10°3 C-14 sterol reductase (adjacent to PRM1)
PCL2 3.3 42X10° 68  5.8X10° Cyclin partly in association with Pho85p
FIG2 26 220104 56 9.5X107> Protein involved in mating induction
STE12 4. 1.4x106 49 3.x104 Transcription factor required for mating
FUS1 5.0 2.8X107 4. 5.6X1074 Protein required for cell fusion during mating
FUS3 3.3 39X10° 54 2.0x10°3 MAPK mediating mating pheromone signaling
PEP1 3.3 39105 54 20x103 VAT €L )
YOR129C 0.7 0.13 5.2 1,0){]0'4 Pratein of unknown function
AFR1 1.0 0.86 s.1 1.0x104 Pratein involved in morphogenesis of the mating projection |
GIC2 1.4 0.11 5.0 1.2x104 Putative effector of Cdc42p, important for bud emergence
YOR343C 1.1 0.70 3.9 41x104 Protein of unknown function
CHS1 0.9 0.66 4.1 420104 Chitin synthase |, functions during cell separation |
SCH9 1.3 0.21 4.2 4,510 erine; threomine proten kKinase that is acuvated oy cAMP
KARS (- 0.37 3.8 47004 Membrane protein required for homotypic nuclear fusion
YPL192C 0.9 0.35 3.6 6.5X104 Protein of unknown function
YERO19W 1.3 0.20 4.1 6.6X10 Moderately similar to mammalian neutral sphingomyelinases
SPC25 1.3 0.20 4.1 6.6X104 Protein of the spindle pole body
YILOB3C 1.0 067 36 7.1x10% Protein of unknown function
PGM1 2.0 0.01 3.8 7.2X104 Phosphoglucomutase
YILO37C 1.1 0.55 3.4 8.2x104 Protein of unknown function
YIL169C 1.6 0.07 33 1.2x103 Protein of unknown function
AGA1 1.4 0.11 3.1 1.9x10°3 a-Agalutinin anchor subunit
YOL1SSC 1.0 0.73 3.0 2.1x103 Similar to S. cerevisiae glucan 1,4-alpha-glucosidase
0.9 0.76 3.0 2.2X10° Invoived in spindie Tormaton and Karyogamy
FAR1 1.3 0.22 3.0 2.4x1073 Involved in cell cycle arrest for mating
PHOS81 1.0 0.83 29 2.7x1073 CDK inhibitor for PhaB0p-PhoB5p complex
HYM1 1.4 0.18 2.7 491073 Protein with similarity to Aspergillus nidulans hymA
FIG1 1.2 0.38 29 50x103 Protein required for efficient mating

[ SRR
»5M 3N <11 </ 12 1A 271 5/ Ren et al_, Science, 2000



Regulace transkripce v haploidnich bunkach
(konstitutivni)

al, a2 + al, a2 - transkripéni faktory, které ovliviiuji transkripci 3 skupin gen

a-spec.= MFAL,2 (a-feromon), STE2 (a-receptor), STE6, 14 (Gprava a sekrece feromonu)
a-spec.= MFal,2 (a-feromon), STE3 (a-receptor), STE13, KEX2 (proteasy)
haploid spec.= STE4,18 (podjednotky G-proteinu), RMEL1 (inhibitor meiosy)

MAT lokus Typ bunky Geny kontrolované MAT lokusem
e ASG ON
al, a2 a haploid eeeeee— .S G OFF

——haploid SG ON

al, o2 o haploid L aSG OFF
L aSG ON

reeeesssss—s haploid SG  ON

al, a2 diploid L aSG OFF

al a2 <P ——qSG OFF

L haploid SG OFF



Chromosom ||

Chromosom Il obsahuje:
- MAT lokus

- MAT a (HMR) kazeta

- MAT o (HML) kazeta

HML a HMR jsou tiché
alely (heterochromatin)

Coal,a2+al, a2
koduji? (transkripcni
faktory)

HO endonukleasa —
vyména kazet v MAT
lokusu (rozeznava
specifické sekvence)

Heterothalické — stabilni
Homothalické — prepinaji
parovaci typ
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Prepinani parovaciho typu

Chromosom Il
HML CEN HMR
o ® W W]
umliCena kopie MAT umliCena kopie

X Yazi
([ T EE_}-l—
MATa " HMRa "

HO endonukleasa rozeznava a Stipe specifické sekvence
Pouziva se pro vygenerovani DSB a studium mechanism( opravy posSkozené DNA

Lee a Haber, Microbiol Spect, 2015



Prepinani parovaciho typu

DNA z MAT lokusu je HO endonukleasou vystfizena a na jeji misto se prekopiruje

sekvence z kazety opacného paru
- HO endonukleasa je exprimovana pouze v matefské bunce v G1 fazi (dcefinna si

uchova plvodni typ)
’ ! Current Opinion in Cell Biol 8 (1996)

(ul‘tch
homotalické

'gomg:)a HO‘Oﬁ 73&33\ H‘OK
M



Asymetricka lokalizace Ashlp

(i) Wild-type cels

yF X

HO - expressed MO - repressed  HO - espressed  HO - expressod WO - roprossed MO - repeeased

(switch mating
type)

[l Aship protein
B Myo4p/She1p protein

(ii) ash 1 mutants (i) myod/she T mutants
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-Ashlp represor je
asymetricky lokalizovan do
dceriné bunky, kde blokuje
transkripci HO-
endonukleasy

- Neni do ni sekretovan,
ale dochazi k expresi
(translaci) asymetricky
lokalizované mRNA

- (translace RNA na
specializovanych
ribozomech asociovanych
s cytoskeletem



Priklady translace lokalizované mRNA
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Gluc.

- pfi vyCerpani zivin na misce mohou
(krajni) bunky zacit meiotické déleni
(diploidni S. cerevisiae)

- meiosa je indukovana IME1
transkripCnim faktorem (v imelA se
meiosa neindukuje vs. v pIME1
overexprimovanych bunkéach je
indukovana meiosa i bez vycCerpani
zivin tj. 2% glukosa)

0.58%

2.0%

ade2 (Cervena barva) ukazuje
haploidizaci heterozygotniho diploida

Sipky ukazuji viecka se Ctyfmi sporami




