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Summary

Besidetherepair ofnumerous differenDNA lesions( mi s mat c htleas |, | DL O
appear during replicatiomr recombination,the DNA mismatch repair (MMR)
system also recognizes and eliminates mismatches caused by spontaneous or actively
induced deaminatiothat aremainly repairedby the very-short patch repair (VSPR)
or baseexcision repair (BER)X1-4). Consequentlyprecise but almost uknown
mechanisms guaranteélee complexand coordinated crosstalk between these repair
pathways thatcan either compete or cooperdt® procession of T:Gand U:G
mismatchesn vivo (5,6). Considering theole of MMR in severaproceses of DNA
metabolism(1), it is of interest to understand have crosstalkin DNA mismatch
repairis regulated in order to assure tidtlA is repaired correctly andnfavoured
or simultaneous repair procesgesultingin additional DNA lesionsare avoided
Although under investigation since over 25 years, discovering and monitoring how
MMR proteins hand off damages or mismatches to suitable downstream repair
factors and therefore interact with components involved in other DNA repair
pathways remainstill a significant challenge.

General aim of this study was to investigate whether and how VSPR and BER
have an influence othe mechanism of MMR thereby regulating thresstalkin
DNA mismatch repairFor that reason, wvas investigated in detailow thesein
principle competing systemaffectthe functiors of MutS and MutL aghe transient
damage sensor and signalling complakich playsthe major role in damage
signaling and recruitment oflownstream repair fact®(7,8). To this end, generation
of suitablecircular DNA substrates as well as development of specific DNA repair
assays wasequiredfor complete recondtition of initial steps in MMR, VSPR and
BER in vitro and for subsequent investigations in mutual influenbgsthese
pathways during repair of a common target.

In consideration of the fathat specific mismatch recognition and binding by
MutS denotes thdirst step in MMR, established FRET assaydufrescence
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Resonance Energy Transfevere performed to analyze whether and how processing
of T:G and U:G mismatches by Ver UDG affectsfurther mismatch recognition by
the damage sensMutS. This assay atiws detecton of specificmismatchprovoked
DNA bending by MutSduring formation of the initial recogntion conplex (IRC)
which is essentldor initial steps inDNA mismatchrepair(9).

The results achieved in this workvealin which way MMR VSPR and BER
affect each other durinthe crosstalk to assure thtie DNA substrates repaired
efficiently. It turned out that 8r (VSPR) belongs to the group of effector proteins
such as MutH and UvrD (both MMR) that are recruited and activated in a mismatch
and ATRdependent manner by tiklkamage sensor and signallimgmplex(MutSL)
(cooperation)However, these effector proteins in principle compete for recruitment
and activation by the transient MutSlomplex and consequently for initiation of
repair (competition) The obtained results explain the observatioaslein vivo and
the functionalconrectionbetween MMR and VSPRuggest that MutS, MutL and
Vsr build up a repair systemgnhanced VSPRthat guarantees fast and efficient
restoration of the DNA methylation pattemE. coliwhen Vsr is limiing. Finally,
the developedDNA repair assays pmit to investigate whetheanhanced VSPR is a
general pathway also used in other organisgeneration of suitable circular DNA
substrates might also allow studyitige crosstallof MMR with further competing
DNA repair systems.

Due to the fact that bindg of the same T:G mismatch by MutS and Vsr
simultaneously is mutual exclusive, the achieved results support the model in which
MutS leaves the mismatch in form ofsiiding clampand a transient mobile MutSL
complex recruits and activates downstream refaaitors in order to initiate repair
This model is also supportday the fact that activation of MutH by MutSL is
efficient when the DNA damage is only a few base pairs away from the next strand
discrimination signal.

In contrast to VSPR, the BER systeim principle prevents misengaged
procession of DNA by the MR machinery via quickly convem of a U:G
mismatch into a nomismatch due to release of uracil. Although the appearing

AP-site denotes ra important DNA lesion that is structurally similar to L,
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surprisinglythis damage is not recognized by MutS. Consequently, formation of the
transient MutSL complex and subsequent activation of effector proteins resulting in
eventually misengaged procession of DN#ill be avoided. The possibility to
convert a mismatch into a nemismatch by UDG might be used for further
functional studies of themultiple loadingmodel which is used to explain how
initiation and completiomf MMR is achieved (7).

To answer the question whether MutS indeed leaves a mismatch after
recognition in form of the proposetiding clamp it was attempted to couple MutS
covalently to the DNA while binding to a T:G mismatch, thereby trapping the
transient MutSDNA complex for further functional and structural studidsing the
singlecysteine variant®f MutS N468C and N497@s wel as a modified DNA
substrate it was possible to trap tworansient MutSDNA complexes via
thiol-specific site-directed crosslinking and therefore to put a leash on MutS. Both
complexes were successjulpurified and represent the optimal starting poiot
further fundional (ATPase activity, DNA baling, initiation ofMMR) andstructural
studies ¢rystallizationof the sliding clamp in steps after mismatch recognition by
MutS.



Zusammenfassung

Zusammenfassung

Das DNA mismatchrepair (MMR) Systemerkenr und beseitignebeneiner
Vielzahl unterschiedlicheReplikationsfehlefmismatches | Ddudh digjenigen
Basenfehlpaarunger{mismatches die nach spontaer oder aktiv induzierter
Deaminierungentstehen undbevorzugt durchdasveryshort patch repair(VSPR)
oderbaseexcision repair(BER) System repariert werdém-4). Aus diesem Grund
gewahrleiste nicht im Dedail verstandeneMechanismen einkomplexes und
koordiniertesZusammenspie(crosstall diese Reparaturgstene, welche bei der
Prozessierung voim:G bzw. U:G Basenfehlpaarungen vivo sowohlkonkurrieren
als auchkooperieren konneif5,6). Da da MMR-System eine wichtige Rolle bei
zahlreichen Prozessenim DNA Metabolismus spielt, istes von Interesse zu
verstehenwie diesercrosstalkreguliertwird undsogewéhrleistetverden kanndass
die DNA effiziert repariert wird Obwohl seit 25 Jahren erforscigt es weiterhin
eine Herausforderungu untersuchenwie das MMR SystemeinenDNA-Schaden
an geeignete EffektoProteine tbergibt und dabei mit Kompomgen potentiell
konkurrierender Reparatystemefunktionell interagert.

In der vorliegenden Arbeit wurdgaherin vitro untersuchtob undwie VSPR
bzw. BER auf bedeutendeAspekte im Mechanismudes MMRSystemsEinfluf3
nehmenund so dencrosstalkregulieren So wurdebesondersanalysiert welche
Auswirkurngen die Anwesenheit eines konkurrierenden Systeusdie Funktioen
des transient gebildetatamage sensaoand signalling complex(MutSL-Komplex)
hat (7,8). Zu diesem Zweckvurdenspeziellezirkulare DNASubstrate hergestellt
sowiespezifische RepaturAssays entwickelt, die erlaubten die initialen Schritte
von MMR, VSPR und BER vollstandig vitro zu rekonstruierenDadurchwar es
moglich, diewechselseitige Einflisse zweier um die Besgiting einer T:G bzw.
U:G Basenfehlpaarung konkurrierender Systeme in Kompetitionsexperimenten zu

analysieren.
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Da die spezifischeerkennung und Bindung eines SchadenscllMutS den
ersten Schritt bei MMR darstellt, wurdemit Hilfe eines etablierten FREITAssays
(Flourescence Resonance Energy Transietersuchtob undwie die Prozessierung
einer T:G bzw. U:G Basenfehlpaarungdurch VSPR bzw. BER die
mismatchErkennungbeeinflusstDieser Assayestattees,dasmismatchabhangige
Biegen pending der DNA durch MutSund somitdie Bildung des fur die Reparatur
essentiellemnitial recognition compleXIRC) zu detektiererf9).

In dieserArbeit konnteerfolgreichgezeigtwerden aufwelche unterschiedliche
Art und WeiseMMR, VSPR und BER sich gegenseitig beeinflussen sodm
crosstalkmiteinandereine effizienteReparaturder DNA gewéhrleistenSo stellte
sich heraus, dass Vsr (VSRRyie MutH und UvrD (MMR), zur Gruppe de
Effektor-Proteine gehort, dielurch den damage sensor andignalling complex
(MutSL-Komplex)in einermismatch und ATRabh&ngigen Reaktion aktiviert bzw.
stimuliert werdenKooperation) Dabei konkurrieren diese Effekt@roteine um die
Rekrutierungund Aktivierungdurch den transiergebildetenMutSL-Komplex und
somit um die Initierung der Reparat@Kompetition) Die erzielten Ergebnisse
erklaren diein vivo beobachtete funktionelle Beziehung zwiscidR und VSPR
und lassenvermuten, dass MutS, MutL und Vs$n E.coli ein eigenstandiges
ReparatwSystem (enhanced VSPRbilden, welcheseine schnelle und effiziente
Wiederherstellung des DNAMethylierungsmusters gewahrleistetich wennVsr
limitiert ist. Mit Hilfe der hier entwickelterReparatwAssays ist es moglicim vitro
zu untersuchen, adnhanced VSPRIn generelles Reparatursystem darstellt, welches
auch inanderen Organismeexistiert Die angewendete Methode ztterstellung
geeigneter zirkularer DNAubstrate gestattet es, demosstalkdes MMRSystems
mit weiteren, potentiell konkurrierenden Reparatursystemen funktionell zu
analysieren.

Da ausgeschlossenevden kanndass MutS und Vsr gleichzigitan ein T:G
mismatchbinden, unterstttzendie hier erzidten Ergebnissalas Modell bei dem
MutS den zuvor erkannten Schadan Form einersliding clamp verlasstund
anschlie3end ein transiemiobiler MutSL-Komplex je nach Bedartlie anwesenden

Effektor-Proteine rekruért und so dieReparatur einleite(7). Dieses Modell wird
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zusatzlich dadurch unterstitzt, dass MutH durch MutSL effizient aktiwed,
wenn der erkannte DN/&chaden nur vier Basenpaare vom nachsten
StrangDiskriminierungssignal entfernt ist.

Im Gegensatz zu VSPR verhindedas BER-System im Prinzip ein
unerwinschtes Prozessieren der DNA dutakMMR-System indem UDG (BER)

eine U:G Basenfehlpaarungehr schneldurch Entfernen des UraciSe nt sch2r ft fi.

Obwohl die dabei entstehendé\P-site einen bedeutenden DNA&chaden darstellt
und einer Insertion bzw. Deletion (IDL3trukturell &hnelt, istMutS entgegen den
Erwartungemicht mehrin der LagediesenSchaderzu erkennenDadurchkanndie
Bildung desdamage sensor ansignalling complex(MutSL-Komplex), sowie die
anschlieBend®ekrutierung und Aktivierungon Effekta-Proteinennicht erfolgen

und ein unerwinschte®rozessieren der DN#ird verhindert Die Mdglichkeit mit

Hilfe von UDG einen zuvor erkannten Schaden fir MutS unkenntlich zu machen,
kann in Zukunft zur funktionellen Untersuchungles multiple loading Models
genutzt werden, welches beschreibt, das koordinierte Einleiten und Beenden von
MMR gewabhrleistet wird7).

Um untersucherzu kénnen, ob MutS wie vermutet einen Schaden nach dessen
Erkennenin Form einersliding clamp wieder verlasst wurden erste Versuche
unternommerMutS wahrend der Bindung ein@érG Basenfehlpaarungovalentan
die DNA zu koppeln und so detmansientenMutS-DNA Komplex fur weitere
funktionelle und strutarelle Studien einzufangenUnter Verwendung der
single-cysteine Varianten MutS N468C und NZ€ sowie einem mit einer
Thiol-gruppe modifiziertem DNASubstrat war es mdglich zwei transiente
MutS-DNA Komplexe mittels thiol-spezifischem site-directed crosslinking
einzufangerund den mismatch senseozusageman di e AlLei.Dese zu
Komplexe konnten erfolgreich awdreinigt werden und bilden somit den optimalen
Startpunkt fur weitere funktionel (z.B. ATPase Aktivitat, DNA Biegung,
Initiierung der DNA Reparatyirund strukturelle Studien (z.BXristallisation von
MutS alssliding clamp, welchedabei helferkdnnen die einzelnenSchritte nach der

mismatchErkennunggenaueru untersucheand aufzuklaren

nert
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Abbreviations

ADP
ADPNP
AP
ATP
a.u.

BER

bp
BSA

ca
ccc

Da
Dam
Dcm
DMSO
DNA
dNTP
ds
DTT

E. coli
EDTA

e.g.
EtBr

FRET

alpha

adenosine diphosphate

ad e n 0 s-{ b-inidd diphosphate
apurinic/apyrimidinic (abasic)
adenosine triphosphate

arbitrary unit

beta

baseexcision repair
base pair

bovine serum albumin

gamma
circa
covalent closedircular

delta

dalton

DNA adenosine methyltransferase
DNA cytosine methyltransferase
dimethylsulfoxide
deoxyribonucleic acid
deoxyribonucleic triphosphate
doublestrand

1,4-dithiothreitol

Escherichia coli

ethylene diamine tetracetate
Exempli gratia(for example)
ethidium bromide

Forster Resonance Energgansfer
gram

high performance liquid chromatography

It est(such as)
isopropytb-D-1-thiogalactopyranoside

kilo
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=3 lambda (wavelength)

I liter

LB Luria-Bertani

lin linear

U micro

m milli

M molar

min minute

MMR DNA mismatch epair

MW molecular weight

n nano

n.d. not determined

nt nucleotide

Nt. nicking top

Nb. nicking bottom

oc open circular

oD optical density

o/n overnight

PAGE polyacrylamide geklectrophoresis
PCR polymerase chain reaction

PMSF phenylmethansulphonylfluoride
Pol polymerasw

r Anisotropy

Rpm rotationsper minute

RT room temperature

ScC supecoiled(also used for singleysteinevariantg
SDS sodium dodecyl sulfate

sec second

SS singlestrand

SSB singlestrand binding protein

t time

TEMED N,N,N",N -tetramethylethylendiamine
TPE Tris-phosphat€EDTA

Tris Tris-(hydroxymethyljaminomethan
u unit

UDG uracil DNA glycosylase

uv ultraviolet

v volume

VS. versus

VSPR very-short patch repair
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Introduction

1 Introduction

Maintaining of genome stdlity and DNA integrity denotesa fulltime
challenge for all organisms. Permanent attack by endogenous metabolic products and
exogenous environmental factors results in modification of the chemical DNA
structure which may alter the encoded mes¢48 DNA damages or mismatches
arise thousands of times peayddue to oxidationdeamination methylation and
alkylation of bases, Xays, replicatiorerrors or UV light To guarante¢he stability
and integrityof the genomgseveralimportant DNA repair pathways have evolved
thatrecognizeand removalifferent types of lesions(11,12) A failure of theserepair
processesvith critical importance for life results in catlycle arrest, cell deatbr
causegliseases such as can@fégure1-1) (13).

As the consequence of evolution some of these DNAiregystems have
overlapping specificities, giving rise to the need to coordinate their activities in a
well-nuanced relationshificrosstalk) The repair of DNA mismatches caused by
misincorporationor chemical modificatiorof bases falls into this categoffigure
1-2) (6). Unlike replication errors that mainly occur in the nascent DNA strand,
chemicalmodifications can affect bases in both strafagpecially repair ot):G and
T:G mismatches caused by spontaneous or induced deamination of cytosine and
5-methylcytosine (5meC) appears to be a straightforward task for the repair
machinery (14). Uracil represents a distinctive foreign base in DNA and
5-methylo/tosineis used by many organisms rangiinom bacteria to mammals as a
physical orepigenetic tag that allows them to distinguish between DNA from
different souces lacking this modificatiorA wide variety of biological phenomena
including restrictioamaodification, gene silencing,epigenetic inheritanceand

stimulation of an immune response user@&hylation of DNA(15-17).
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Figure 1-1: DNA damage, repair mechanisms and consequences

A: Endogenous and exogenous DNA damaging aggopy; examples of induced DNA
lesions (middle); andelevant DNA repair mechanisms responsible for repair of the lesions
(bottom).B: Effects of DNA damage on celtycle progression (top) and DNA metabolism
(middle). Longterm consequences of DNA injury (bottom) include permanent changes in
the DNA sequenc§oint mutationr chromosome aberrations) and their biological effects.
Abbreviations: cidPt and MMC, cisplatin and mitomycin Gespectively (both DNA
crosslinking agents); ()PP and CPD, i@l photoproduct and cyclobutane pyrimidine
dimer, respectiig (both induced by UV light); BER, bassxcision repair; NER,
nucleotideexcision repair; HR, homologous recombination; EJ, end joiiithy

The highly conserved DNA mismatch repair (MMR) systetmich is in the
focus of this studyrecognizes and removes various DM#fismatchesas well as
small insertion and deletio | o o p s thdtlafsk &daring replication or
recombination(1,2). Although in principle a target for MMR, repair of U:G and T:G
mismatches caused by deamination requéygair systems gable of excising the
irregularand potentially mutagenic baseespective othe DNA strand it is located
in and therefore repair by MMBeems of little use her&ven if suchmismatches
arise during replication repair directedto the newly synthesized strand would
generatanutations whenever the lesion occurnedhe parental DNA stran@Figure
1-2). On the other handJMR in nonreplicating DNA would fixmutations because

of the inability of this system talentify the muagenic bas€6). In general these
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lesions are removed by specializggstems such as the baseision repair (BER)
systemwhich is the primary DNA repair pathway that corrects DMA&ionscaused

by oxidation, alkylation and deaminatiaf basesor the veryshort patch repair
(VSPR) system found in many bacte(8&4). Notably, besiderepair of mismatches
induced by deamination, also other lesions require a coordinated crosstalk in DNA
mismatch repairOxidation of G resultsn an 8oxoG:A mismatch after replication

that is either recognized by MM& MutY/OGG (8oxoguanineDNA-glycosylase)
which belongs to one of variolBER systemg18). Furthermore, methylation of G
producesa O°-methylguanine:C lesiotthat is also targeted by MMR or MGMT
(O°-MethylguanineDNA methyltransferase(L9).

A DNA Polymerase Errors B DNA Damage / Deamination
=y B3 3
N\ O\
ns ) I ) d J
A G Wy 6" A c c c G G
el Acacc D || EAD DDD
-~ @& @ W

If not repaired

: 8oxo(g
G G G

G
< 99 2
LS
n

DNA deamination error-prone repair

P
.
09

4+

C Somatic hypermutation
MMR MMR BER BER Direct repair AID, APOBECs

(error-prone) (error-prone)

Figure 1-2: Repair of single base mismatches aiiisy under various circumstances

The panels schematically illustrate thgolvementof different pathways contributing to the
repair of mismatches emerging from DNA polymerase erjslfy DNA damageR) or
inducedduring somatic hypermutatio€y (6).
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In consideration offact that deamination or oxidation eventrigger in
principleinitiation of various DNA repair systems simultaneously, crosstalk between
these systems in order to asstimat DNA is repaired effiently and correctlyis
obvious So far, the mechanisms that reguldie complex and coordinated crosstalk
between MMR, VSPR and BERuring repair of a common targate not well
understood and therefore in the focus of this stligcovering andnonitoring how
MMR proteins hand off damages or mismatches to suitable downstream repair
factors and therefore interact with components involved in other DNA repair

pathwaysemains a significant challenge.

1.1  DNA mismatch repair MMR

Misincorporation of bass that escape proofreading during DNA replication
results in the forman of mismatches and insertion deletion loops (IDLs). The
DNA mismatch repair (MMR) system plays a central role in maintaining genome
stability and DNA integrity by correcting DNAeplication errors, thereby decreasing
the mutation rate by a factor of 22000 (20,21) The link between human cancer
and defects in MMR led to an extensive research on this DNA repair system
Mutations in mismatch repair genes correlate with cancer predisposition syndromes
such as hereditary nonpolyposis colon cancer KBN) and familial colorectal
cancer (22,23) In addition, inactivation of mismatch repair genes by promoter
methylation was observed in some sporadic tur(@t$ Especially useful for cancer
research is the renowned instability of long repetitive DNA sequences,
microsatellites. These are replicated inaccurately owanfrequent strand slippage
and inefficient proofreading, leaving MMR as the major guardian against
microsatellite deterioration. For this reason, microsatellite mutability is now an
established biomarker for loss of MMR activity in tumor céft§). MMR is also
involved in the response of cells to DNA damaging agents, such as oxidating and
methylating agents, Xays, UV light and DNA intercalate (6). Moreover, MMR
proteins link DNA damage recognition to celicle checkpointactivation and

survival Figure 1-1). Intermediates of this process induce DNA damsigealling
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and trigger apoptosi¢l). Loss of their function results in decreased apoptosis,
increased cell survival, and resistance to chemothdetyLikewise, defects in the
mismatch repair system of prokaryotes cause an increased mutation rate that could
lead to a rise in survival under stress conditions. This has implications irtierolu

and emergence of drug resistant strains of pathogenic migf2be8/IMR proteins

are also involved in preventing recombination betwaenilar but nonidentical

DNA sequences, meiotic chromosome pairing and segregation, immunoglobulin

class switching and somatic hypermutatith26,27)
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Figure 1-3: Overview of methyl-directed mismatch repair in E. coli

A: Mismatch recognition and strand discriminatiddispaired T (red square) is recognized
by MutS (green) resulting in recruitment of MutL (blue) and subsequent activation of MutH
(red). Strand discrimination by MutH occurs up to 106pOaway either upstream (left) or
downstream of the mismatch (rightB: Mismatchprovoked strand unwinding and
degradation: DNA unwinding by UvrD towards the mismatch and sistgéand degradation

by orientatiordependent exonucleases generates a ssngiel gap, protected by SSB.

DNA re-synthesis: Restoration of C:G leggir and methylation pattern (red letters) by DNA
pollll and the Dam methyltransferase, respectivieéigally, the nick is sealed by kgase.
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The E. coli methytdirected mismatch repair system is the best characterized
MMR pathway and has been reconstituted complatehyitro, reviewed in(2,25)
Three proteins, MutS, MutL and MutH, are important perform mismatch
recognition and strand discrimination which is required for accurate initiation of
DNA mismatch repair. MutS and MutL are evolutionarily conserved and
homologues have been found among all kingdoms of2i28) This suggests that
the basic mechanisms of mismatch repair are similar in all organisms. MMR is
initiated after mismatch or IDL recognition and binding by MutS, which plays a role
as a damage and miatch sensofFigure1-3) (29,30) Mismatchprovoked induced
conformational changes in MutS result in recruitment of MutL, the next key protein
in MMR (7). MutL is a so called molecular matchmaker and has the capability to
activate or stimulate downstream effector molecules in an-iiPolysis dependent
manner(31,32) Activation of the latent MutH endonuclease by MutL is required for
strand discrimination inE.coli during MMR. MutH nicks the erroneous and
transiently unmethylated daughter strand at a hmathylated GATGsite Figure
1-3A).

Consideringhat strand incision by MutH can occur up to 1000 base pairs away
and either downstream or upstream of a mismatch, several models exist how
mismatch recognition is coupled to strand discriminationMatSL (Figure 1-4)
(33,34) In the most prominent model, the transidamage senscand signaling
complex(MutSL) is mobile and dissociates from the mismatch after recognition due
to formation of asliding clampby MutS which is triggered by binding, but not
hydrolysis of ATP §liding clampmodel) (7,35) In the second model, mismatch
binding by MutS induces polymerization of MutL on the DNA towards a
hemimethylated GATGsite (Polymerization mode(B6). In the last model, MutS is
stationary and stays at the mismatch together with MutL. MutH is activated at the
target site via looping of the DNA in an Addependent mannet.dopng model)

(37).
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Figure 1-4: Models for coupling of mismatch recognition and strand discrimination
(Modified after lyer, Pluciennik et al. 2006)

Finally, the generated nick by MutH serves as an entry point for further repair.
In E. coli, mismatchprovokedactivation of the UvrD helicasley MutSL promotes
DNA unwinding starting from the nick towards a mismatch and therefore allows
excision of the erroneous DNA strar(88,39) The appearing singlstrand is
degraded by several exonucleases and depending on the orientation, Exol is
necessary for DNA degradation when strand discrimination occurred downstream
whereas RecJ is required when the nick was introduced upstream wiigmatch
(33,40) During MMR, the parental DNA strand is protected by the siatyknd
binding protein SSB to avoid degradatidrgure 1-3B) (41,42) Resynthesis of
DNA and nick sealing which is achieved by polymerase Il and ligase, respectively,
complete the repair process. In amdiidnal step the hemmethylated GATGsite is
fully methylated by the DNA adenosine methyltransferase (Dam) to restore the
methylation @attern after replicationHigure1-3C) (43).
The eukaryotic MMR system shares main features oEtheli MMR system
and has been also reconstituted vitro (Table 11) (2,44) MutS homologues
MSH2-M'S H 6 ( Mut SU)-MSathad (MBUH2S b ) recogni ze dif
mismatches and initiate repd#5-47). Another MutS homologue, MSHMISHS5, is
involved in meiotic recombinatiori48,49) Homologues of MutL, MLHAPMS2
( Mut LU)-MLMRHZI Mud MLBI)-MLaHh3 (Mut Lo), take al s
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repair of different types of damages and mismat¢b8s52). Consideringthat no
MutH homologuehas beeretected in eukaryotic and most of bacterial genomes so
far, the question how strand discrimation occurs in these systems is still unclear.
Discontinuities, gaps or nicks that arise in the DNA during replication have been
suggested as the discrimination signal in the organisms that lack MutH homologues
(2). The lack of a functional MMR system results in various forms of genomic
instability like elevated frequencies of point and DNA slippage mutstio
chromosomal rearrangements, gene amplification and-radistant DNA synthesis
(53-55). In mammals, the mutator phenotype conferred by loss of MMR activity
contributes to the initiation and promotion of mgtage carcinogenegj34,56) The

main form of cancer that results from the loss of MMR functionality is the hereditary

nonpolyposis colon cancézl).

Table 11: Comparson ofE. coliand eukaryotic MMR components

E. coli Homologue Function
MutS Mut SU ( MSH2/ MBeddagnition of mismatches
Mut Sb ( MSH2/ MB#d89gni ti on of |
MSH4/MSH5 Meiotic recombination
MutL Mut LU ( ML H1/ PMde2u)ar matchmier with

intrinsic endonuclease

MutLBb ( MLH1/ Pdhgdwn

Mut L2 (MLH1/ MR&#@Bair of | DL6 s,
recombination

MutH - Strand discrimination
UvrD - Strand excision

Exol, VII, X, RecJ EXOI Strand degradation
Pdymerase lli DNA-Po | y mer a s e Sirand synthesis

SSB RPA Involved in strand excision

and synthesis
DNA-ligase DNA-ligase Nick sealing

Dam - Methylation of GATGsites
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1.1.1 MutS i1 the mismatch sensor

Efficient initiation of MMR requires the discrimination between intact and
damaged DNA by the repair machinery. The key component in this process is MutS
which has the capability fomismatch recognition and damage signallifd).
Insights into mismatch recognition come fromagstal structures of botk. coli
and Tag MutS bound toheteroduplex DNA, respectivelp8-60). The prokaryotic
Mut S ©protein consi sts o f t wo identical,
symmetric homedimer which is similar to the Greek lettdr with two adjacent
channels(Figure 1-5) (59,61) Co-crystal structures also revealed that heteroduplex
DNA is threaded through the larger of the both channels, but the functional
significance of the empty channel is still unknown. However, size and charge of the
smalle channel suggest that it might also be able to accommodate a DNA segment
(62).

Figure 1-5: Crystal structure of the MutS-DNA complex

A: E.coli MutS homadimer in complex with DNA front view (pdb code: 1e3m). DNA
(grey) is threaded through the upper, larger channel. Mismatch binding monomer contains
the ADP (red) and is coloured in light gre&n.Side view by rotation of 80°. DNA is kinked

with an angle of~60°, thereby forming thimitial recognition compleXIRC) (59).
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Each monomesubunit consists of at least fidestinct domains important for
MutS structure and function. Mismatch recognition is achieved by therminal
locatedmismatchrecognitiondomain (residues-215). Theclampdomain (esidues
444503) is supposed to be required &hiding clamp formation after binding of
ATP. Moreover, themismatchrecognition domain possesses no overall positive
charge, suggesting that tiseamp domain & also involved in DNA scannind he
C-terminuscontains theATPasedomain (residues 56865), including the Walker
ATP-binding motif and the primary MutS dimerization interface of the
helix-turn-helix domain HTH, residues 76800). Since the truncated form of MutS
was used for crystallization, thetructure of the @erminal 53 amino acids (CTD,
residues 80@53 remains to be determined. Moreover, no structural data is available
of MutS binding to homoduplex DNAscanning)or forming asliding clampin the
presence of ATR63).

MutS is proposed to scan DNA in search for a mismatch, thereby testing the
flexibility of the DNA (57,64) The energetic difference between a normal and a
mismatched base pair is thought to be arou3ck®@al/mol which is translated into a
100-1000fold higher affnity of MutS for mismatched DNA(65). Mismatch
recognition depends on the conserved residues Phe36 and &led8 fumbering)
within the mismatchrecognition domain of one subunit resulting in a functional
asymmetric dimer upon mismatch bindii§6-68) (Figure 1-6). This functional
asymmetry is emphasized in human MutS homologues where only MSH6 contains
the conserved Ph¢-Glu motif (69-71). Mismatch recognition and binding by a
MutS dimer results in a kinked DNA with an angle of ~60°, thereby forming the
initial recognition compleXIRC) in the presence of ADRvhich is indispensable for
initiation of MMR (Figure1-6A) (59,72,73) The DNA flexibility around the wobble
T:G pair esults in a modulation of the DNA structure by MutS and allows to stack
the Phe36 from themismatchrecognition domain into the DNA Figure 1-6B).

E. coli MutS was crystallized bound to five different mismatches: T:G, G:G, AA,
C:A and +T(60,74) In all co-crystal structures a kink of 60° occurs directly at the
mismatch, however the base, recognized by Glu38, is differearding to the
mismatch. In the T:G and +T mismatch, the glutamate interacts with treé th@
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pyrimidine T (Figure 15B) and in the C:A, A:A and G:G mismatches, MutS
interacts with the N7 of the purines (A and @%). However, the role of Glu38 is
puzzling due to the fact that a negatively chargettueis not absolutely required
for initiation of MMR (75).

A B

| 1] i v
IRC Sliding
Figure 1-6: Mismatch-provoked conformational changes in MutS

,»closed* “open‘
clamp

A-Mut S adopts a Aclosedod conformation aft
two monomers towards each other (I). AR dr ol ysi s results in
which allows DNA binding by the larger channel located betwetmp (C) and
misnatchrrecognition(M) domain (11). Mismatch recognition by MutS induces a 60° kink
within the DNA and formation of thdnitial recognition complex(IRC), which is
indispenshle for initiation of mismatch repair (ll)Subsequent ATP binding causes a
further closing of the clamp. To avoid clashing of tmésmatchrecognitiondomains, they
are rotated away from the DNA, leaving MutS adiding clampon the DNA (IV) MutL is
proposed to be recruited by MutS af@iding clampformation, which is required for
signallingthe damage and activation of downstream fac@®rNA kinking and mismatch
recognition is achieved by intercalation of F36 within the major groove and specific
interaction with the mismatched T by E38, respecti{e8).

[
») (@

So far, it isnot clear how MutS achieves such a high specificity for mismatches
andit was proposed that the ATPase activity might be an answer to this question.
The two ATPase domains within the howlioner are asymmetric in nucleotide
binding and ATP hydrolysi§68,76,77) In the absence of DNA, the rdimiting
step for ATPase activity is release of ADP, whereas binding of MutS to a mismatch
greatly enhances the rateasfADPi ATP exchang€78,79) In contrast to binding to
homoduplex DNA, where ATP is hydrolyzed quicklyinding to a mismatch
inhibits fast ATRhydrolysis (80). This indicates the formation of an AT#®und
MutS state on mismatched DNWith a relatively long lifetime, which allows
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mismatchdependent recruitment of MutL and initiation of reg&i81) Meanwhile,
ATP reduces affinity of MutS for the mismatch itself and induces conversion of the
protein into asliding clampthat can diffuse along the DNA hel{¥,63) Moreover,
ATP binding to MutS induces direct dissociation of the protein from homoduplex
DNA (8,82) Specific inhibition of ATPhydrolysis in the presence of a mismatch
and the different modes of dissociation from hemod heteroduplex DNA indicate
that MutS uses ATP to verify mismatch binding and initiate repair, as proposed
(65,80) This may explain the high efficiency of the DNA mismatch repair process
although initial discrimination between homand heteroduplex DNA b¥. coli
MutS is only 8 to 20fold (83,84)

Several models exist for the role of MutS ATPase in coupling atidm
recognition and strand discrimination over a distancekdf to ATR-hydrolysis(2).
In the most faguredsliding clampmodel, MutS dissociates from a mismatch upon
ATP binding and slides along the DNA&,65) As proposed, this might be the signal
for MutL recrutment and therefore the ATPasgcle rgyulates subsequent steps in
MMR. Notably, the MutS ATPase domain is formed by two not edgmta
ATP-hydrolysis pockets with different catalytic efficien¢y7,85) leading to the
suggestion that the MutS dimer might exist in various nucleaiideipational states
(60).Therebre, details of the MutS ATPasgcle are still unclear anequirefurther

determination

1.1.2 MutL 7 the molecular matchmaker

The homedimeric E. coli MutL couples mismatch recognition by MutS to
downstream repair processes during MMR. Beside MutH and UvrD, MutL is
proposed to interact with several other prot@nd repair factorsot involved inthe
MMR pathwaythereby modulating their activitfrigure1-7) (86-89).
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Figure 1-7: Interactions of the matchmaker MutL and their biological significance

A: Well-definedE. coli MutL interactions with the indicated components involved in various
DNA repair processes: Involvement of eukaryotic MutL in important DNA metabolic
pathways and cellular processes. In comparisda. twli MutL (A), these interactions are
still nebulows and not well understod@9).

The MutL monomer consists of a-iérminal domain (NTD, residues349)
and a Gteminal domain (CTD, residues 4&15) connected by a long flexible
linker (residues 35031) (Figure 1-8A) (90,91) The activity of MutL is modulated
by an ATRdependent dimerization of the NTD due to the intrinsic ATPase domain,
which belongs to the GHKL famil{Bergeratfold) (92). This group includes type Il
topoisomerases (gyrases), the Hsp90 chapgrmieins, histidine kinases and MutL
(93,94) As revealed by crystal structures, theéddminal 40kDa fragment oE. coli
MutL (LN40) and the human homologue PM&2 mainly in a monomeric form in
solution when bound to ADPB82,91,95) On the other handn the presence of the
non-hydrolysable ATPanalog ADPnP, the LN40 complex is a dimer in thestal
structur e, i nphosphate¢ of ATP indutes tdimdrization in solution
(Figure 1-8). Nucleotide binding and induced reorganization of the LN40 domain is
also required for interaction witiMutS, MutH UvrD and DNA, whereas
ATP-hydrolysis is proposetb inducedomain dissoci@gon andsubsequent release of
the interaction partne89,96,%). The crystallized fragment of the CTD (LC20)
forms a 4kDa dimer in solution which is reqed for maintaining the dimeric state
of MutL thereby keeping two LN40 fragments in spatial proximigiggre 1-8) (90).
However, it has been shown that LC20 by itself can physically interact with MutH
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(88,98)and enhances DNA binding of fu#ngth MutL although the CTD alone has
no capability to activate MutH or to bind DNA. So fanetstructure of fullength

MutL remains to be determined.

- ADP/' \1ATP

Vo
Y

hydrolysis

a

Figure 1-8 Model of full-length MutL

A: Model of full-length MutL.Side view of homalimeric LN40 in the presence of ADPnP

(pdb code: 1b63), dashed lines show the variable linker, which connects the LN40 fragment

with the MutL dimerization domain LC20 (pdb code: 1x9z). Chain A and B of MutL are

coloured in dark and light blue, respective®y Simplified MutL ATPasecycle. The NTD

(LN40) of MutL dimeri zes after binding of A
conformati ono, -hwdhoilysishTheavarlamt wfsMutlA E2BA is impaired in

hydrolysis of ATP. After hydrolysis, MutLadapt an fAopen conformati ono &
(red). The proposed region for interaction of MutL with effector proteins, sutu#s or

UvrD, during the ATPaseycle is indicated by the red circle. Modified fr¢g@b,99)

As demonstrated recently, the eukaryotidutL homologue Mut L U
(MHL1-PMS2) shows an additional endonucleastvity. The active site, formed
by the DQHA(X}E(X)4,E motif, is located within the CTD of the PMS2 monomer
(100). This motifis conserved in eukaryotic PMS2 homologues and in MutL proteins
of bacterial species that do not rely @&®ATC-site methylation for strand
discrimination and therefore lack MutH. Theechanisnof strand discrimination in

these systems is stilhder invesgation(2).
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1.1.3 MutH 71 the strand discrimination endonuclease

MutH is a monomeric endonuclease that cleavearanethylated DNA strand
56 of -aite, (Affadsientlyhemimethylated (Neémethyladenine) sequence
context and therefore allows strand discriminationrduMMR (Figure 1-3) (101)
Mismatchprovoked activation of MutH in the presence of unmethylated GAIT€3
will induces doublestrand braks by cleaving each strand independenin. the
other hand MutH does not interact with fully methylated GARes(25). MutH
endonucleasectivity is greatly stimulated in a mismatdependent manner by
MutS and MutL(102) Moreover, tis stimulation requires ATHRydrolysis by MutL
under physiological conditions (15M KCI). Notably, MutL also has the capability
to stimulate MutH nicking activity in a mismatcand ATRhydrolysis independent
manner under conditions of low ionic streng#b0mM KCI). Crystal structures of
MutH from E.coli and a cecrystal structures with hermethylated DNA from
H. influenzae were solved Kigure 1-9) (103). The E.coli MutH apoenzyme
resembles a clamp with a-dnd a Gt er mi n al Aar mo, separated
Although the structure dflutH is similar to typdl restriction endonucleases, such
as Pwvull andEcoRV, these proteins doot share significant sequence homology
(104) Moreover, Sau3Al which shares sequence homology to MutH, recognides a
cleaves GATGsites independent of the methylation state. Mutational analysis of
highly conserved residues in the clemonstratedhat Tyr212 is important for
sensing the methylation state of a recognition Qi) The active site of MutH is
formed by the common catalytic YEXK sequence motif and requires Mdor
catalysis(103,106) In comparison to the aparotein structure, bindg of a cognate
DNA sequence by MutH results in a rotation of both arms towards eachbgtlaer
angle of 618° (Figure 1-9B). Helix F which contacts both arms serves @ & v e r 0
and therefore allows the rotation resulting in an open or closed conformation of the
central cleft(104)
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Figure 1-9: Crystal structure of the MutH -DNA complex

A: H. InfluenzaMutH bound to hemimethylated DNA (pdb code: 2gadin the presence of
Ccd" (green spheresB: Simplified scheme for rotation (denoted by arrows) of ther@
(light red) relative to the dirm (dark red). An open conformation of the central cleft allows
DNA binding by MutH. The active site of the endctease is indicated by the white star.
Modified after(104).

lever

However, the mechanism for activation of MutH by MutL is still unclear.
MutH contains all elements sufficient for sequespecific DNA binding and
cleavage which does not explain the obvious necessity of a-Mdistance in either
DNA recognition or catalysis. Since the central cleft of MutH in the-apstal
structure is not vde enough to bind DNAVIUtL is proposed topen the central cleft

via interaction with the Al ever@03and t her e

1.1.4 UvrD i the strand excision helicase

DNA helicases sth as UvrD inE.coli are a ubiquitous class of motor
enzymes that couple nucleositipphosphate (NTP) binding and hydrolysis to
translocation along singlgtrand (ss) DNA as well as unwinding of doubteand
(ds) DNA (107,108) These enzymes are responsible for generating the obligate
ssDNA intermediates required for DNA metabolisburD, also known as DNA
helicase I} is the founding member of the SF1 helicase famuilgt unwinds DNA in
a ®H»6 dir ect i-aniformvtiamslocation mechanisrl09,110) As
demonstrated, the helicalBeapidly translocates four to five nucleotides on ssDNA
coupled to hydrolysis of one ATP followed by a small pad€®) However, UvrD
is essential for the repair of UV damagdsy the UvrABCmediated
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nucleotideexcision repair (NERsystemand plays a critical role in mismatch repair,
replication and recombinatiqil1,112)

Co-crystal structures of an UvrD monomer bound to-ds€3NA junction and
other studies suggest that a monomer is the active helicaggo (Figure 1-10)
(110,113) In contrast, selhssociation of UvrD in the absence of DNA, thereby
forming dimers and tetramers, have led to the conclusion that at least a dimer is the
active form of UvrDin vitro (114) Many helicases form hexameric or dimeric
structures to provide the helicase with multiple potential nucleotide and DNA
binding sites although members of the SF1 helicase family dappear to form

hexameric structures.

Figure 1-10: Crystal structure of the UvrD-DNA complex
UvrD bound to a sdsDNA junction in the presence of ADPnP (red) using a duplex DNA
substrate containingsingles t r a-overhadg@db code: 2is4{110).

During MMR, UvrD is required for mismatgirovoked DNA unwinding
starting at a niockd hemimethylated GATGsite towards the recognized mismatch,
regardles of the orientation Higure 1-3). With regardfact that UvrD unwinds
excl usi v e top odirection avith 3edpect to the bound DNA strand,
bi-directional unwinding from a nick requires the capability of UvrD to bind to both
strands. These observations led to the conclusion that there might be a signal within
the MMR system which is used to oridrelicasell and therefore allows unwinding
in the proper direction for mismatch excisioks proposed, MutL serves to load

UvrD directly onto the nicked DNA substrate with the appropriate polarity to ensure
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correction of the mismatcf88,115) The physical interaction between MutL and
UvrD was demonstrated via yedsio-hybrid and deletion analysis, thereby mapping
the interaction site to a region within the flexible linker as well as theri@inus of
MutL (115) However, MutL stimulates DNA unwinding by UvrD although the
mechanism and the role of AIBdrolysis by MutL are not fully understood
(38,111) Finally, mismatckprovoked stimulation of DNA unwinding by UvrD in a
MutSL-dependent mannenight be the result of multiple loading during MMB3).
Consideringhat no homolodor UvrD has been discovered in eukaryotes sotlfer
mechanism of strand ewtdon during MMR is puzzling andlepends onthe

5 -@lirected exonucleolytic activityf Exol (116)

1.2  Veryshort patch repair VSPR

The veryshort patch repair (VSPR) pathway is required for repair of T:G
mismatches that arise spontaneously via deamination of tmetHylcytosine
(4,117,118) In E.coli, C5 methylation occurs at the second C within a B
( 5GCWGG3 06) whi ch 1 s u stedstinguishbatweendDNAofrogani s m
different sources, which lack this modification or as a regulatory element for gene
expression(5). Vsr, the main component of the VSPR pallgwis a monomeric
endonucleasewhich recognizes T:G mismatches preferentially within a Dcm
sequence contexb,119) Mismatch recognition by the Vsr endonuclease results in a
nick directly 506 of the mismatrihvdreghir T whi c
(Figurel-11A).

In consideration ofhe fact that mismatch recognition is coupled to a specific
sequence context and a specific type of damage, the eéstdase pair is recognized
and repaired directlyThe mismatch isemovedvia nick-translation by DNA poll
whi ch posdo8Dseessx omubbease and DNA pol ymer
restoring the Dcnsite. Finally, the nick is sealed by DNA ligase andhyilation
patternis restored by the DNA cytosine methyltransferase (Dcm) (Figuds)l
(119,120) The absence of Vsr causes a high frequency of C:G to T:A transitions
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after replication(117,121) Therefore, VSPR is requuldor maintaining Dcrsites in
E. coli (4).
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Figure 1-11: Overview of very-short patch repair in E. coli

A: Mismatch recognition and strand discriminatisrachieved by Vsr, whicmtroduces a
nick 586 of the mi,tersbyceehtingdhe procéssed USPR intarmeadiaté
B: DNA is repaired via nickranslation andemainingnick is sealed by DNA pib and
ligase, respectively. Finally, methylation pattern is restored by the DNA cytosine
methyltransferase (Dcm)-rhethylcytosine is indicated in red.

1.2.1 Vsri the mismatch recognizing endonuclease

The Vsr endonucleags the main component of the VSPR peadly in E. coli
andresponsible forecognitionof T:G mismatches that arise spontaneously due to
deamination of Bnethylcytosine within Dcrsites(4,122) In comparison to MMR,
where MutSLH are absolutely required fomismatch recognition and strand
discrimination, Vsr combines all these activities in one molecule. Therefore,
coupling of mismatch recognition within a specific sequence context to strand

incisbkn 506 of t he mi s marepairtvia dick-tfansldtion vatieout! y
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previous DNA unwinding Co-crystal structures of Vsr bound to a T:G mismatch
within a Dcm sequence contexFi@ure 1-12A) revealed that Vsr has an overall
topology comparable with type Il restriction enzymes, such as Pvull, ECORV or
MutH (122)

A

Figure 1-12: Crystal structure of the Vsr-DNA complex

A: E.coli Vsr bound to a T:G mismatch (light grey) in a Dcm sequence context. The
N-terminal domain (light orange), which is absent in -8st 4 , is important
binding. Catalytic important Mgjas indicated as green spi&eB: DNA kinking (~90°) by

Vsr due to intercalation of hydrophobic residues F67, W68, W86. T:G mismatch recognition

is achieved by K89 and N93. The nicking site is indicated by the dfr2@)

However, the mechanism of DNA recognition differs from that obsefoed
type 1l restriction endonucleases. The DNA in the complex is kinked by an angle of
~90° upstream of the cleavage site due to intercalation of three aromatic residues into
the mapr groove of the DNA Kigure 1-12B). The absence of a hermethylated
recognition site reduces Vsr activity up to%Jq123).

1.2.2 Crosstalk between MMR and VSPR

Several experimental observations have led to the conclusion that VSPR has
evolved a close and welluanced relationship with the general mismatch repair
protans in order to assure that the two processes do not significantly interfere with
each other(5,124) Strains withoutVsr are completely deficient in VSPR, and
therefore show a high frequency ot®€T mutations at Bnethylcytosine117,121)
Earlierin vivo studies showed that veshort patch repairSPR) is reduced125),
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but not eliminated in cells, which are unable to prsdMutS or MutL(5,126,127)

On the other hand, overexprassiof MutS also reduces VSPR, indicating MutS and
Vsr compete for mismatch binding and repdi27,128) Overexpession of
plasmidborne Vsr inE.coli has been shown to be mutagei?9) an effect
attenuated by coverexpression of MutL or MutH but not Mu¢$30,131)
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Figure 1-13: Consequencesf defectivecrosstalk between MMR and VSPR
Spontaneouseaminiation of methylcytosine in the parental DNA strand during replication
generates T:G mismatchémtare target fobothMMR and VSPR irE. coli. Only initiation
and completion of VSPRIlows restoration of theriginal Dcm-site, whereagnitiation of
MMR prior to VSPRor triggered by the appearing VSPR intermedratults ina C:G to
T:A transition mutation or a lethal doublgtrand breakUnfavoured repair processes are
indicatedby redarrows

The physical interaction between MutL and Vsr has been demonstrated by
bacterial and yeastwvo hybrid analysis analytical ultracentrifugation and
site-directed crosslinking132-134) The proposed model by Luis GirdMonzon
and Sven Geisler maps the interaction site of MutL for Vsr to a similar region as the

MutH-MutL interaction site, supporting the proposed competition of MutH and Vsr
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for binding to MutL. Moreover, a functional interaction between MutL and Vsr was
shown by a slightly stimulation of Vsr DNA binding and cleavé®j® A mutant Vsr
protein lacking the MNerminal 14 amino acids (Vsel4) has diminished
endonuclease and VSPR adiybut interacts with MutL as strongly as the wildtype
(133) Recently, based om vivo datg it has been suggested that MMR MutS and
MutL collaborate with Vsr endonuclease in the repair Sfn@thylguanine by
methytransferases, i.e. Ada and @B5) However, little biochemical data is
available that directly demonstrates competition or synergism between Vsr and the
MMR protein MutS.Two models have been proposed for the mechanism of Vsr
stimulation by the MMR machinery. The first model suggesstodion of the DNA

by MutS and MutL, facilitating Vsr bindind136), whereas the second model
proposes a conformational change of Vsr from an inactive to an active form
facilitated by MutL(137). The recently achieved awystal structure of MutH bound

to DNA supports the idea that MutL facilitates DNA binding of both, MutH and Vsr.
Although structural information for Vsr, MutH anduiL are available, the sites of
physicalinteraction are still unknown. Due to the fact that MutL interacts with both
MutH and Vsr,resulting in a stimulation of endonuclease actiyiy, it has to be
determined whether Mutldnd Vsr sha a common MutL interaction site and/or are
stimulated by a similar mechanismaddtivation.

Beside the information achieved fronm vivo experiments, only little
biochemical data is available about crosstalk between MMR and VSPR. Less is
known about compgion or synergism between both. coli repair pathways in
initiation of repair after a single deamination event @hé&thylcytosinan vitro. In
contrast to replication errors, that mainly occurs in the newly synthesized DNA
strand, deamination at Desites could in principle effect bases in both DNA strands.
A mismatched T in the parentBINA strand is only efficiently repairedy VSPR
(Figure 1-13). In contrastyepair of this mismatch by MMR will consequently result
in a C:G to T:A transition due to excision of the original G, which finally eliminates
the Dcmsite Moreover, the influence on initiation of MMR by the nicked VSPR
intermediate has not beénvestigéed so far. The nickreviously introduced by Vsr,

has the capability to serve as an entry point for further repair by the MMR
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machinery, which also allows correct repair of the parental DNA strand. On the other
hand, initiation of MMR on the newly syntheed strand during ongoing VSPR
might result in aDNA doublestrand breaKFigure 1-13). To this end, tcovering

and monitoring how MMR proteins hand difG mismattes to suitable downstream
repair factors and therefore interact with the VSPR pathway remains a significant

challenge.

1.3  Baseexcision repair BER

Baseexcision repair (BER) is the primary DNA repair pathway that corrects
base lesins that arise due to akdtive alkylation deamination and
depurination/depyrimidination damagye,138) The core BER pathway requireke
function of at least four proteinmcluding a DNA glycosylase, an AP endonuclease
or AP lyase, a DNA polymerase an®&alA ligase(139). All these proteins function
in concert to remove a damagP®A base and replace it with the correct bdee.

E. coli spontaneous deaminatioh cytosine to uracil generates U:G mismatches that
are target of the uracil DNA glycosylase (UDG)iglhcatalyzes the releasewfcil,
thereby generating an apurinicy@imidinic (AP) site Figure 1-14A). In the next
step this ARsite is processed bgndoVI which generates a singheicleotide gap
due to removal of the abasic patifithe DNA backboneRigure1-14B). Finally, the
gap is filled by DNA poll thereby restoring the original C and th& risealed by a
ligase Figurel-14C).
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Figure 1-14: Example of baseexcision repair inE. coli

A: Uracil containing DNA is recognized by the uracil DNA glycosylase (UDG),clwhi
catalyzes the release of the wrong nucleotide, thereby cretitthd3ER intermediate
containingan apurinic/apyrimidinic AP) site B: EndolV, an ARPendonuclease and lyase,
cleavesthe DNA backbone at the Asite, which results in a singlaucleotide gapC:
Original C is restored after +®/nthesis of DNA by poll anthe remaining nick is sealelly

a ligase (ee text for details

1.3.1 UDG1 the sensor of uracil

DNA glycosylasesare absolutely required for BER due to the fact that they
recogniz specific damaged bases and excise tirem the genomdrevie So far,
several different mammalian glycosylases have been characterized. The primary
function of most DNAglycosylases is to recognize their substrate (thmaged
base) and catalyze the al@ge of an MNylycosidic bond, therebyeleasing a free

base and creating abasic sitg(140). In addition to the cleavagenction some
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glycosylases areiffunctionaland contairan alditional AP lyase activityThe uracil
DNA glycosylase UDG) was the firstODNA glycosylaseto be identified and cloned
(Figure 1-15) (140). Uracil in DNA arises as a result of deamination of cytosine
incorporation during replication, which remiin a C:G to T:A transition mutation
(141) Consequently, tmologous Bzymes that catalyze the excision of uracil from

the genome arngresenin almost all organismgL38).

A B

F157

Figure 1-15: Crystal structure of the UDG-DNA complex

A: Humanuracil DNA glycosylase UDG) bound toA:U base paircontaining DNA (b
code lemh). UDG usesa nucleotiddlipping mechanisnto recognizéhe damaged basB:
Uracil is flipped out after intercalation of L27&to DNA and bound by a recognition
pocket Specific contacd to N204 and H268 keep uracil in an positiomhich allows
subsequentleavageof the N-glycosidic bondf the basdarrow)(142).

In comparison to all other DNA glycosylases, UDG hagegy high turnover
rate and is capable to catalyze the removal of 1000 uracil residues from DNA per
minute (143) Recognition of uracil by the enzyme causes helical distortions in the
DNA and the damaged base is flipped out into a binding pocket followed by
cleavage of thé\-glycosdic bond(Figure 1-15). Moreover, UDG is also sufficient
to process the excision of cytosiderived products of oxidative DNA damage,
although at lower efficiencies. Moreoyeisodialuric acid, &hydroxyuracil and

alloxan have been described as substrates for (128
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1.3.2 Potential cosstalk between MMR and BER
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Figure 1-16: Consequences of defectiverosstalk between MMR and BER

Deamination of cytosinén the parental DNA strand generaged):G mismatch, whiclis
only efficiently repairedby BER However, the same damage is sufficient to trigger
initiation of MMR resultingfinally in a C:G to T:A transitiomue to excision of the original
G and replacement by./Release olracil by UDG creates an ARite, which might also
induce MMR because othe fact that the remaining nucleotide is propoteddopt an
IDL-like structureand thereforecould berecognized by MutS as a mismatch. However,
initiation of MMR during ongoing BER has the capability to produceithdl doublestrand
break Unfavoured epair processes are indicatedrbgtarrows

Beside the activation of BER, a Ur@ismatch is also recognized by MutS and
therefore has the capability to induce MMR,2,145) Unlike DNA polymerase
errors that occur mainly in the nascentastt during DNA replicationsuch

deamination events can affect bases in both DNA strakdsingle deamination
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event in a transcription/replication bubble or in transiently unwound DNA would
generate a uracil residue in one of the strands, which wouldagerseU:G mismatch
after reannealing of DNAIf not restored to the original C:G base pair by BER, the
damage could result in a C:G to T:A transition mutation after initiation of MMR
(Figure 1-16). However, initiation of MMR and BER on both DNA strands
simultaneously may causa doublestrand break that might be lethalthough
unlikely under normal circumstances, in humans this situation may iarigeo
during sonatic hypermutation (SHM) and class switch recombination of Ig genes,
where activationnduced cytidine deaminase (AID) generates multiple U:G
mismatches in the variable or switch regions ignaktlieved to be recruited to sites of
transcription(146,147)

In conclusion, the fact that the same damiagecognized by MutS and UDG,
crosstalk between the two different repair pathways seems obviously. So far, almost
no biochemical data is available about the capability of thesiféPcontaining BER
intermediate to induce MMR, which might finally result inethal doublestrand
break. The remaining nucleotide after release of uracil is proposed to be recognized
by MutS similar as an IDL and therefare principle sufficient toprovoke initiation
of DNA mismatchrepair.

1.4 Fluorescence FRET

Fluorescence is aevy useful technique to tkrt changes in the surroundiofy
a fluorophore when atthed to a protein or nucleic aciéFigure 1-17) (148) In
particular, Forster Resonance Energy Transf@RET) is invaluable for studying
small distance changes thin those molecules, from 4MO0A. FRET requires the
presence ofwo appropriate fluorophores, one donor and one acceptor fluampho
within the mentionedrange(149) This methodis useful for both DNA as well as
protein studies and the only obstacle is the couplireyfaforescent dyéo the target
molecule. DNA is easy to label as it can betbgsized with sitespecific reactive

groups or with modified nucleotidefl50) Labelingof proteinsdenotes the greater
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challenge ands achieved by sitepecific coupling of fluorophores via a number of
coupling method$§149).
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Figure 1-17: Principles of fluorescence and FRET

A: Jablonsky diagranmB: To measure FRET, the donor fluorophore is directly excited and
the acceptofluorophore is excited by the emission of the donor. As a result, the emission of
the donoirfluorophore decreases (the donor fluosssm is quenched) coupled to an increase
in acceptor emission (FRETgonsideringthat FRET strongly depends on a change in the
distance between donor and acceptor, this technique is usedcaesmpic rulerAlexa

488 (D) and 594 (A) is a example fosaitable FRET pai¢http://bio.physics.illinois.edu

FRET is used to study either conformational changes of one molecule, where
both donor and acceptor fluorophore are attached to the same molecule or it is
utilized to study the interaction between two molecules, in which olabededwith
acceptor and one with donor fluorophdqdet9,151) For FRET to take placehree

conditions lave to be fulfilled.

1) Overlap of the emission spectrum of the donor with the excitation spectrum of the

acceptor
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2) The two fluorophores need to have the correct spatial orientation, in relation to

each another

3) The distance between the two fluorop® should be between 10 and 200
FRET is strongly dependent on the distance, being proportiorfartis the distance
between Donor and Acceptor): E =¢fR(Ro>+°); Ro (in A) is specific for each
FRET-pair and has to be calculated experimentally.
The distance at which FRET efficiency is 5@/called the Forster distandeigure
1-17B). The extreme sensitivity of FRET to small distance changes between the
fluorophores and the possibility to follow the FRET signal in-timaé as well as
down to the single molecule level, makes this a very useful technique to understand
and fseeod -prateincor DNA mavememst r a

As mentioned, specific recognition af mismatch by MutS inducespecific
conformational changes towards ihéial recognition compleXIRC), in which the
bound DNA is benby an angle up to 6059,72) With regard to théact that DNA
bending results in a change of distance between two points on the DNA, formation of
the IRC can be directly monitored V@RET (Figure 1-18) and thereforallows the

comparison of various DNA damages in recognition and binding by K@utS

A B C

Energy transfer

Energy transfer

Energy transfer

DNA bending MutS-DNA MutS-MutL
complex complex

Figure 1-18: Scheme ofpossible FRETFsystems to monitor initial steps in MMR
A: Mismatchprovoked DNA bendindpy MutS (IRC). B: Formation of the Mut®NA
complex.C: Formation of thalamage sensor and signallj (MutSL) complex.
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Moreover, labeling of MutS and MutL at distinct sitegith suitable
fluorophoresin principle permits to detect the formation of transient ternary
complexes such as MutSL which is proposed to play a major role in damage

signalling during DNA mismatchepair(2).

1.5 Aim

Although under investigatiorfor over 25 years, gscovering and monitoring
how MMR proteins hand off damages or mismatches to suitable downstream repair
factors and thereforénteract with components involved in other DNA repair
pathways remains a significant challengs. mentionedMutS is ableto recognize
lesions that arenainly targeed bythe VSPR or BERsystem(1). This is problematic
due to the fact that initiation of&n unfavoured or several repair pathway
simultaneouslyincreases the chance farising of a mutatiors or a lethal
doublestrand breakvithin the DNA Beside this, the molecular matchmakéutL,
which stimulates MutH and UvrDduring MMR, is proposedto interact with
components of several other repair pathwasisch as VSPR and BERhereby
modulating their activity(89). So far, less is known, whether these systems in
principle cooperate or compete in repaiftthoughboth has been observéd vivo
and how they assure thHteseprocesses do not sigriéintly interfere with each
other Consequently, crosstalk in DNAismatchrepair seems obviously anthe
well-nuanced relationship that has evolveduires furthecontrol mechanismghat
are not well understood so far

Aim of this study was to investigatke mechanissithat regulate the crosstalk
betweerMMR, VSPRandBER duringrepair ofcommon targestin vitro. Therefore
it was neessary to generate suitable DNgubstratescontaining the desired
mismatches or modificationand to dewlop appropriateDNA mismatchrepair
assays that demonstrdatee damageprovokedinitiation of theserepar pathwaysdue
to specific activation of the involved componentsThese assaysaveto allow the
monitoring of specific changesin the integrity and topology othe DNA substrate

due toprocession oflistinctstepsin repair, such as strand incision and excision, gap
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formation or re-synthesis of DNA. Moreover the influences on MMR by
intermediatesof the VSPR and BERpathway, which are proposed to triggam
unfavourednitiation of DNA mismatch repajrhave not beemvestigatedso far In
conclusion, almost complete reconstitution of MMR, VSPR and BERro has to
be attemptedas starting point fodetailedinvestigations inmutual influencesoy
these pathwayson initial stepsin repair which should help to discover the
mechanisms ofooperation and competition, required for efficient crosstalRNA
mismatch repair.

As mentionedsuccessful mismatch recognition by MutS resultfonmation
of the distinctiveinitial recognition compleXIRC), in which the DNA is bent up to
60° (59). Thesemismatchprovokedconformatioml changes towards thBC can be
determired using fluorescence technique# recently developed MutS mismatch
binding and DNA bendingassay Dr. Michele Cristovag) which uses Forster
Resonance Energy Transf@fRET) to demonstratsmall distance chang&stween
two fluorophoresattached tothe DNA substrate,was adoptedand optimizedto
monitor the inducedDNA bending during formation of the IRG-urthermorejn
combination with fluorescenceanisotropy measurements this assalows the
determinationof the orientation in which &esionis boundby the mismatch sensor
As revealed by crystal structuregecific recognition obnly one of the mismatched
bases byone subunit ofthe MutS homodimer results in formation of fanctional
heteredimeric protein which isproposedo play amajorrole in damagesignalling
to downstream factor€onsequently, this assay was usedrialyze the recognition
of variouscrosstalk relevant mismatches and intermediates by Bsitie first step
in MMR.

As a strategyd solve the questignwhether MutS leaves th@éamageafter
recognition (mobile) oremainsat the lesion(stationary) the transient Mut®NA
complexshould be trappeda site-directedchemicalcrosslinking thereby taking the
pr ot ei n oQuosstnkirgis @naestablidhed method to study profdiiNA as
well as proteird protein interactioa or to trap transientand highly dynamic
complexedor subsequent crystallization, demonstrated previousf{152,153) To

this end, variants of Mut&ind gift from Wei Yang)containing a single cysteine
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within the clamp domainof the proteinshould be tested for mismatch and
nucleotidedependent chemical crosslinking to a shortheteroduplex DNA
oligonucleotidethat is modified with asingle thiolgroup Based a the cecrystal
structureof the MutSDNA complex (59), a cysteine withinthe MutS dimer is in
such a close proximity to thhiol-group ofthe substrateduring mismatch bindingp
allow in principle the formation of a covalent disulfide bonthereby trappinghis
complex.

The chanceto trap for the first timethe transient MutSDNA complex via
thiol-specific crosslinkingwill offer new possibilities for further functional and
structural studies imlamagerecognitionand signalling by the mismatch sensoA
mismatch bindingMut S o n mighfidergeassah optimal stamg point to
investigate, whether the protdiras toleavethe damage in form of sliding clamp
after recognition andinding of ATP(mobile vs. stationarydo permit activation of
effector proteinsup to 100(bp away from te mismatch by thdamage sensor and
signalling complex(MutSL). In contrast to othechemical crosslinking methods,
disulfide bondsare cleaved by reducing agengsich as DTTwhich allows leaving
MutS fromthe i | e aFsnallg, a covalent coupled MUSNA complex midnt be
suitable for crystallizatio trialsto solvethe structure of thsliding clampwhich is

unknownso far.
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2 Materials and Methods

2.1 Materials

2.1.1 Reagents

All chemicals and reagents that hdwesen used havaro analysipurity grade
and are listed in table-2. All buffers and solutions were prepared with water

obtained by filtration using a-@ard 2 water purificatiosystem (Millipore).

Table 21: Chemicals and Reagents

Name Company
Acrylamide:bisacrylamide (29:1) 4% AppliChem
Agar AppliChem
Agarose Invitrogen
Ampicillin AppliChem
Arabinose Sigma
ATP, ADP, ADPnP, ATBS Sigma
Bromophenol blue Merck
Coomassie Blue G250/R250 AppliChem
dNTPs Sigma
DTT Applichem
EDTA AppliChem
Ethanol Merck
Ethidium bromide Roth
Glycerol AppliChem
Glycine AppliChem
HCI Merck
HEPES AppliChem
H;PO, Merck
Imidazole AppliChem
IPTG Roth
Isopropanol Roth
Kanamycin AppliChem
KCI Merck
KOH Merck
MgCl, Merck
b-Mercaptoethanol Merck
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Protein purification

Binding buffer

Washing buffer

Elution buffer

Dialysis buffer

HPLC buffer
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Name Company
NaCl Merck
NaOH Merck
Ni-NTA agarose Qiagen
PMSF AppliChem
Rifampicin Sigma
SDS Roth
Sucrose AppliChem
TEMED Merck
Tris Merck
Tryptone AppliChem
Tween20 Merck
Yeast extract AppliChem
2.1.2 Buffers

Table 22: Buffers and Solutions
Application Name Components
Protein/ DNA LB-medium 1% Tryptone, 0.86 Yeast extract,
expression 0.5% NacCl, pH 7.5

STE buffer 10 mM Tris-HCI pH 8.0,

100mM NaCl. 0.1ImM EDTA

20mM Tris-HCI pH 7.9, IM NacCl,
5 mM imidazole, ImM PMSF

20mM Tris-HCI pH 7.9, IM NacCl,
20 mM imidazole, ImM PMSF

20mM Tris-HCI pH 7.9, 1M NaCl,
200mM imidazole, ImM PMSF

10mM HEPESKOH pH 7.9,
500mM KCI, 1mM EDTA,
1 mM DTT, 50% glycerol

10mM HEPESKOH pH 7.9,
500mM KCI, 1 mM EDTA,
10% glycerol
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Application

Name

Components

DNA purification

(Wizard®, Pranega)

Substrate preparation

Repairassays

Crosslinking/

Fluorescence

Gel-electrophoresis

Cell resuspension

solution

Cell lysis
solution
Neutralization

solution

Column wash
solution

Buffer red

Buffer yellow

FB-buffer

TPE buffer

SDS buffer

AAP (5x)

LAP (5X)
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50mM Tris-HCI pH 7.5,
10mM EDTA,
100pg/ml RNase A

200mM NaOH, 1% SDS

4.09M guanidine hydrochloride,
759mM potassium acetate
2.12M glacial acetic acid

8.3mM Tris-HCI, 0.04mM EDTA,
60 mM potassium acetate,
60 % ethanol

10mM Tris-HCI pH 7.9,
10 mM MgCl,, 100mM KClI,
0.1mg/ml BSA

10 mM Tris-HCI pH 7.9,
5mM MgCl,, 150mM KCl,
1 mM ATP, 0.1mg/ml BSA

20 mM HEPESKOH ph 7.9,
5mM MgCl,, 125mM KCl,
0.05% Tweer20 (v/v), 1 mM ADP

90 mM Tris-H3PQ, pH 8.2,
2mM EDTA

25mM Tris-HCL pH 8.3,
190mM glycine, 0.1% SDS

250mM EDTA, 25% sucrose,
1.2% SDS, 0.% bromophenol blue

160mM Tris-HCI pH 6.8, 2% SDS,
5 % b-mercaptoethanol,

409% glycerol, 0.1% bromophenol
Blue
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2.1.3 Enzymesand Proteins

Table 23: Enzymes and Repair components

Name Company

BamHI NEB

BSA NEB

Dam NEB

DNA ligaseE. coli NEB

DNA polymeraseE. coli NEB

Dpnl Fermentas

EndolV NEB

Exol Fermentas

Exolll NEB

Hindlll NEB

MutH (and variants) own purification
MutL (and variants) own purification
MutS (and variants) own purification W. Yang
Nael NEB

Nb.Bpul0l Fermentas
Nt.BpulOl Fermentas

Pasl Fermentas

Pfu-DNA polymerase H. Biingen, Giessen
Proteinase K Fermentas

Recd NEB

SSB U. Curth, Hannover
T4-DNA ligase NEB

UDG NEB

UGl NEB

UvrD N. Hermans, Amsterdam
Vsr (and variants) own purification
Xbal NEB

Xhol Fermentas

2.1.4 Oligonucleotides

HPLC-purified oligonucleotides were purchased from BiomersiIBA and
used to generate modified circular DNA substrates or amino acid substitutions in
MutL. Fluorescentlye labeledoligonucleotides for MutS binding ari2NA bending
assays were obtained by IB®ligonucleotidedor trappingtransientMutS-DNA

complexe were achieved from Eurogentec.
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Table 24: Oligonucleotides and Substrate components

Application Name Sequent®d80) 50
Generation of MP-BpulOH CGTCATCCTCGCTCAGG-
pET-MMR and CACCCTGGGTGCTGAGGI
pUC-MMR GCATAGGCTT
MP-BpulOHII GCCGCQGCTGAGQCATATG
CTCGAGGATCQCCTCAGCTA -
ACAAAGC
VDE-Prom AATAGGCGTATCACGAGGI
CCCTTTC
35-Caro CCCTCTAGAAATAATTTTG -
TTTAACTTTAAGAAGG
MutL mutagenesis MutL-XPXXIP CCGCAACGGAATCGCCGCG
GGCGCGGCGCAAACGGG

DNA repair
substrates

MutL-H5-Peter

Nb-HoC

MMR 13586 r e p albrHoC U:A

(long patch),
BER and VSPR

MMR 13560
(short patch)

Nb-MM

Nb-MM U:G

Nb-MM &G

Nb-GATC

r e pMt-HoC

Nt-GATC-4

Nt-GATC-12

48

CCAGAAACAGCAAGGTGAAGT

P-TCAGGCACQCTGGGTGC
Pi7 TCAGGCACCAGGGTGC
P-TCAGGCACCITGGGTGC
P-TCAGGCACAJTGGGTGC
PT7T TCAGGCACGTGGGTGC

P17 TGAGGGATCCTCGAGCA-
TATGGC

P17 TCAGCACCCAGGGTGCC

Pi TGAGCCATATGCTIGAG -
GATCCC

P17 TGAGCTATATGCTCGAG -
GATCCC
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Application Name Sequent®806) 56
DNA repair Nt-HoC P71 TCAGCACCCAGGGTGCC

substrates

MMR 15360 r e p aNt-MM

(long patch),
BER and VSPR

MutS binding/

DNA bending(FRET)

Trapping of
MutS-DNA

complexes

Nt-MM +1
Nt-MM U:G
Nt-MM &l

Nt-GATC

pUC-C-A488

pUC-T-A488

pUC-U-A488

pUC-AP-A488

pUC-2e GA488

pUC-A-A594

pUC-G-A594

pUC-T-C5-SH

pUC-G

49

P1 TCAGCACCITAGGGTGCC
P TCAGCACCAGGGGTGCC
P- TCAGCACQUAGGGTGCC
P-TCAGCACGAGGGTGCC

P17 TGAGCCATATGCTCGAG-
GATCCC

CAAGCCTAIGCCCTCAGCACI
CCAGGGTGCCTGAGACGAGG
ATGAC

CAAGCCTAIGCCCTCAGCACI
CTAGGGTGCCTGAGACGAGG
ATGAC

CAAGCCTAIGCCCTCAGCACI
CUAGGGTGCCTGAGACGAGG
ATGAC

CAAGCCTAIGCCCTCAGCACI
C(AP)AGGGTGCCTGAGACGAI
GGATGAC

CAAGCCTAIGCCCTCAGCACI
C-AGGGTGCCTGAGACGAGG
ATGAC

GTCATCCTCAICTCAGGCACI
CCTAGGTGCTGAGGGCATAI
GGCTTG

GTCATCCTCAICTCAGGCACI
CCTGGGTGCTGAGGGCATAI
GGCTTG

ATAGGACGCTGACACTG-
GTGCITGGCAGCT- SH

AGCTGCCAGGCACCAGT-
GTCAGCGTCCTAT
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Desired doublestrand oligonucleotides for FREASsays and crosslinking
experiments were achieved by annealing of corresponding complementary
singlestrandoligonucleotides (table). DNA sample containing the two appropriate
oligonucleotides in a 1:1 ratio (molar equivalents) was heated up°@© &0 10min

and subsequent slowly cooled down to room temperature. Oligonucleotides were
annealed to a final conctation of at least 8 M f o r-subsiRae3 or 40M for

crosslink substrates and stored24 °C.

Alexa488 (D) Alexa594 (A)

Figure 2-1: Fluorophoresfor FRET (attached to thyminewithin DNA)
(Adapted from www.nanoprobes.com)

2.1.5 Plasmids

Table 25: Plasmids and Expression vectors

Plasmid Application Reference
pTX412 (pETF15b) His-MutS expression Feng, 1995
pTX412 (scMutS) His-scMutS expression Yang, 2009
pTX418 (pETF15b) His-MutL expression Feng, 1995
pMQ402 (pBAD18) His-MutH expression Loh, 2001
PET11dH2wt UvrD expression Yang, 2006
pDV111 (pEF15b) His-Vsr expression Cupples, 2000
pET-15b-Xh hol pPET-MMR Invitrogen
pBIuSKP pUC-MMR Invitrogen
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2.1.6 Strains

TX2652: This bacterial strain was used in thevivocomplementation assay to
test the MutXPXXIP variant. It is a descendent of tlke coli strain CC106 in
which themutL gene has been inactivated by the insertion of a transposon. This cell
line ismutL.

GenotypeCC106mutlL: : oB4aAl;(Km")

HMS174(@DE3) (Novagen): HMS174@DE3) cells were used for the
expression of MutL, MutS and Vsr. They were transformed with vectors derived
from pET-15b containing themutl, mutSand vsr genes. It is excellent for the
production of large quantities of proteincaeise they carry the T7 RNA polymerase
gene enhancing the expression of gene products under the T7 promotor.
HMS174@DE3) cells are resistant to rifampicin and recombination deficient.
GenotypeF, recAlhsdRrki2 mki2') (RifY) (DE3)

XL1 blue (Stratagen@: This bacterial strain was used to express MutH,-pET
MMR and pUGMMR and as receptor of the MuXPXXIP plasmid, va
electretransformation (154)

Genotype: recAl endAl gyrA96 -thi hsdR17 supE44 relAl lafF" proAB
lacl%Z oM 'L (Tet)]

2.1.7 Protein / DNA marker

Table 26: Marker for gelelectrophoresis

Name Application Company
PageRulet Protein marker Fermentas
Unstained Protein Ladder (10-200kDa)

GeneRule! 1 kb Ladder DNA marker Fermentas
pUC 8 Mix Marker DNA marker Fermentas
06 Ge n e€"Row Range Ladder  DNA Marker Fermentas
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2.2 Methods

Standard molecular biology methods such as preparation of etectrpetent
cells, electreand heashock transformation were performed as described in Qturre
Methods in Molecular Biology154).

2.2.1 Protein expression and purification

E. coli cells carrying the desired pragd for MutH, MutL, MutS and Vsr were
grown overnight at 37C (air shaker)in a 25ml LB-medium culture, containing
100pg/ml ampicillin. 20ml of this overnighttulture were transferred to 564 LB-
medium. The cells were grown under the same conditiertescribed above until an
ODsoo value of 0.8 to 1.0. The induction of MutL, MutS, and Vsr was started by
adding IPTG to a final concentration ofviM, whereas the induction of MutH was
induced by adding arabinose to a final concentration o &/v). Growth was
continued for 4 at 28°C and afterwards cells were centrifuged at 4300
(Beckmann, J41C) for 15min at £ C. Pellets were washed with 80 STE buffer
and centrifuged again. The supernatant was discarded and pellets were stored either
at-20° C or resuspended directly in binding buffer for further purification.

All purification steps were carried out at @° Cell pellets obtained after
protein induction were resuspended inn@5binding buffer in a 56nl beaker and
thawed on ice. Cells werlysed by ultresonification using a Branson sonifier
(6 x 30sec, Duty cycle 506, Output control 5). The soluble fraction was separated
from cell debris by centrifugation at 200m for 30min (Beckman, JAZ20).
Ni-NTA (750e | ) was e g u i mlbimdngabufiedat AZifor 30miB @nd
centrifuged afterwards at 1000m (Beckmann, J6IC) for 2min at 4°C. The
supernatant from the cell lysate was incubated witfNlNA for 1 h and afterwards
centrifuged for 2nin at 1000pm and 4 C. The NiNTA was resuspended in 50l
washing buffer and centrifuged again at 190@ for 2min at 4°C. After each step
of Ni-NTA centrifugation during protein purification the supernatant was discarded.

Finally the NitNTA was transferred to a chromatography columnofgid) and
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proteins were eluted with Orél elution buffer. MutH and Vsr were dialyzed for A2
in 21 dialysis buffer. Further, MutL and MutS were purified by gel filtration usimg a
Elite LaChrom VWRHitachi L-2455HPLC system witha superdeX' 200column
10/300 (GE Healthcare) equilibrated with HPLC bufféflowrate 500ul/min).
Protein concentration was determined by -Bsorption at 28aGm using a UV
spectrophotometer (NanoDrop NID0OO, PeqlLab) and thesical extinction

coefficients

2.2.2 DNA expression andpurification

E.coli cells carrying the pEEMMR or pUGMMR plasmid for the DNA
substrates were grown in a @B LB-medium culture, containing 1Q®/ml
ampicillin, overnight at 37C in a Innov& 40 incubator shaker. @l of this
overnight grown culturevere transferred to 5081 LB-medium. The cells were
grown under the same conditions as described above until an@ie of 1.0 to
1.2. Cells were centrifuged at 42ffim (Beckmann, J6IC) for 15min at 4 C.
Pellets were washed with 33 STE buffer ad centrifuged again. The supernatant
was discarded and pellets were stored eithe2@tC or resuspended directly in cell
resuspension buffer (Promega) for further purificatiBlasmid DNA was purified

using the Wizarll PlusSV DNA purification systenfrom Pomega

2.2.3 Site-directed mutagenesis of MutL

Site-directed mutagenesis reactions were carried out on the pTX418 plasmid as
described155) The mutagenesis primer (see tablé¢)2hat introduces a mutation at
the desired codons was gested with a silent restriction marker (Nael) in the coding
sequence using VectorNTI (Invitrogen). Oligonucleotides were chosen to yield a
short PCR fragment (megaprimer) during the first phase of amplification reaction
(from 100 up to 70@p). PCR was pesfmed with 2ng/ul DNA template, 0.2nM
dNTPs, 0.44M mutagenesis primer, OM reverse primer and W/pl Pfu-DNA
polymerase irPfu-DNA polymerase bufferThe megaprimer was purified using the

Wizard® Plus SV Gel and PCR clearp system (Promega). The amplified
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megapri mer was directly wused in nglylsecond
DNA template, 0.4nM dNTPs, 500M megaprimer and W/ul Pfu-DNA

polymerase irPfu-DNA polymerase buffer to gendeatheMutL plasmid pTX418

XPXXI1 P. The fArolling circle PCRQl55)yvas pert
with slight changes to accommodate the longer DNA template @838The

amplification program for the whole vector in one process: Wa°C for 120sec,

16 x (95° C for 50sec, 55 for 55sec, 68T for 25min). After all, digestion with

10U of Dpnl was performed to cleave fully and haméthylated GATC sites, and

thus remove the parent plasmid pTX418 that was isolated diami E. coli. The

digested sample was precipitated with two volumes of ethanol and 1/10 volume of

3 M sodium acetate, resuspended irelD wat er a n d-transfoendtiorf. or el e
For screening, the plasmid DNA containing the putative mutated DNA region was

purified (Promega) and digested with the restriction enzyme (Nael) that corresponds

to the restriction marker. Finally, the mutated plasmids were sequenced by automated
methods (MWG).

2.2.4 Generation of modified circular DNA substrates

Circular DNA substrates camihing various mismatches dod modifications
were necessary to study MMR, VSPR and BERvitro. Therefore, pEIMMR
(5708bp) containing a single T:G or U:G mismatch within a hemthylated
Dcmesite at position 169 and a hemethylated GATC site at pti®n 356 was
generated using a derivative of pE®Bb-Xhol and a procedure similar to that
described befor€156) Plasmid pET15b-Xhol was used tgyenerate the pdamid
pET-MMR by PCR mutagenesid~our new sites for the nicking endonucleases
Nb.BpulOl and Nt.BpulOIl (table-£2 underlined) were introduced using the
oligonucleotides MMBpulOH and MRBpulOHIl. VSR-substrates containing a T:G
mismatch in the sequence context of the Deonethyltransferase
5 &€TTGG3 06 {C6,RAGG-5 dwere generated using a procedure similar to that
described before
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The pUGMMR plasmid (331%p) was created by cloning a 46p DNA
fragment from the lowcopy pEFMMR plasmid(5708bp) into the pBlueSKP vector
(2958bp, Invitrogen). A 47Dp DNA fragment was amplifiedsing VDEProm and
35-Caro. Boththe 472bp PCR product and pBlueSKP were digested with Xbal and
Hindlll. The resulting 40%p long fragment was cloned into tdegested 2910p
pBlueSKP vector fragment to form the smaller (3Bp% highcopy pUCMMR
plasmid.

Substrates containing a T:G mismatch in the sequence context of the
Dcm-methyltransferase(5 €TTGG3 6 /{CE6AGG-30 )were generated using a
procedure similato that described beforeBriefly, the Dcm andbam methylated
plasmid (pUC or pET-MMR, 100n M) was nicked by Nt.BpuldQg
0.05U/ml; 0.14U/mg) or Nb. BpulOIl UMmECLWMAf@®h 0. 05
at 37 C, followed by denaturation and -amrealing in the presence of the
correspondingNt. or Nb.) 5 -phosphorylated oligonucleotides for the DNA repair
substrates as mentioned in tabld i 50fold molar excess. After ligation with T4
DNA ligase (0.1U/ml) for 8 h at 25 C, the reaction mixturevas treated with Exol
(0.04U/ml) and Exolll (0.05U/ml) at 37° C for 16h to remove anyemaining
nicked (oc) and linear (lin) DNA fragments. Optionalilge DNA was methylated at
the hemimethylated GATGsite by DarmmethyltransferaseAdditional incubaibn
with 10u proteinas& for 30 min at 37°C allowed the degradation of all proteins in
the reactiommix. Finally, the DNA was precipitated with 1 volume of isopropanol
and 1/10 volume of 81 sodium acetate. The resulting covdlg-closed circular
(ccc) DNA containing a single heamethylated Dcrrsite with a T:G mismatch and
an additional heramethylated GATC site, was resuspended inubfAucleasdree
water (Promegaand stored a20 °C.

All various circular DNA substrates required for crosstalk stadwere

generatedby the same procedutesing the appropriate oligonucleotides (Tabi)2
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2.2.5 Complementation mutator assay

Cells lacking a functional chromosomalutL gene have an incomplete DNA
mismatch repair system and show a mutator phenotype, whichecanalyzed by
the frequency of rifampichnesistant clones arising from unrepaired polymerase
errors in therpoB gene (106) Single colonies ofmutL-deficient TX2652 cells
transformed with vector control or plasmids carrying the indicated gene were grown
o/n at 37°C in 3ml LB-medium cultures containing 1@0g / ml ampdglci |l | in.
aliquots of the undiluted culture weplated on LBmedium agar plates containing
25¢ g/ ml ampi cielgl/imm and ampiOci n. Col oni es
incubation o/n at 37€. Median and range values were calculated from at least five

independent experiments.

2.2.6  Mismatch-provoked MutH endonuclease assay

Mismatchprovoked MutH endonuclease activity was assayed on various
generated circular DNA substrate®ntaining a T:G mismatch with different
orientation and distance to a single hemnathylated GATGsite. If not stated
otherwise, 25M of the circular DNA substrate wascubated with 200M MutS,
200nM MutL and 50nM MutH (monomer equivalents) in buffer yellow for 1 to
30min at 37°C. Reaction was stopped by addind AAP and 15U/ul proteinaseK
to a 15ul reaction mix. Activation of Mud , resul ting I n a ni
unmethylated GAT&ite, was demonstrated by the transition from cccDNA
(covalently closed circlejo nicked ocDNA(open circular) An 1% agarose gel,
pre-stained with ethidium bromide, allows separation of these both DiNmd
becausentercalation of ethidium bromideads to a supercoildike structure of the

cccDNA which migrates faster during ggectrophoresis

56



MaterialsandMethods

2.2.7 Mismatch-provoked UvrD unwinding assay

Mismatchprovoked UvrD helicase activity was assayed indirectly via
exonucleolytic digestion of appearing singteanded DNA by Exol or RecJ, both
members of theE.coli MMR system, after unwinding by UvrDif not stated
otherwise, 25:M of the circularDNA substrate was incubated with 2001 MutS,
200nM MutL, 50nM MutH and 100nM UvrD (monomer equivalents) in the
presence of 400M SSB (tetramer) and Ol/ul Exol or RecJ in buffer yellow for 1
to 30min at 37°C. Reaction was stopped by addingl /AAP and 15U/ul
proteinase& to a 15pl reaction mix. UvrD unwinding dwity was demonstrated by
the transition from cccDNA over ocDNA, duedescribedVutH activity, to circular
DNA containing a single gap or singtééranded ciular DNA. In comparison to
cccDNA, singlestrandcircular DNA migratedaster during geélectiophoresis using
EtBr prestained agarose gels

Due to the fact that DNA with a short singiand gap is not efficiently
separated from ocDNA via gelectrophoresis, restriction analysis was used to
demonstrateJvrD helicase actity. Appearing of a sinlg-strand patch within a
doublestrand DNA after strandxcision avoids cleavage by a restriction enzyme at
these sitesTherefore, the reaction mix was treated withl@dl BamHI or Xhol for
15min at 37°C. Reaction was stopped and cleavage productgzaabas mentioned

above.

2.2.8 Vsr endonuclease assay

Vsr endonuclease activitgnd therefore initiation of VSPRh vitro was
assayed on circular DNA substrates containing the T:G mismatch within a
hemimethylated Dcnsite. If not stated otherwise, 28M of the circular DNA
substrate was incubated with various concentrations of Vsr in the presence or
absence of 206M MutS and 2060M MutL (monomer equivalents) in buffer yellow
for 1 to 30min at 37°C(134) Reaction was stopped by addingi4AAP and
15U/ul proteinaseK to a 15ul reaction mix. Vsr activity was demonstrated by the
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transiton from cccDNA tathe nicked(oc) VSPR intermediatdue tostrand incision
56 of t he miinstheaemanbtieyldtedDemsiiet h

2.2.9 Baseexcision repair assay

Circular DNA substrates containing eithersingle U:G mismatch or a U:A
base pair as homoduplex contr@lable 24) were usedto study BER and the
crosstalk withDNA mismatch repair (MMR)in vitro. Initiation of BER was
demonstrated by appearing of ocDNAndicating the generation of a
singlenucleotide gapin a twostep processtrictly depending otUDG and EndolV
(NEB). Although UDG catalyzes the release of uracil, therepgnerang an
abasiesite (ARsite), theresultingBER intermediat@dops an equakupercoiledike
structure aghe circular substratduring gelelectrophoresisilue tothe intactDNA
backboneConsequentlyAP-lyase activityof EndolV wasutilized to show previous
actions by UDG via generation ofetproposed singlaucleotide gp. If not stated
otherwise 25nM of the circular DNA substrate was incubated with Q33 UDG
for 5min at 37°C followed by treatmenwith 0.1U/ul EndolV for 5min at 37°C.
Reaction was stopped by addinqui4AAP and 15U/ul protanaseK to a 15ul

reaction mix and analyzed as mentioned above.

2.2.10 MutS binding and DNA bending assay(FRET)

The 45bp substrate used forishstudy consista mismatch or corresponding
processed intermediate in a central position flanked by Alexa488 as donoitap the
strandand Alex&94 as acceptonithe bottom strand (Figure..Moreover, each
fluorophores was attached to a thyminebp2away drom the damag&o measure
fluorescence, the exation wavekngth for donor and acceptor was 4in0 and
575nm, respectively. Emission was detected at &h7(Alexa488) and 61hm
(Alexa595). To measure FRET, thdonor fluorophore is directly excited and the
acceptorfluorophore is excited by the emission of the donor. As a result, the
emission of the donadiluorophore decreases (the donor fluorescence is quenched)

coupled to an increase atceptor emission (FRETThis procesgloes not involve
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the emission or rabsorption of ghotonbutis the result of longange dipoledipole
interactions All fluorescence measurements wererformedwith the FluoroMax4
Specrofluorometer from HORIBA Jobin Yvolf. not statedotherwise, mismatch
binding by MutS was tested using BB of the 45bp doublelabeledDNA substrate
and increasing amounts of wildtype MuS idicatedn the presence df mM ADP
at 20°C.

Beside FRET, Fluorescent anisotropy is a useful technique terndat
proteinprotein or DNAprotein interaction in solution due to the molecular rotations
that the fluorophore undergoes during its excited state which depolarizes its
fluorescenceWhen a sample is excited with polarized light, the emission of light ca
also be polarized. The extent of the emission polarization is defined as anisotropy (r).
Anisotropy depends on the transition moments for absorption and emission that lie
along specific directions within the fluorophore structuhe. a homogeneous
solution, the fluorophores are randomly oriented. When they are exposed to polarized
light, the fluorophores with their dipoles oriented along the vector of the light source
are preferentially excited, conferring an average anisotropy to the solution.

All  fluorescence anisotropy measurements were performed with the
polarization module of the Steady State Benchtop Spectrofluorometer Fluoromax 4
from HORIBA Jobin Yvon. Slits were kept constant at 4nm and the samples were
excited at 470m (Alexa488) or 575m (Alexa594). For each anisotropy
measurement, the fluorescence spectrum was also recorded, excited at the same
wavelength. Anisotropy measurements were taken simultaneously to FRET

experiments.

2.2.11 Site-directed crosslinking of MutS to DNA

Crosslinking is anestablished method to study proteDNA as well as
protein/ protein interactions or to trap transient and highly dynamic complexes for
subsequent crystallization, as demonstrated previgLSB;153)

Single-cysteine (sc) variants of Mut3N468C and N497C(expression
corstructsachieved from Wei Yangyere purified as mentioned above aodedin
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this study for trapping transient Mut®NA complexes via thiethiol specific
crosslinking To attemptcovalent couplingof sdMutS variantsto DNA, a 30bp
heterodupleXDNA substratevas designedontaininga single thiolgrouplinked to
the 3 -@nd (C3-linker). Similar to theco-crystal structurea T:G mismatch was
generatedObp away fr om -endand shoultin fprineige all@vd
crosslinking of MutS wh@ sitting @& the mismatch As demonstrated by the
co-crystal structureduring mismatch binding alwaysne cysteineof eachscMutS
dimer ispoi nted towar dsndarfde suchoal cldse grakimitg 6
(1-1.2nm) to thethiol-groupof the DNA substratdgo allow formation ofa covalent
disulfide bond.

The desiredmodified heteroduplexdsDNA substratewith similar sequence
context as usefibr in vitro repairassays (pGMMR) was obtained after annealing of
thetwo corresponding singistrand oligonucleotideiable 2-4). Therefore, a DNA
sample containing both oligonucleotidasa 1:1 ratio (molar equivalentglas heated
up to 90°C for 10min and subsequent slowly cooled down to room temperature.
Singlestrand Oligonucleotides wer@nnealed to airfal concentratio of at least
40e M and =0%red at

To testthe nucleotidedependence of the crosslink reacti®uM (monomer
equivalent) of the tested scMutS variant N468C or N497C was inculated
FB-buffer with 5uM of the modified 30bp heteroduplex DNAsubstratein the
absence or presence bmM ADP, ATP or ADPnPfor 10min at 37°C. Reaction
was stopped by adding4 LAP without any disulfide bond reducing agent to a
10l reaction mix. Crosslinking yield was analyzed via SBSGE using a6 %
separatin gelor a 420% gradient gel Subsequent staining with EtBr allowed
visualization of the shifted DNA in the covalesdupled MutSDNA complex. To
detect crosslinked and free MutS the gel additionallystained with coomassién
contrast to the freerptein, the crosslinked complex is shifted becaust@bigger
mass.Notably, due to the fact that principleonly one subunit of the MutS dimer is
coupled to the DNA substrate, %0 of crosslinked Mut®NA complex is the

highest yield that can be aelied under the used experimental conditions
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2.2.12 Purification of trapped MutS -DNA complexes

Purification of covalent coupleldutS-DNA complex vie gefiltration (HPLC)

was performed as described for proteins used in DNA repair assays.
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3 Results

3.1  Gereration ofcircular DNA repair substrates

NumerousDNA repair systemsiave evolved t@uaranteethe integrity and
stability of a genome which is jeopardized byrauchbroacer repertoire ofpossible
lesions However some induced or spontaneoushappearing damages and
mismatcheshave the capability to trigger initiatioof more thanone DNA repair
pathway concurrently Consequently, distinct control mechanisms are required to
avoid unfavoured acti@on DNA by perhapsnisengagedepairsystens. The repair
of T:G andU:G mismatcles either byMMR, VSPR or BERfalls into this category
(see Introduction)

For investigations IDNA repair and thgroposedcrosstalkbetweendifferent
repair pathwayslirected tca commontargetin vitro, it wasindispensabléo generate
suitable DNA substrates containiagpropriatemismatches ardr modifications at
defined positionsBoth, asingle T:G mismatch and a hemethylated Dansite
( 5GATC-3 6 /GBRTC-3 6 )  wdistindt distane below 1kb to each other, are
requiredand sufficientfor initiation of methytdirected mismatch repair (MMR) in
E.coli (2). The same mismatch located within a handthylated Dcrsite
( BATAGG-3 0 /CBTGG-3 0 as result of deamination at 5-methylcytosine
(5meC)represents the best substrate for yargrt patch repair (VSPRY). Finally,
a U:G mismatch which might appeaafter deamination ofcytosine is either
processed by basecision repair (BER)or targeted bythe MMR machinery.
Furthermore, ti hasbeen showrthat linear DNA substrateare insufficient to study
MMR in vitro due to the fact that DNAnds are sensitive faivrD unwinding(157)
Beside this MutS has been reported to shastrong affiniyy for DNA ends(158)
Consequentlysuitable circular DNA substrate weredesignedto surmount thse

problens, althoughit denoted abig challenge to introducelifferent mismatches
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and/ormodificationsat defined positiongnto a plasmid To generatethe requied
features such as a single hemethylated site or a single urawiithin circular DNA
a recently developednethod (156) was adapted ral optimized Figure 3-1; see

Materials and Methods).
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Figure 3-1: Generation of modified circular DNA repair substrates

A: Scheme for generation of circular DNA repair stdists Specific $rand incisios
(arrows)by a nicking enzymégNEB, Fermentasaround a Dcnsite (red fragment) as well as
arounda Damsite (blue fragment) allowhe exchange ofwo shortoligonucleotidesn one
reactionto introduce mismatches and/owodificationsat defined positionsB: Developed
procedure for generatiorf all requiredcircular DNA repair substratgsee Materials and
Methods). C: Monitored steps during genemati of circular substratesusing an EtBr
pre-stained agarose gehdicated numbers are equivalent to steps in B (see text for details).
In contrast to ocDNAappearingafter nicking of scDNA (1) intercalation of the yk into
cccDNA which is achieved after oligonigotide exchange and ligatiopromotes a
supercoiledike structure which migrates fastduring gelelectrophoresi¢l). This effect is
used to discriminate betweennprocessedDNA repair substrates and appearing
intermediategontaining a nick or singleucleotide gap
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To create a suitable blueprint which offers the flexibility to generate various
DNA substrates with this method, four recognition sites for the nicking enzyme pair
Nt./Nb.BpulOl (Fermentas) were introduced into a fully methylated staptasgnid
at defined positions via sH#irected mutagenesi§l155) Two of them were
introduced around a Dami t eCC(ABG-3 6 /{CE.RTGG) with a distance of
17bp to each other. Thether two sites were introduced around Dsite
( 5GAMeTC-3 0 {GBRTC-3 6 ) bp2dbéwhstream of the mentioned Daite
(Figure 31A). The capability to choose whether the top or bottom strand should be
modified increased the number of possible DNA gsaibss Figure 3-2). However,
nicking of the blueprint and partial denaturation in the presence of molar excess of
short synthetic oligonucleotides allowed the exchavfgevo short DNA fragments
in one reaction (Figure-BB). To achieve for example a T:G mismatch within the
Dcmesite, the incorporated 13p oligonucleotide contained a T instead of the
original 5meC, thereby creating the designated recognition site far Vs
( 5GTAGG-3 6 {CEBRTGG3 6 ) . Anethylated i GATGsite for MutH was
generated in the same way using an unmethylated complementabp 23
oligonucleotide. Optionally, the DNA substrate was fully methylated again to avoid
nicking at the GATGsite by MutH.The designated circular substrate was achieved
after complete ligation of modified DNA. Finally, treatment with a specific set of
exonucleases allowed a first purification step due to elimination of umdigat
products and remaining oligocleotides(Figure3-1C).

Notaly, the old DNA fragment can always-a&neal during this procedure,
thereby creating homoduplex DNA or a fully methylated GASiteé resulting in
incompketely processed repair substrates. However, the fact that intercalation of
ethidium bromide (EtBr) into cccDNA promotes a superceiikeel structure which
migrates faster during gelectrophoresis, was utilized to discriminate between an
unprocessed sulvate (ccc) and the appearing intermediate for example after strand
incision or gap formation (both oc) indicating initiation of DNA repair (see
Introduction). To this end, DNA repawas demonstratetly restriction cleavage
analysis (linearization) due tcestoration of an additional recognition site for a

restriction enzyme such as Mval or Pasl.
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Figure 3-2: Selection of modified circular DNA repair substrates

The developed nocedureallows theexchange of twashort DNA fragmentscovering a
Dcmesite (17bp, red fragment) anal Damsite 23 bp, blue fragment)respectively, either in
the top or bottom strand in one reactioneTpossibilityto introduce various mismatches
and/or modification (bal) atdefined positionsvith different orientations permits to generate
all required circular substrates to study crosstalk in DNA répaiitro. Optionally,DNA is
fully methylated at hemnethylated GATGsites bythe Dammethyltransferase (NEB).

In conclusion, thedeveloped procedure described hatewed the efficient
generatiorof suitable DNArepairsubstratesndispensabléo studycrosstalkin DNA
mismatch repair To this end,several differentDNA substratesand almost all
proposed components tife MMR, VSPR and BER pathway were used to develop
appropriateDNA repair assays artd attempt partial reconstitutioof thesesystems
in vitro. Finally, the distinctionbetweenunprocessed DNA substratendappearing
repairintermediats via gelelectophoresiamade it possibléo monitorinitial steps
in DNA mismatch repair such atrand incision or gap formatiomhe possibility to
generate brought repertoire of different circular DNA substrates containing various
damages and/or modification permits to analyze the crosstalk of DNA repair systems
involved in repair olesions that appear after oxidation or methylation of bases (see

Introducton).
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3.2 Monitoring methyldirected mismatch repair (MMR) in vitro

The initial steps in DNA methydlirected mismatch repair (MMR) frofa. coli
require actions and enzymatic activities af least seven components. During
replication, MMR is triggered by mismatgrovoked activation of the latent
endonuclease MutH by MutS and MutlMutH introducesa ni ck 56 of
unmethylated GAT&Site within the newly replicated anérroneous dughter steind
that serves agntry point for subsequent mismafgiovoked strand excisiorby
UvrD and an appropriate exonucleasgonsideringthat MMR is a bi-directional
process depending otthe orientation ofa mismatch tothe introduced nick several
singlesttand (ss) specific exwbhoarl|l endsoBdaged u¢ bo as
requiredfor degradation of theppearingerroneoussDNA. Furthermore, SSB is
involved to avoid procession or degradationha& parentaDNA strandand has been
reported to stimlate processivity of UvrDFinally, al these proteins function in
concert to carry outecognition and excisioof DNA mismatchesherebyallowing a
new ound of DNA synthesiésee Introduction).

In this work initial steps in MMR were reconstituteadvitro and monitored via
speific  procession of heteroduplex DNA by the repair machinery.
Mismatchprovoked #rand discrimination in the presence of MutSLH was
demonstratetdy mismatchprovokednicking ofa circular DNA substrateeaulting in
the correspornidg open circular (ocMMR intermediate(Figure 3-3). Subsequent
mismatchprovoked strand unwinding was assayed via excision of the erroneous
DNA strand and appearir@f singlestrand gaps or singlgrand circular (ssc) DNA
in the pesence of MutSLH, UvrD, Exd®ecJ and SSBF{gure 3-4). Finally, repair
of a singlemismatch byMMR in vitro was demonstrated by restriction cleavage
analysis due to restoration @fecoqition site for a restriction enzyme such as Mval

or Pasl.
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3.2.1 Mismatch-provoked strand discrimination by MutH

The flexibility in generation ofarioussuitableDNA repair substrates (Table
2-4) offered the possibilityto study initiation of MMRin vitro dependingon
orientation and distance of a T:G mismatch related to a single-rhethylated
GATC-site. To this end efficient initiation of DNA mismatchrepairwas monitored
by appearing othe proposed nickedMMR intermediaten the presence or absence
of therequired componentavolved inthis pathway.

Specific initiation of MMR in vitro was analyzed using a circular DNA
substrate containing both a T:G mismatchd aa hemimethylated GATGsite,
~200bp downstream of the damage as well as all proposed components required for
strand discrimination. As expected, mismapchvoked activation of MutH by MutS
and MutL in the presence of ATP resulted in the nicked (oc) MMBrmediate,

i ndicating st r an dethylated GAST EsivenFiglres-3;cdmpareh e un m
lane 2 and 7). However, in the absence of MutS, MutL, MutH or ATRdirision

was avoided, demonstrating that strand discrimination during MMR strictly requires

MutS, MutL, MutH and hydrolysis of ATPF{gure 3-3; compare lane 7 andAl)

under the used conditioms vitro. Moreover, initiation of MMR was also observed,
independent whether the lesion was upstream or downstream located of the strand
discrimination signaland therefore the results are in agreement with the described
bi-directionality of this process vivo (Figure 3-6).

Interestingly, strand incision by MutH also occured efficiently when T:.G
mismatch and hemmethylated GATGsite were separatedyta distance of only Bp
(Figure 3-8). However, the fact that simultaneous binding to overlapping DNA
regions by MutS and MutH is mutual exclusiveaat incision directly next to a
mismatch suggests rather a mobile than a stationary MutS, which leaves the
mismatch after recognition allowing MutH to bind at its target site and perform
strand discrimination. Finally, DNA substrates without a mismatch aor
hemimethylated GATGsite prevented initiation of MMR and strand incision, as
expected (Figure-37).
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Figure 3-3: Mismatch-provoked strand discrimination by MutH

Incubation of leteroduplex cccDNA (2@6M) containing a single henmethylated
GATC-site ~200bp downstreanof a T:G mismatclwith MutS (200nM), MutL (200nM)

and MutH (50nM) in thepresence of ATP (inM) resultsin the nickedMMR intermediate,

as expectedqcompare lane 2 and 7No strandincision is observed after 2fin in the
absence of MutS, MutL, MutH or ATP, respectively, demonstrating the specificity of
mismatchprovoked and AThhydrolysis dependent initiation of MM vitro (compare
lane 7 and A1). Samples were taken at time p# as indicatedT:G mismatch and
hemimethylated GATGsite are showiin bold. The MutH nicking site is indicated by the
arrow.

In conclusion, these resuliemonstrate thdhe generated modifications within
the usedcircular DNA substratewere necessar and sufficient to trigger specific
initiation of MMR in vitro. Thedescribed MutSLHassay allowedanonitoringof the
strand discrimination step due to mismatciprovoked activation of the
MutH-endonuclease by MutS and MutL an ATP-hydrolysis dependent maner
resulting inthe nicked MMR intermediateConsequentlythis DNA repair assay was
used for investigations irsubsequent stepsf the MMR pathway such as
mismatchprovoked strand excision by UvrIMoreover,the MutSLH assay was
utilized to studyinfluences onnitial steps iNMMR as a possible consequerafahe
crosstalk between MMR and VSHBr repair of T:G mismatas that appear after
deamination of Bnethylcytosine within a Dcrsite (see Introduction).

3.2.2 Mismatch-provoked strand excision by UvD

In E. coli, mismatches proficient to initiate MMR can arise up to 1g0@way
from the next strand discrimination signal (hemethylated GATGsite) to be
efficiently repaired.However, to avoidfixing of mutations the erroneous DNA

strandhas to be maoved in a proper way. ThereforelvrD is proposed to be
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recruited byMutL directly to the nick, previously introduced by MutH, and starts
unwinding of DNA towards the mismatch. Subsequent degradation of the excised
DNA strand bydirectiondependenexonudeasessuch as Exol or Rea&sults in a
singlestrand g@p andpoermitsa new round of DNA synthesiBuring excisionUvrD
processivity is stimulatetty SSB which protectsthe parental unprocessed DNA
strand(see Introduction)Notably, details inthe haneoff between MutH and UvrD
both stimulated by MutSlfor actions ata hemimethylated GATC-site are still
unclear Consequently, after establishing the mismgicdbvoked strand
discrimination assay it was attempted to reconstitute the strand excisiom $hep
presence of all proposed componeims vitro. To this end,generation of a
singlestrand gapontaining MMR intermediatevas assayedia restriction cleavage
analysisas well asy appearing of singtstrand circular (ssc) DNA due to complete
excisian of the erroneous strand.

As shown in this workit was possibléo reconstitutanitial stepsin MMR in
vitro using a circular DNA substratecontaining a single T:G mismatch ~2060
upstream of a henmethylated GATGsite and all proposed component$ this
repair pathway(Figure 3-4). As expected,nitiation of MMR strictly required
MutSLH for mismatchprovokedstranddiscrimination andncision (Figure 3-4A,
lane 7, 10 and 13). Thgenerated niclservedas entry point forsubsequent DNA
unwinding andexdsion (Figure3-4A; compare lane-2 and 513). In the absencef
either UvrD or Exol no strand excision agap formation was observed due to the
missing unwinding activity by a helicase as well as-annealing of partially
unwound DNA in the absence of @ppropriateexonucleasgFigure 3-4A; lane
14-19). Moreover, SSB was used to stimulate and therefore visgalaal excision
due to thefact tha the MMR intermediate witla short gapvasnot separated from
ocDNA during gelelectrophoresis Higure 3-4A; compae lane 24 and 20-22).
Consequently shortpatch strand excision was monitored via restrictit@avage
analysis because ssDNA is proposed to be insensitive fdrlesirand cleavage
(Figure 3-5). Finally, mismatckprovoked unwinding was also observed when the

mismatch wadocated~200bp dovnstream of théviutH recognition siteand RecJ
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was usethbh3d ode droattheaappearing ssDNAdemonstratingthe
bi-directionality ofthe MMR systen{data not shown).
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Figure 3-4: Mismatch-provoked strand excision by UvrD

A: Heteroduplex cccDNA (28M; B) containing a single T:G mismatch ~200 upstream

of a hemimethylated GATGsite was incubated with all proposed componegdgiiredfor
strand discrimination and excision. In the presence of MutS {RDO MutL (200nM),
MutH (50nM), UvrD (50nM), Exol (0.1u/pl) and SSB (30@M) the circularsubstrate is
specifically processedhereby creatingepairintermediates containing a long singleand
region of undefinedength (lane 24). In the absence of MutS, MutL or MutH initiation of
MMR is preventedas expected (laneB). Without UvrD or Exol, ocDNA containing a
ni c¢c k thedmismatched T (arrow) is not further processed after strand incision (lane
14-19). Lacking SSB results in a MMR intermediatith a short singlestrand gapvhich is

not separated from ocDNA via gelectrophoresis (compare land 2and 2622). Thereforg
SSBindependent shopatch unwinding was monitored via restriction cleavage analysis
(Figure 35). B: Kinetic of complete procession of the circular DNA substr@énM) to
sscDNA after mismatchprovoked strand discrimation and excisionin presence fo
MutSLH, UvrD and Exol, stimulated by SSB (4001).
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Further analysis revealed ttsitand incisiordoes not strictly depend on MutH
to allow initiation of mismatchprovoked strand excisiom vitro (Figure 3-5). To
demonstrate that MutH is replaceabieany other nicking enzyméhe heteroduplex
circular DNA substrate was precubated withNt.BbvCl, thereby generating nick
18 bp downstream ofthie T:G mismatchTo this end SSBindependent shegatch
unwinding andexcisiontowards the mismatc$tarting fromthis nick was monitored
via restriction cl eavceaATECAGAa xypestéddviDusi ng B
was able to perforrshortpatch exaionin a MutSLEdependent mannén order to
remove themismatch Consequentlygenerationof the singlestrand gap containing
MMR intermediate avoidisubsequeninearization by BamH(Figure 3-5; lane 3).
In the absence of MutS, only littlenhibition in doublestrand cleavage by the
enzymewas observed due to unspecific recruitment of UvrD by MidiQure 3-5;
lane 5). Amostcomplete linearizatioof the substratevasdetectedafter incubation
without UvrD demonstratinghat strand excision was prevented in the absence of
helicase activityin vitro, as expectedFigure 3-5; compare lane 3 and 7inally,
indeedsimilar results werebtainedwith the samecircular DNA substratevhenthe
desirednick was irtroduced by MutHEigure3-8).

SLUE LUE SLE SercaceeAceCTecTocIGnGS

BamHlI BamHI BamHI ne

-CCTAGGAGCTCGTATATCGAGT.

- s . - .-,
— - - - | lin

LU=

Figure 3-5: MutH -independent shortpatch strand excision by UvrD

Incubation of gpre-nicked (NNt.BbvCl, arrow) heterodupleXDNA substrate (20M, oc) with

MutS (200nM), MutL (200nM), UwvrD (100nM) and Exol (0.u/ul) allows
MutH-independent shopatch strandunwinding and excision. The achievedMMR
intermediate containa short singlestrand gapthat prevents linearizatioly BamH| as
expected(lane 3). Inthe absence of MutS onlyittle inhibition in BamHI cleavagas
observed as a consequenceunspecific recruitment of UvrD by MutL ghe 5). Without
UvrD the DNA substratés almostcompletelinearizeddemonstrating the absenceanghort
singlestrand gap(compare lane 3 and 7). The T:G mismatch and BamHI recognition site
( SGGATCCG3 6) ar e i ddnd endetlired, respactively |
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3.2.3 Reconstitution of UvrD/RecJindependent MMR in vitro

After successfuteconstitution othe initial steps in MMRt was attempted to
reconstitutealso the final stepof this DNA repair pathwayn vitro. As merioned
this step include DNA re-synthesis by polllandDNA ligation after excision of the
erroneousstrand.However, die to the facthat DNA pollll was not availablepoll
was usedo completeMMR in vitro. Poll is suggesteds a member of théSPR and
BER pathwayin E. coli and responsible for DNA repairviakit r ans| @86 on (56
exonuclease and ponerase activity) after strand incisiday Vsror gap formation
by UDG/EndolV (see Introduction) Consequentlyjt was attempéed to repair a
circularheteroduplex DNAsubstratesia nick-translationin the absencef UvrD and
RecJthe proposed componerfty 5 03 6 MM®&Rably, e cau®o8 65 pol arity
of nick-translation, only substrates containing a hemthylated GATGsite
upstream of the mismatch were suitable for UvrD/Red&pendent MMRvia
nick-translaton in vitro. Finally, DNA repair was demonstrated by restriction
cl eavage anal y&CHEGGE3s6i)n.g IPhascdon(tsréast t o ho
linearization of heterodupleR®NA substrates iproposed to be avoidday a T:G
mismatch located whin the recognition squencefor this restriction enzyme
(5 €CITGGG3 drigure 3-6).

As expected, ricubation ofthe a circular DNA substratecontaining the
hemimethylated GAC-site ~200pb upsteam of a single T:G mismatchwith
MutSLH allowed strand discrimination angsulted inthe nicked MMR (Figure
3-6B; lane 4). Beside thistheremainingT:G mismatch within the Pasl recognition
site successfully prevented linearization of the substrate bydsigictionenzyme
(Figure 36B; lane 5).However,addition of pollto the reaction obviouslgllowed
subsequeninearization of the sulbste by Pasl indicatingestoration of theriginal
C:G base pair within the recognitiaite (Figure 3-6B; lane 6 and 7)These data
demonstrateahat DNA repair after strand discriminatiomndeedwas achievedvia
nick-translation by polandin an UvrD/Recdndependentmamer. Finally, addition
of DNA ligase resultedin covalent closed circulaDNA that was completely

linearized by Pasl but not further processed hyt3lLH indicating absence of the
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mismatch and @nstitution of MMRin vitro (Figure 3-6B; compare lane 6 and 8).
Under the conditions usethe DNA ligase was not able to avoid nicking by MutH
when the T:G mismatch was present (data not shown). Finaligsitdemonstrated
thattherepair mix containing MutSLHDNA poll and ligase efficiently repaired the
used MMR substrateithin a few minutesn vitro (Figure 3-6B; lane 10 and 11).
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-CCC'.I.'AGfGAGCTCGTATACCGAG’ K N N w
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- 2005 TG T:G C:G C:G
pUC-MMR cccDNA ocDNA ocDNA cccDNA
(3315 bp)
strand discrimination nick translation ligation
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l. SLH SLH
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Figure 3-6: Reconstitution of UvrD/RecJindependent MMR in vitro

A: Scheme for stepwiseeconstitution of5-8 6 MMR  wvtiarslationin o/ito. The
required nick (arrowgachievedafter strand discrimination is introduce@00bp upstream of

a T:G mismatch (bold)DNA repair and reconstitution of a single Pasl recognition site
(underlined) is demonstrated by restriction cleavage analyssig the corresponding
restriction enzymeB: Incubation of the heteroduplesircular DNA substrate (20M; A)
with MutS (200nM), MutL (200nM) and MutH (50nM) results in strand incisignas
expectedcompare lane 2 ant). Moreover, neither the heteroduplex DNA substrate nor the
nicked MMR internediateare linearized by Pasl (lane 3 and. 5jowever, after stepwise
addition ofpoll and ligase (0.L/pl each 1 mM) to the reactiorasshownin A, treatment
with Pasl results in almost complete linearization of the DNA subsfiate 7 and 9)
indicating restoration of the original C:G base pair and fingdlyonstitution of MMRin
vitro via nick-translationin an UvrD/Recdndependent mannésee text for details).

73



Results

In conclusion, the results demonstrétat efficient5 -@lirectedDNA repairin
vitro can be achievely DNA poll suggestinga possiblealternativeroute for5 @ 6
MMR in vivo. In order to repair a mismatch that is locatownstream ofa
processedtrand discrimination signaDNA pol is suitablefor MMR in E. coli via
nick-translaton without the requiremenfor Uvr D and an -appropri
exonuclease such as Reblbtably, thereis no evidencdor a mismatckdependent
recruitment of DNA poll byMutS and Mut. as shown for Uvrland therefor&©NA
repair might be thepositive consequence dafitiated nick-translation towardshe

damage asuggestedor VSPR.

3.3 Crosstalk between MMR and VSPR ircéi

Methylation of cytosine to -Bnethylcytosine (5meC) is used by many
organismsas a chemical tag tdiscriminatebetween DM from different sources
that lack this modification and/¢o regulateranscriptional activity. IrE. coli, MMR
and VSPR are directed to repair T:G mismatches that arise after deamination of
5meC within a Dcmsite. Earlier in vivo studies and several expmental
observationhravedemonstratedhe obvious requirement for crosstalk betwedmath
systemsin order toprevent misengaged repair as well asassure thathese two
processesdo not signifcantly interfere with each ath. The fact that both
compdition and cooperatiobbetweencomponents ofhese repair systenfgve been
reported to regulatactions in DNA mismatch repaieveas a puzzlein the crosstalk
required for maintaining Dcraites(see Introduction).

In this work, the crosstalketween MMR and VSPRas studiedn vitro using
circular DNA substrates sufficigrio trigger initiation of botlpathways concurrently
To this end a Vsr endouclease assay was developbdt allowed to monitor the
generation of a nicked VSPR intermedia#s consequence ohe proposed
mismatchprovokedstrand incisiorb 6 o f t h e . Rorievestidgatons éndhe T
crosstalk with MMR,Vsr endonuclease activitywas analyzedn the presence or

absence offactors responsiblefor initiation of MMR. On the other hangd the
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influence on initial steps in MMRuch as strand discrimination and excisignVsr
wasinvestigated in detail.

Beside this no data is available that directly demonstrateequirement for
crosstalk betweenboth repair systemafter strard incision byVsr. Misengaged
MMR induced bythe nicked VSPR intermediaté 6 T in€edase the chancedor
arising of a doublestrand breakwithin the DNA under unfavourdle conditions
(Figure1-13). To provoke initiation of MMR MutS has to recognize anad bind the
processed intermediabe similar way as thd:G mismatch prior to nicking by Vsr
Consequently VSPR substrate and correspondiimg situ generatedintermediate
were compare in mismatch bindindy MutSusing fluorescence techniques such as
FRET and anisotropy measurementSRET assay were performedto monitor
mismatchprovoked conformational changes by MutS towdhdsinitial recognition
complex(IRC) which is indispensable for initiation of MMRDue to he fact that
mismatchrecognition and binding by MutS inducsgecificbending of DNA FRET
is a powerful tool to detect these changemg fluorophore doublabeled DNA
substrates. Moreover, aisotropy measurementsvere performedto achieve
information about the orientation in which the mismatch is bound by MutS (see
Materials and Methods).

3.3.1 Initiation of very -short patch repair (VSPR)in vitro

The VSPR system fror&. coli is the major pathway responsible for repair of
T:G mismatcles that appear after deamination ofntethylcytosine within a
regulatory Dcresite. In contrast to MMR where mismatgitovoked strand
discriminationstrictly depends on MutSLHhe Vsr endonucleasaloneis required
and sufficient for mismatch recognition argkneration of ani c kto thé
mismatched TAs mentioned, He introduced nick serves as entry point for
subsequent repair YNA poll via nick-translation (see Introduction).

In this work, VSPRwas studied on aeneratedcircular DNA substrate
containing a T:G mismatch within a hemiethylated Dcrsite which represents the
natural substrate for the Vsr endonucleasevivo (Figure 3-7). Consequently,
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initiation of VSPR and therefore Vsr activitywas demonstrated by
mismatchprovokednicking of the circular DNA substrate resulting in theroposed

VSPR intermediatélue tostrandi nci si on 508 o fAppedrieg ofthies mat c h e
intermediate wasnonitoredvia gelelectrophoresiss described previously for the

MutH endonuclease assgee Materials and Methods).

Incubation ofthe heteroduplexcircular DNA substrate with the mismatch
recognizing Vsrendonucleaseesulta in strand incision indicating initiation of
VSPRIin vitro and generation of the proposed intermedigtgure3-7; lane 26). In
contrast the correspondingnomoduplexcircular DNA substratecontainng the
original C:G base pair instead ai mismatch was not processed by Vsr,
demonstratingthat initiation of VSPRis mismatchdependentunder the used
conditions as expecte(Figure3-7; compare lane 6 and 1HBinally, DNA substrates
with a mismatch in a different sequence context were not cleaved by Vsr indicating
the observed DNA nicking was specific for the mismatch geing endonuclease
(Figure3-8).

Heteroduplex T:G Homoduplex C:G
¥ ‘caeccnccumcm.
‘CAGGCACCTTGGGTG. ‘CAGGCACCCTGGGTG.
ITGAGGG“A‘I“CCTCGAGCATATGGC-
+
1 5 10 20 \ s
. oc —
' —

~ 200 bp

pUC-MMR
(3315 bp)

e cce

Figure 3-7: Mismatch-provoked activation of Vsr

Incubation ofthe heteroduplex circulaDNA substrate(15nM) containing asingle T:G

mismatch within ehemimethylated Dcrsite (bold) with Vsr (50M) results inthe desired

nicked VSPR intermediate (compare lane 2 #@)ddue tostrand incision5 6 o f t he
mismatched T (aow). No VSPR intermediate is observed aftem#ii, when homoduplex

DNA was useddemonstrating thaiitiation of VSPRin vitro is mismatchdependent, as
expectedcompare lane 6 and lSamples werékenat time pointsas indicaeéd and strand
incisionby Vsr wasmonitored via gel electrophoresis useng EtBr prestained 1% agarose

gelas described previously.
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In conclusion, theossibility to generate the natural occurring recognition site
for the Vsr endonucleaswithin a circular DNA substrateallowed successful
development ofa Vsr endonucleasassayand thereforeto monitor initiation of
VSPRIin vitro. Moreover the fact that the same damage also triggers initiation of
MMR, offered the chance investigate mutual influences by components of both
DNA mismatch repaisystems as a possible consequenceradstalk required for

repair of a common target

3.3.2 Vsr inhibits mismatch-provoked activation of MutH by MutS and
MutL

Various experimental observations have led to the conclusion that crosstalk
betweenMMR and VSPRdoes nobnly rely on competitionbetween MutS and Vsr
for mismatchbinding and subsequeninitiation of repair, butalso includesspecific
interactiors of componentsinvolved in bothrepair systems.Especially MutL the
molecular matchmakem MMR is propsed to play a role ilvSPR due to
modulating the activity of Vsr. The previous demonstrated physical intetem
between MutL and Vsr usingacterial and yeastvo hybrid analysis, was recently
confirmed via analytical ultracentrifugatigdUC) and sitedirected crosslinkindpy
Sarah L. Elliot and_uis GironMonzon (134) The proposed model by Luis Giron
Monzon and Sven Geisler maps the interaction site of MutL for Vsr to a similar
region as the MutHMutL interaction site, supporting the proposed competition of
MutH and Vsr for binding to MutL.

To investigate whether the physical interaction between Vsr and MutL is
sufficient to explain the inhibitory effect on MMR vivo, the influence of Vsr on
initial steps in MMR, i.e. the mismatgirovoked activation of the MutH
endonuclease by MutS and MutL, was testadvitro. DNA mismatch repair
substrates containing a T:G mismatch in a different sequence context, that are not
cleaved by Vsr were used to study the crosstalk between nutbgted mismatch
repair (MMR) and vey-short patch repair (VSPR), indicating the observed nicking
was specific for MutH.Heteroduplex circulaDNA substrates containing a T.G
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mismatch only 4p away from the hemnethylated GATGsite was nicked by
MutH in a MutSL:dependenmanner, as expectéBigure3-8A; lane 25). However,
in the presence of Vsr strand discrimination by MutSLH was obviously inhilrited

vitro (Figure3-8A; compare lane-5 and 69).

SLH gereacecaccenesToorangs
Vsr - + CGTGGGACCCACGACT
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Sliding IRC
2 3 4 5 6 7 8 9 clamp

Figure 3-8: Vsr inhibits mismatch-provoked activation of MutH

A: Heteroduplex circulaDNA (20nM) containing a T:Gmismatch 4p upstream of a
hemimethylated GATGsite was incubated with MutS (4001), MutL (1 puM), MutH
(200nM) and ATP (ImM) in the presence or absence of Vsiuf8) at 37°C for the
indicated time. Mismatcprovoked activation of MutH by MutSL is elously inhibited by
Vsr under the conditions usea vitro (compare lane-8 and 69). B: To rule out unspecific
mismatch recognition by Vsr, the circuRNA substrate (206M) was incubated with either
Vsr (5uM) or MutS (5uM) in the presence of the immdted nucleotide (inM each) for
5min at 37°C, followed by addition of BamHI (&) for 10sec. As expected, no or little
BamHI blocking is observed in the presence of Vsr or MutS, incubated with ATP (lane 5 and
7). Mismatch binding by Mut$ the presece of ADPavoids Inearization by BamHdiue to
formation of thenitial recognition compleXIRC) (lane 9; ge text for details C: Model for
mismatch and nucleotide induced conformational changes in MutS towasislihg clamp
and the IRC in the presee of ATP and ADP, respectively.
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Restriction cleavage analysis revealed that binding of MutS in the presence of
ADP is blocking the action of BamHI whereas Vsr is not, indicating that Vsr is not
strongly bindng to this mismatchHigure3-8B; compare lane 5 and 9). As proposed,
mismatch recognition by MutS in the presence of ADP results in formation of the
initial recognition complexXIRC) thereby blocking linearaion by BamHI (Figure
3-8C). Moreover, in the presence of ATP only little blocking of DNA cleavage was
observed, which suggestfiding clampformation by MutS, leaving the mismatch
after recognition and thereby allowing MutH (Figur&4; lane 5) or BamHto act
at their target siteRigure 3-8B; compare lane 7 and @n the other handnfluence
on Vsr activity by components of the MMdystemwas studied using the tsal Vsr
substrate containing &G mismatch within thehemimethylated Dcrsite (Figure
3-9). To indicate thathe observed nicking was specific for the Vsr endoeask
competition assays were performed in the presence of the catalytic inactive variant
MutH E77A.To this end, this MutH varianhdeedinhibited strand incision by Vsr
under the conditions usead vitro when MutS and MutL were present (data not
shown).

In conclusion, these results demonstrate that competition between Vsr and
MutS for mismatch binding is not necessary to inhibit mismatcovoked activation
of MutH which is a consequence cbmpetition between Vsr and MutH for binding
to MutL. Moreover, hese results confirm the model in which the molecular
matchmaker MutL is involved in crosstalk between MMR and VSPR due to
interaction with effector proteins of both repair pathwaysterestingly, Vsr
endonuclease activity was stimulated in the presehd®@utS and MutL, an effect

which was subsequently investigated in detail.

3.3.3 Vsr endonuclease activity is stimulated by MutS and MutL

As mentionedefficiency of VSPRnN vivois influenced by the presence of both
MutS and MutL.The pesent and previous studi@ave providedhe evidence for a
physical and functional interaction between Vsr and MutL, but litheitro data is
available for theole of MutSin this pathwayTherefore, the role of MutS, MutL and

79



Results

ATP-hydrolysis on the actity of Vsr was analyz# using theheteroduplexcircular
DNA substrate containing a single T:G mismatch within the hasthylated
Dcmesite Figure3-9).

Analysis of crosstalk between commamts of the VSPR and MMR pathway
demonstrated that endonuclease activity of Vsr is greatly stimulatié ipresence
of both MutS andMutL in an ATRhydrolysis dependent mannegfigure 3-9; lane
7). Under the experimental conditions used, neither MutL nor MutS alone were able
to stimulate the Vsr endonucleaaetivity (Figure 3-9; compare lane -3 and 7)
Moreover, thisstimulation was dependent on the presence of ATP which caenot b
substituted by ADPHKigure 3-9; compare lane 7 and 9). In the absence of Vsr, no
strand incision was observed with MutS, MutL and A&R,expectedFigure 3-9;
lane 11). Furthermore, DNAubstrates without a mismatch or a mismatch in a
different sequence context were not cleaved by Vsr indicating the observed DNA

nicking was specific for the mismatch reomgng endonucleaséigure3-8).

¥
H ﬂ SLv SLv SL ‘CAGGCACCT‘I‘GGGTG.
ATP + + + + - +
ADP - - - + - me) -
[min] M 0 5 T T 0 5 0 5 0 5 .TGAGGGATCCTCGAGCATATGGC-
e — —— "

bl Ak N

~ 200 bp

pET-MMR
(5708 bp)

— —— —— — S e - W | cCC

Figure 3-9: Mismatch-provoked stimulation of Vsr by MutSL

Vsr endonuclease activity is greatly stimulated by MutS and MutL in an-Ry@Rolysis
dependent manndiane 7. Compared to Vsr activity alone (lang ®nly a small stimulation

is observed when Vsr was incuéd either with MutL or MutS (lane 4 and.3n the
presence of ADP no obvious increase in stimulation of Vsr activity by MutSL is detected,
indicating that stimulation of the endonaeakse requires AFRydrolysis (lane ® MutS and
MutL in the absence of/sr are not sufficient to initiate VSRRSs expected (lane 11Strand

i ncision by Vsr, resulting in a niecdfter56 of
incubation ofthe circular DNA substrate(15nM) containing a T:G mismatch within the
Dcmesite (bold) for 5 min at 37C in the presence or absence of the following compounds:
Vsr (75nM), MutS (400nM), MutL (400nM) and ATP or ADP (InM).
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AUC and crosslinking experiments revealed that the physical interaction
between Vsr and MutL requires nucleotide binding but not hydrolyssst)
Consequentlythe ATRbinding proficient but ATPase impaired variant MutL E29A
was tested for thability to stimulateVsr endonuclease activiin vitro. In contrast
to the results obtained with wildtype MutL little oo stimulation of DNA nicking
by Vsr was observed with MutL E29A suggesting that Ay@rolysis by MutL is
required for a functional interaction with Vsr wardgphysiological conditiond={gure

3-10; comparecircles and trianglgs

Stimulation of Vsr endonuclease
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=
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Figure 3-10: Kinetic studies in Vsr endonuclease activity

Strand incision by Vsr and V14 was monitored via nicking of heteroduplex ciacu
DNA (15 nM, Figure 39) after incubation for Bnin at 37°C in the presence or absence of
MutS (100nM), MutL wild type or E29A (20tM) and ATP (1mM). Compared to Vsr
(orange circles Vsr-D14 alone shows diminished endonuclease actiotgnge squa9y, as
expected. However, both endonucleases are greatly stimulated by MutS #ndgkéen
circles and squargsOnly little stimulation of Vsr activity is observed whafutL E29A
(blue triangley was used, indicating that the functional interactioowbet MutL and Vsr
requires ATPhydrolysis.

Beside this, stimulation of Vsel4 was analyzed in the presence or absence of
MMR components. Compared to wildtype Vsr, the truncated variant showed
diminished endonuclease activity. This was not surpridiegause the crystal

structure of the VSDNA complex revealed that the missingt&minal part contains
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amino acid residues importent for DNA regoation and binding Kigure 1-12).
However, Vsfael4d endonuclease activity was also greatly stimulated by MutS and
MutL in vitro (Figure3-10; compare circles and squajyes

These resultsdemonstrate that both MutS and MutL are necessary and
sufficient for the stimulation of Vsr endonucleaisevitro resulting obviously in
enhanced VSPRMoreover, this functional interaction requires Amfrolysis by
MutL which is similar to the mismateprovoked activation of MutH during MMR.
In conclusion these data suggest that the transient MutSL complex, which is formed
after mismatch recognition, has the capability to stimulate effector proteins of at least
two repair pathways, MMR and VSPR, which &ips the results observeu vivo.
As mentioned, the absence of MutS or MutL decreases the efficiency of VSPR in
E. coli and therefore demonstratdsat cooperationplays a rolein the crosstalkof
both DNA repair pathways Finally, sincesimultaneousnismatch binding by MutS
and Vsr is mutually exclusive, only models involving a mobile rather a stationary
MutS are consistent with the demonstrated Mutfépendent activation of Vsr. As
demonstratedecently MMR is also efficient when mismatch and GABte are
separated by only dp, a distance which is too short to allow simultaneous binding
of MutS at the T:G mismatch and ktuat the GATGCsite Figure3-8).

3.3.4 Reconsttution of enhancedvVSPRIin vitro

After demonstrating the stimulation of Vsr activity by MutS and MutL in an
ATP-hydrolysis dependent manner, the whole VSPR pathway was reconsiituted
vitro. Beside MutS, MutL and Vsr (MutSLV), the VSPR pathwagircoli requires
activities of DNA poll and ligase. After strand incision by Vsr, poll is required for
DNA repair via nicktranslation and ligase for subsequent nick sealing, as described
(see Introductn).

As shown hereit was possible to repaia T:G mismatctwithin a Dcmsitein
the presence of all proposed componemguired forenhanced VSPRn vitro
(Figure3-11). DNA repair and restoration of the oingl C:G base paimwas verified
via linearization othe generated homoduplex DNA by PasbG&CCAGGG3 0 ) . As
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mentioned, the Vsr recognition sitfe SGCTAGGG-3 0¥ included within the
recognition sequencér Pasland therefore avoids linearization of heteroduple
DNA by the restriction enzyme Figure 3-11B). Mismatchprovoked initiation of
VSPRwas monitored viappearing of the nicked SPR i nt er masdheat e ( 0T
consegence ofstrandi nci si on 506 of t htee Don/Pastiteet c hed T
(Figure 3-11B; lane 5. Subsequent incubatiowith Pasl resulted only in a little
increase ofinear DNA due to cleavage of homoduplex DN#at was not processed
by Vsr.Notably, small amounts ofdmoduplex circulaDNA substrate are achieved
from time to timedue tothe procedure cdubstrate generatipas mentione@Figure
3-11B; lane 6).However, adition of DNA ligase to the MutSLV reaction mix and
subsequent Pasl treatment showed no significant change in the DNA procession and
restriction patternKigure3-11B; lane 7 and 8), demonstratittge incapabilityof the
ligase for nick sealinglirectly next to a T:G mismatch aepair, as expected.
Moreover, aperhapsligated mismatch wastill a target for enhared VSPR and
therefore prevented efficiefigation of the substrateFinally, subsequenihcubation
of the nicked VSPR intermediate witbNA poll in the presence of thkgase
resulted in a circulaDNA substratewhich was not furtheprocessed by MutSLV
(Figure 3-11B; lane 9).Moreover, teatment with Pasl showed almost complete
linearization of the DNA substrate indicatiregtaation of the original C:G base pair
within the Dcm/Pasl an@®NA repair via nicktranslation by pollafter initiation of
VSPRIin vitro (Figure3-11B; lane 10).

In conclusion, these results reveal for the first time that initiation of VIBPR
vitro is indeed enhanced by a mismaprvoked stimulation of the Vsr
endonuclease activity by WS and MutL which demonstrates the proposed
cooperation in the crosstalk between MMR and V&Pfvo. Moreover, restoration
of the Dcmsite is efficiently achieved via niekanslation in the absence of factors
required for strand excision as importaot MMR. However, the enhanced VSPR
pathway is obviously similar to the MMR pathway. The only difference between
both systems relies on the recruited effector protein that introduces a nick into DNA

serving as entry point for subsequent steps in DNA repair.

83



Results

A
'

‘CAGGCACCTTGGGTG.

me

lTGAGGGA’I“CCTCGAGCATATGGC.
L

N

I. SLV

II. Lig

10°37°C

1. Poll

Pasl Pasl Pasl
| -
~200bp T:G ‘T:G ‘T:G C:G
pUC-MMR cccDNA ocDNA ocDNA cccDNA
(3315 bp)
strand incision blocked nick-
ligation translation
+ligation
B
. - SLV SLV
Il. Lig Poll-Lig
1. Poll
M - Pasl Pasl Pasl Pasl Pasl
P
—— S ——— D TN S — — oc
b — — - —— . lin
S D e— S —— —
— L cee
1 2 3 4 5 6 7 8 10 11 12

Figure 3-11: Reconstitution of enhancedVSPR in vitro

A: Scheme for stepwiseeconstitutionof enhancedVSPR in vitro. Repair of the T:G
mismatchwithin the Dcmsite (bold) is demonstrated by restrictiameavage analysis using

Pasl due toestoratiorof the original C:G base pair within the corresponding recognition site

(underlined) B: Heteroduplex iccular DNA substrate (20M; B) was incubated with MutS
(200nM), MutL (200nM) and Vsr (50nM) followed by stepwise addition of DNA ligase
and poll (0.1u/ul each), agndicated in A Neither heteroduplex circular DNA nor the nicked
VSPR intermediateachieved after strand incision by MutSl(Mine 4) is linearizel by Pasl
(lane 3and 6). Addition of DNA Igaseto the nicked intermediatieas almost n@&ffect on
DNA repair, explained by incapability of the ligase to seal a wiic&ctly next to a mismatch
as well adurther activation of MutSL\by the mismatcltflane 7 and 8). In the pressnof
effici etBIby {ranegian iactiety
thereby restoring the single recognition site for Pasl (compare lane 6 and 10). Poll and ligase

pol I

a sdlmBNONA i s

alone are not sufficient to repair the VSPR substestexpecteflane 11 and 12
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3.3.5 Intermediate of VSPRtriggers initiation of MMR

As demonstrated, arising of a T:G mismatch within a Bte due to
spontaneous deamination ofntethylcytosine or incorporation of T opposite G
during replication triggers in principle initiation of &ast two repair pathways,
MMR and VSPR, inE.coli. Additionally, both DNA repair systems include
mismatch recognition and subsequent activation or stimulation of downstream
effector molecules, such as MutH, UvrD and Vsr, by a MutSL complex. However,
simutaneous initiation of MMR and VSPR vivo may cause lethal doubtrand
breaks within DNA under unfavourable conditions (see Introduction). Moreover, an
influence by the nicked intermediate of the VSPR pathway on MMR has not been
investigated so far. Erefore, the capability of MutS for binding to a T:G mismatch
after strand incision by Vsr was test@d vitro. To investigate MutS binding
specificity for t he VSPR substrate as
recognition and thereby induced confotimaal changes in the DNA were analyzed
via FRET using doubkabeledoligonucleotides. The MutS binding and bending
assay, developed by Michele Cristovao, allows monitoring the formation of the IRC,
which is indispensable for initiation of MMR. Finallyniaotropy measurements
were performed to test the influence of the IRC on the free rotation of the
fluorophores attached to the substrates, which provides information about the
orientation in which the mismatch is bound by MutS (see Materials and Methods).

A great increase in FRET between Alexa 488 and Alexa 594 was observed
after incubation of the heteroduplex VSPR substrate with MutS and ADP, indicating
mismatch binding andofmation of the IRC Kigure 3-12A). DNA kinking which
decreased the distance between the FRET pair was monitored by an increase of
emission by the acceptor (Alexa 594) during excitation of the donor (Alexa 488). In
contrast,homoduplex DNA containing a C:G base pair within the same sequence
context was not kinked by MutS, as expected. In the absence of a mismatch,
formation of the IRC is avoided and therefore no significant increa$&ET was
detected Figure 3-12B). These results demonstrate the specificity of mismatch

recognition and binding by MutS required for initiation of MMR.
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Figure 3-12: Monitoring mismatch -provoked formation of the IRC via FRET

Emission spectra of doublabeledVSPR/MMR (A) and homoduplex DNA (B) substrate
titration with MutS in the presence of ADR: Increasing amounts of MutS -@D0OnM)

were added to the 4% VSPR substrate (5M) and ADP (ImM), resulting in the decrease

of donor (D; Alexa 488) fluorescence coupled to an increase of acceptor (A; Alexa 594)
fluorescence (FRET, indicated by the arroi).In contrast to A, no change of the acceptor
fluoresceace and therefore no FRET is observed in the presence of homoduplex (C:G) DNA.
The small decrease of donor fluorescence (quench) in the presence of MutS indicates
unspecific DNA binding (scanning) or interaction with DNA ends.

As mentioned, DNA binding biutS and especially formation of the IRC in
the presence of a mismatch in principle changes the environment and reduces the
rotational freedom of the two fluorophores, attached to the DNA substrate (see
Introduction). Therefore, fluorescence anisotropyasueements were perforthéo
monitor influences on botllonor (D; Alexa 488) and acceptor (A; Alexa 594)
fluorophores caused by MutS in the presence or absence of a mismatch. Moreover,
this assay was used to determine, in which the orientation the misiméiwbnd by
MutS (see Materials and Methods).
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Figure 3-13: Monitoring DNA binding and kinking by MutS via anisotropy

A: Comparison of effects on donor anisotropy (Alexa 488; green) by increasing amounts of
MutS (0-200nM) binding to the T:G (open squares) or C:G (closed circles) substrate
(50nM; C). Formation of the IRC shows almost no influence on the fluorophore attaxhe
the top strand, 1Bp away from the mismatched T (@®: In contrast to A, the acceptor
anisotropy (Alexa 594; red) for the VSPR substrate is greatly increased in adbhdS8dent
manner. This indicates DNA kinking and suggests movement of the acceich is
attached to the bottom strand, 42 away from the mismatched G (C), towards the clamp
(indicated by the arrow) thereby reducing the rotational freedom of the fluoroplbres.
Scheme for DNA kinking after T:G mismatch recognition by MutS afidence on donor

and acceptor anisotropy, respectively, due to formation of the IRC.

Anisotropy measurements revealed that MutS in principle had an influence on
the rotational freedom of the fluorophores attached to DNA substrates either by
unspecific biding, interaction with DNA ends or specific kinking after mismatch

recognition. Although the donor fluorophore (Alexa 488) is almost not influenced

87



Results

during MutS binding toboth DNA substrates F{gure 3-13A), a dramatic
MutS-dependent increase in anisotropy of the acceptor fluorophore (Alexa 594) was
observed for the heteropiex VSPR substraté=igure 3-13B). These data indicate
that T:G mismatch binding by MutS occurred in an orientation which will only
influence the rotational freedom of the acceptor fluorophore during DNA kinking
and formation of the IRC. The small increase irsattopy of the donor fluorophore
which is similar for both substrates is caused by unspecific DNA binding (scanning),
interaction with DNA ends and the fact that in principle two MutS molecules can
bind to a single doubllabeledDNA substrate. Recent FREStudies in mismatch
recognition during MMR carried out by Michele Cristovao demonstrated that a
significant increase of either donor or acceptor anisotropy directly provides an
information about the orientation of MutS mismatch binding. In the FRET system
used for studies in crosstalk during DNA repair, binding of the mismatched base in
the donosstrand, which is the case for T:G, reduces the rotationaddreeof the
acceptor Figure 3-13) whereas binding of the mismatched base in the acceptor

strand, which was shown for C:A, effects the atiigpy of the donorRigure3-21).
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Figure 3-14: In situ generation of the VSPR intermediate

A: Scheme forin situ generation of the 4Bp doublelabeled VSPR intermediate.

Proteinas«& (2 U) and PMSF (InM; proteinase inhibitor) were stepwiselded to avoid

blocking of MutS mismatch binding by Vsr after strand incisiBn.Control for complete

procession of the VSPR substrateuf) by Vsr (200nM) to generate the VSPR
intermediate for MutS binding and bending experiments via FRET. Aftermgki 56 of t he
mismatched T, the 2dp singlestrand fragmentabeledwith Alexa 488 (green) is separated

from the unprocessed stratabeledwith Alexa 594 (red) via denaturing gelectrophoresis

(lane 4). Homoduplex DNA substrate is not processed byetitlwnuclease, as expected

(compare lane 2 and 4).
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To investigate whether MutS has the capability to interfere with the VSPR
pat hway after strand incision 5ldbeled f t he
VSPR intermediate was generated situ and analyzeé for MutS binding and
bending in the FRET assay. To demonstrate complete procession of-nabéel
VSPR substrate by the Vsr endonuclease, mismatmboked DNA nicking was
confirmedvia denaturinggelelectrophoresisHigure 3-14B). The FRET efficiency,
which was calculated by theafp ratio (see Materials and Methods) was used to

compare VSPR substrate and intermediate in mismatch binding and DNA bending by

MutS.
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Figure 3-15: The VSPR intermediate triggers formation of the IRC

A: Comprison of FRET efficiencies gfp ratio) for doubldlabeledhomoduplex DNA

(C: G; bl ack), VSPR substrate ( TnM&Eachnhthet e) and
absence and presence of MutS (88 and ADP (ImM), respectively. Previous strand

incision by Vsr results in ~58 decreased FRET compared to the unprocessed substrate

(compare white and grey bars). However, Mut S
mismatch and to induce conformational changes towards theBIRComparison of change
indonor (Al exa 488; D) and acceptor (Al exa 59

substrates, respectively, induced by increasing amounts of Mt280¢@M). The greatly
increase of acceptor anisotropy coupled to almost no change in the rotational fofedem
donor fluorophore for botty SPR substrate (open squares) and intermediate (open triangles),
at high MutS concentrations indicates mismatch binding by MutS in the same orientation.
The difference in acceptor anisotropy between both satbst suggss less DNA bendini

the IRC, which results in the decreased FRET shown in A.
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Although FRET efficiency was decreased 95Qafter strand incision by Vsr
the doubldabeled VSPR intermediate was still kinked by MutS, indicating
recognition of t brmeatioh of:thé IRGBRigareBalbAg. Rinallyn d f
Anisotropy measurementsvealed that mismatch binding by MutS occurred in the
same orientation as shown for the substrate, demonstrated by almost no change in
anisotropy of the donor (Alexa 488) coupled to a great increase in accegra (Al
594) anisotropyKRigure 3-15B ) . However, the difference b
acceptor anisotropy reached athiljlutS concentrationsF{gure 3-15B; compare
triangles and squares) suggests a smaller angle of the induced DNA kink provoked
by formation of the IRC in the presence of the VSPR intermediate, which
consequently re$ts in decreased FRETFigure 3-15A; comparewhite and grey

bars).

3.4 Crosstalk between MMR and BER incBli

Several in vivo studies and experimental observations demonstrated the
obvious requirement for crassk between MMR and BER to assure that these two
processes do not significantly interfere with each other during repair of uracil
containing mismatches (see Introduction). In this work, the crosstalk beBveeh
MMR and BER was studieth vitro using adequate mismatch substrates and all
proposed components for initiation of both repair pathways. Therefore, a BER assay
was developed and U:G mismafgiovoked initiation of MMR in the presence or
absence of the uracil DNA glycosylase (UDG) was analyze@tail. Due to the fact
that the mismatch is converted into an-gie¢ after procession by UDG, it has to be
determined whether the resulting BER intermediate is still recognized by MutS and
therefore has the capability to initiate MMR. However, simubbaseinitiation of
both repair pathways vivo may causemutations orlethal doublestrandbreaks
within DNA under unfavourable conditions (see Introduction). Finally, fluorophore
doublelabeled BER substrate and intermediate were used to compare mismatch
binding and DNA bending by MutS via FRET and anisotropy measurements (see

Materials and Methods). The recently developed FRET assay allowed monitoring the

90



Results

formation of theinitial recognition compleXIRC) in the presence of a mismatch,
which is indispendae for initiation of MMR. Anisotropy measurements were
performed to achieve information about changes in the rotational freedom of the
fluorophores due to the IRC and the orientation in which U:G mismatch arsité\P

are bound by MutS.

3.4.1 Initiation of base-excision repair (BER)in vitro

In this work, initial steps in BER were studied on circular DNA substrates
containing a U:G mismatch or a U:A base pair, which represents the natural substrate
for UDG in vivo. UDG catalyzes the release of uracil, therelsating an AFsite
followed by cleavage of the DNA backbone by EndolV, which finally results in a
singlenucleotide gap (see Introduction). Due to the fact that generation of-aieAP
does not influence the integrity of the DNA backbone, EndolV wasttirased to
demonstrate and visualize UDG activity vitro via generation of ocDNA and
agaros@elelectrophoresisHigure3-16).

Initiation of BER, resulting in ocNA was only observed after incubation of
cccDNA substratewith UDG and EndolV Figure3-16B; lane 4). Neither UDG nor
EndolV alone were sufficient to generate ocDN#licating specific procession of
cccDNA during BER and appearing of a singlgcleotide gap under the conditions
usedin vitro (Figure 3-16B; lane 2 and 3). As expediecccDNA retained after the
release of uracil by UDG and tHe coli AP-endonuclease EndolV catalyzed the
cleavage of the DNA backbone only after specific release of uracii DNA by
UDG (Figure3-16B; compare lane 2, 3 and 4). Furthermore, circular DNA substrates
containing a T:G mismatch, such as used for VSPR, were not processed by UDG and
therefore no ocDNA was observed after treatment with EndolV, which derat@sst
substrate specificity of the glycosylase (data not shown). Finally, the presence of the
specific UDG inhibitor (UGI) completely prevented the initiation of BERvitro
(Figure3-16B; compare lane 4 arv).
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Figure 3-16: Initiation of BER in vitro

A: Scheme for stepwise procession of circular DNA substrates during BER by UDG and
EndolV, which allows monitoring the initial steps in BER via agarose&lgetrophoresis.

B: Monitoring singlenucleotide gap formation during BER. Incubation of circular iirac
containing DNA substrate (28M, top) with UDG (0.08J/ul) and EndolV (0.2J/ul) results

in ocDNA indicating appearing of a singheicleotide gap after specific release of uracil by
UDG and DNA backbone cleavage by EndolV (lane 4). Neither treatmemtUidG nor
EndolV alone generates ocDNA (lane 2 and 3), as expected. Generation okda A&s no
influence on the integrity of the DNA backbone and therefore cccDNA is maintained in the
presence of UDG. Addition of UGI (012/ul) prior to incubation wih the glycosylase
avoids initiation of BER due to inhibition of UDG (compare lane 4 and 7).

3.4.2 Intermediate of BERIinhibits initiation of MMR

Crosstalk between BER and MMR for repair of a common target was studied
using various circular DNA substrates coniiagna single uracil either opposite A or
G and a hemmethylated GATGsite as well as all proposed components to initiate
both repair pathwayis vitro. To investigate mutual influences on initiation of MMR
repair, mismatciprovoked activation of MutH wasnalyzed in the presence or
absence of UDG, which converts a U:G misrhaittcto an APsite. As described,

initial steps in BER were monitored vianglenucleotide gap formation in the
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presence of DG as well as Endol\and initiation of MMR wasdemonstratedy
strand disamination by MutSLH Figure3-17A).

A B

|. SLH U:A/IG ‘cmcczxccvmeem.
537°C cccl/cce *
lTGAGGGA’.l‘CCTCGAGCATATGGc-

U:A/G mismatch-
provoked
ccc/oc e
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I. UDG U:AIG
5'37°C ccclcce
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Gap:A/G single-nucleotide
oc gap
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Figure 3-17: Monitoring U:G mismatch-provoked initiation of MMR and BER

A: Scheme for treatment of circular uracil containing DNA substrates with components
required for initiation of either MMR or BER resulting in the corresponding intermediates
monitored via agarose gelectrophoresis (C)B: Heteroduplex circar DNA substrate
sufficient to study crosstalk between both repair pathwaysitro. U:G mismatch and
hemimethylated GATGsite (both in bold) are separated by ~Bp0 Nicking site for MutH

is indicated by the arrowC: Mismatchprovoked initiation of MMR by the heteroduplex
BER substrate. Circular DNA substrate (28) containing either a U:G mismatch or a U:A
base pair were incubated with MutS (2M), MutL (200nM) and MutH (50nM) in the
presence of ATP (inM) as indicated in A. Strand incision by Muis only observed for
heteroduplex cccDNA resulting in ocDNA (compare lane 3 and 8), thereby demonstrating
the specificity for initiation of MMR under the conditions usedvitro. Appearing of
ocDNA after stepwise incubation of the uracil containingssalbes with UDG and EndolV

as shown in A, indicates gap formation and initiation of BER (lane 5 and 10).
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Figure 3-18: Inhibition of MMR after initiation of BER
A: Scheme for stepwise incubation loéteroduplex circular DNA substrate containing a
single U:G mismatch and a hemiethylated GATGsite (Figure 317) with components
required for initiation of BER and MMR as indicated. To investigate whether the first
intermediate of the BER pathway triggeinitiation of MMR, mismatctprovoked strand
incision after release of uracil was monitored via agaroselgetrophoresis (BB: MMR

is inhibited after initiation of BER.ncubation of the circulaDNA substrate (25 M) with
MutS (200nM), MutL (200nM), MutH (50nM) and ATP (ImM) results in ocDNA, as

expected

(I ane

3;

6 GATC) .

Al t hough

unexpect

demonstrated by EndolV (lane 4 and 5), avoids strand incision by Whder the conditions
usedin vitro (compare lane 3 and 6). To rule out blocking of MutS binding to the generated
AP-site by UDG, UGI was added after treatment with the glycosylase as indicated in A.
However, no ocDNA, which indicates strand incision, isesked after incubation of the
BER intermediate with MutSLH (compare lan®& 4nd 79). On the other hand, inhibition of
UDG prior to incubation with the substrate, as indicated in A, avoids generation of an
AP-site and allows subsequent initiation of MM&mpare lane-® and 1612).

To investigate whether the Adtte containing BER intermediate is sufficient to

trigger initiation of MMR, UDG treated circular DNA substrate was subsequently

incubated with MutSLH. Specific release of uracil by UDG was adamonstrated
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via treatment with Endol\Wresulting in ocDNA Figure 3-18B; lane 4 and 5).
Although unexpected, strand incision was avoided after release of uracil and
generdion of the ARsite Figure3-18B; compare lane 3 and 6). To rule out blocking

of mismatch or AFRsite accessibility for MutS by UDG, the glycosylase inhibitor
UGI was added before incubation with MutSLH. However, initiation of MMR was
still avoided when the glycosylase was able to process the substratehditbd
afterwards Figure 3-18, compare lane-6 and 79). On the other hand, addition of
UDG to the inhibitor prior to incubation with the cidar DNA substrateRigure
3-18B) avoidedinitiation of BER and allowed subsequent mismatcbvoked strad
incision by MutH Eigure3-18, compare lane-8 and 1612).

These data demonstrate that initiatioh MMR in vitro is prevented after
generation of an ARite during the first step in BER, which suggests a possible
incapability for MutS to recognize the BER intermediate as a mismatch, to induce
conformational changes towards the IRC or to signalddmage after mismatch
binding. FRET experiments were performed to analyze whether mismatch

recognition by MutS is affected after initiation of BER.

3.4.3 AP-sites preventformation of the IRC

Although unexpected, initiation of MMR during BERas inhibitedin vitro
after the release of uracil by UDG, which creates arsid> To analyze whether
mismatch recognition is affected after procession of the initial step in BER, induced
conformational changes towards thtial recognition complex(IRC), which is
indispensable for initiation of MMR, were monitored via FRET, as mentioned above.
MutS binds to U:G and T:G mismatches in an orientation in which Glu38 of the
mismatch binding monomer makes special contacts to U and T, respectively (see
Introduction). Consequentl release of uracil results in a type of damage, which
obviously requires binding by MutS in a different orientation compared to the
unprocessed substrate. Therefore it was analyzed whether -aiteARB bound by
MutS in a similar way as demonstrated &or insertion or deletion (IDL) of a single

nucleotide, due to the retaining single G within the unprocessed strand, which might
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trigger initiation of MMR. Finally, doubléabeledoligonucleotides containing either

a single U:G mismatch, an Adite (e.g. ARG) or a singlenucleotide deletion (e.g.
aJ:G) within the same sequence context as used fointkigro repair assays were
tested for mismatch binding and induced conformational changes towardgithe
recognition compleXIRC). Furthermore, anisotpy measurements were performed

to test the influence of the IRC on the free rotation of the fluorophores attached to the
DNA substrates, which provides information about the orientation in which the

mismatch is bound by MutS (see Materials and Methods).

A
I. UDG [I. EndolV
K 5'37°C \ 5 37°C
Alexa 488 (D) / \ \
N — S N —
Al W o u
exa 594 (A)
u:G AP:G single-nucleotide
gap
B
U:G AP:G CG
|. UDG - + - + - + - _
Il. EndolvV - -+ o+ - -+ 4

Alexa 594 (A)

—_— _'_—I—"—
Alexa 488 (D)
A

Figure 3-19: Quality control of BER substrate and intermediate

A: Scheme for stepwise monitoring of initial steps in BER on dolaieled DNA
substrates used for MutS binding and bending studies via FBER substrate and
intermediate (JAM) were incubated with UDG and EndolV (beach), as indicated (B) to
demonstrate the presence of U:G mismatch angie respectivelyB: Quality control of

the BER substrate and intermediate. Formation of a singleatige gap is only observed
after treatment of doublebeled BER substrate with UDG and EndolV, as expected
(compare lane-3). Release of uracil and subsequent cleavage of the DNA backbone results
in a 21bp singlestrand DNA fragmentlabeledwith Alexa 488 (green), separated from the
unprocessed and Alexa 594 (réabeledoligonucleotide via denaturing gelectrophoresis

(lane 4). Appearing of the short fragment after procession of the BER intermediate by
EndolV in a UDG independent manner demonetrahe presence of the required-¢ie
(compare lane 3 and?). Finally, homoduplex DNA substrate is not processed by UDG and
EndolV, as expected (compare lane 4 and 10).
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To test the quality of the required doutddeledDNA substrates, initiation of
BER was analyzed as described and monitored via denatgeghelectrophoresis
(Figure3-19). As expected, generation of a singlécleotide gap only occurred after
specific release of uracil by UDG and subsequent cleavage of the DNA backbone in
the presence of EndolV, resulting an21bp singlestrand DNA fragmentlabeled
with Alexa 488 (green), separated from the unprocessed and Alexa 59%ledd}l
oligonucleotide Figure 3-19B; compare d&ne 14). Furthermore, the BER
intermediate was almost completely processed by EndolV in the absence of UDG,
demonstrating e required AFsite (Figure 3-19B; comparelane 3 and 7). In
contrast, the homoduplex DNA substrate was not sufficient to trigger initiation of
BER, as expected (Figure-1®B; compare lane 4 and 10). Finally, FRET
experiments revealed that U:G mismatch binding by MutS induces DNA kinking,
which indicates fomation of the IRC Kigure 3-20). Moreover, the doubiabeled
BER substrate was bound by MutS in the same orientation, recently shown for the
T.G and isnmatchGFigune 3-15), which was demonstrated by an increase of
acceptor anisotropy coupled to almost no change for the donor fluorophore at high
MutS concentrationsn comparison to homoduplex DNAF{gure 3-20; compare
circles and squares).

Although the effects were not as dramatic as observed for VSPR substrate and
intermediate,mismatchprovoked conformational changes towards the IRC in the
presence of a heteroduplex BER substrate were sufficient to trigger initiation of
MMR, as shown recently~{gure3-17). However, no change in FRET efficiency was
detected for the BER intermediate compared to homoduplex DNA indicating no
kinking of DNA after ircubation with MutS Figure 3-20; compare white and grey
bars). Furthermore, no increase in either donor or acceptor anisotropy in comparison
to homoduplex DNA was monitored after incubation of the BERrinediate wh
MutS (Figure 3-20B; compare circles and triangles), demonstrating no formation of
the IRC after release of uracil during BER, which finally avoids initiation of RRiNI
vitro (Figure3-17).

97



Results

Alexa 488 (D) Alexa 594 (A)
041 m cG °®1 @ cG 0,251
[1 UG ¢ UG
) . = ] 0,20
= 1 AP.G A APG -
o, a2 > ©
o o <] 3
55 o3 £ 010 $ £ 015 ° .
= 2 2 ° 2 a
w e c
< < 2
x 2 2 0108 4
0,15 -._I_l 0,05? . . . . 0,05 . . . .
DNA DNA 0 50 100 150 200 0 50 100 150 200
+ MutS MutS concentration [nM] MutS concentration [nM]
[200nM]

Figure 3-20: AP-sites avoid formation of the IRC

A: Comparison of FRET efficiencies {f~, ratio) for doublelabeledhomoduplex DNA

(C:G; black), BER substrate (U:G; white) and intermediate (AP:G; gregivb8ach) in the
absence and presence of MutS (B8 and ADP (ImM), respectively. An increase in
FRET is observed for the BER substrainife bars) after addition of MutS, demonstrating
formation of the IRC, as expected. However, almost no change in the FRET efficiency is
monitored for the ARite containing intermediate of the BER pathway in the presence of
MutS indicating that the DNA iaot kinked (compare white and grey bai).Comparison

of change in donor (Alexa 488; D) and acceptor (Alexa 594; A) anisotropy for C:G, U:G and
AP:G DNA substrates (50M), respectively, induced by increasing amounts of MutS
(0-200nM). Increase of ac@or anisotropy coupled to almost no change for the donor
fluorophore of the BER substrate (open squares) at high MutS concentrations compared to
homoduplex DNA (closed circles) reveals mismatch binding in an orientation, recently
shown for the T:G mismalic(Figure 315). Although not as dramatic as observed for T:G,
the induced conformational changes towards the IRC monitored via FRET result in
mismatchprovoked strand incision by MutH (FigurelB). However, no change in either
donor or acceptor anisotrgpat high MutS concentrations is detected for the BER
intermediate in comparison to homoduplex DNA, indicating that formation of the IRC is not
occurring in the presence of an -ARe (compare circles and triangles).

To investigate whether an Adite is ecognized as a singteucleotide deletion
(IDL), as proposed, several MMR substrates and BER intermediates were compared
in MutS mismatch recognition and binding orientation via FRET and anisotropy
measurements, as mentioned abovecKystal structures d¥lutS bound to T:G or
G:T revealed that Glu38 of the mismatch binding subunit makes special contacts to
the T during formation of the IRC (see Introduction). Consequently, either the donor
or acceptorlabeled strand is specifically bound by MutS, dependiog the
experimental set up or orientation of the mismatch related to the fluorophores (see

Materials and Methods). As demonstrated, U:G and T:G mismatch are bound in the
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same way by MutS under the conditions useditro (Figure 320). Due to the fact

that initiation of BER results in the release of uracil, it is obviously that the generated
AP-site requires a change in the mismatch binding orientation of MutS to be
recognized as damage. To this end, a heteroduplex daligliedMMR substrate
containingC:A instead of a T:G mismatch was used to monitor and compare a
possible change in the binding orientation of MutS in the presence of the BER
intermediate or IDL. Carystal structures revealed that Glu38 specifically interacts
with the A of a C:A mismatghcorresponding to a binding orientation in which MutS
would specifically interact with the G of a T:G mismatch, using this experimental set
up.

Anisotropy measurements revealed that mismatch recognition by MutS and
subsequent formation of the IR@viously has different effects on the rotational
freedom of the fluorophores, depending on the mismatchrgratientation igure
3-21). As demonstrated recently;@ mismatch binding by MutS within the IRC
resulted in an increase of acceptor (Alexa 594) anisotropy coupled to almost no
change for the donor (Alexa 488) fluorophore compared to homoduplex DNA
subgrates Figure 3-21A). In contrast to T:G, the opposite effect was observed for
the C:A mismatch. Incubation of this MMR substrate with MutS induced
conformational changes, in which the donor anisotropy was greatly indrease
whereas almost no change for the acceptor dipioore was detectedrigure 3-21).

These data suggest that in this mismatch binding orientation the donor is moved
towards the clamp due to DNA kinking duringrination of the IRCHowever, an
increase in FRET was observed for both heteroduplex DNA substrates due to
mismatchprovoked kinking of DNA duringdrmation of the RC. In contrast, no
change in FRET was detectéml homoduplex DNA substrates in the presence of
MutS, as expeed (igure 3-21B). Moreover, almost no influences on either donor

or acceptor anisotropy by MutS demonstrated that conformational changes towards

the IRC are avoided in the alpse of a mismatch
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Figure 3-21: Determination of mismatch binding orientation by MutS

A: Discrimination between mismatch binding orientations of MutS during formation of the
initial recognition compleXIRC) via anisotropy measuremeniChanges in donor (Alexa
488; D) and acceptor (Alexa 594; A) anisotropy induced by increasing amounts of MutS
(0-200nM) were analyzed for the indicated douldbeledDNA substrates, as described
before. As expected, almost no change in either donacaeptor anisotropy at high MutS
concentrations is observed for homoduplex DNA substrates (C:G and T:A), demonstrating
that formation of the IRC is avoided in the absence of a mismatch. However, a greatly
MutS-dependent increase in anisotropy of the aaremiupled to almost no change for the
donor fluorophore is detected for the MMR substrate containing the T:G mismatch. In
contrast, C:A mismatch binding by MutS results in an increase of donor anisotropy, whereas
almost no change is observed for the atmefluorophore indicating that C:A binding by
MutS occurs in a different orientation, as observed for the T:G and U:G mismatch (Figure
3-19). B: Comparison of FRET efficiencies {fF ratio) for doublelabeledDNA substrates
(50nM), as indicated, in thabsence and presence of MutS (880 and ADP (ImM),
respectively. In contrast to homoduplex DNA (C:G and T:A), mismatch (T:G and C:A)
recognition by MutS, independent of the binding orientation, results in an increased FRET,
demonstrating DNA kinking anchismatchprovoked formation of the IRQC: Model for
mismatchprovoked conformational changes towards the IRC due to specific interactions of
MutS with the mismatched base (bold) either in the donor or acdepeiedDNA strand.

FRET between both fluophores is indicated by the arrow.
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Figure 3-22 AP-si t es are not recognized as | DLO&s
A-Comparison of BER intermediates and | DLOs

MutS dependent changes in fluorophore anisotropy during formation ofinihal
recognition compleXIRC). MMR substrates (50M) containing the deletion of a single
nucleotde within the donor (Alexa 488; Dabeledstrand are bound in the same orientation
as a C:A mismatch using this experimental set up. Specific interactions of MutS with the
mismatched base in the acceptor (Alexa 594;lalbeledstrand results in an increa of
donor anisotropy, as demonstrated recently (FiguPd)3 However, no change in either
donor or acceptor anisotropy induced by increasing amounts of Vi#@0(tM) compared

to homoduplex DNA was monitored for the doulalbeledsubstrates containirthe ARsite,
indicating no switch in the binding orientation after release of uracil. Finally, neither the
remaining A nor G is recognized by MutS as a mismatch in this sequence context,
consequently initiation of MMR is avoided by the BER intermediaigufe 318).
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Anisotropy measurements with MMR substrates containing a smgleotide
deletion instead of an ABite revealed that the extra nucleotide in the acceptor
labeledstrand was bound by MutS in the same orientation as shown recently for the
C:A mismatch within the sae sequence contexXfigure 3-22A; compare triangles
and squares). Finally, the BER intermediate showed almost no change in either donor
or aceptor anisotropy in the presence of MutS, which indicates no switch in the
mismatch binding orientation after release of uracil and therefore no recognition of
the remaining A or G, opposite of an abasic site, is sequence contexFEigure
3-22A; compare circles and triangles).

In conclusion these results demonstrate that initiation of MMR is triggered by a
U:G mismatch but immediately avoided after the initial step in BER, which changes
the type of the damage by release of the mismatched uracil into alikéDlesion.
Surprisingly, initiation of MMR is avoided at this point of ongoing BER due to the
fact thatan ARsite is not recognized by MutS, neither as a mismatch nor as IDL.
MutS is not capable to bind the remaining base by changing the mismatch binding
orientation, which consequently avoids conformational changes towards the IRC,
indispensable for activiain of MMR. Moreover, these data indicate that crosstalk
between MMR and BER is directly controlled on the DNA level by the type of
damage and not by competition between factors of both repair pathways for initiation
of repair. So far, the reason for treldire of ARsite recognition by MutS requires

further analysis.

3.5 Trappingof transientMutSDNA complexes

As described several models exishow mismatch recognitiorand strand
discriminationis coupledover a distance aiip to 100(p by combined actionsf
MutSLH during MMR in E. coli. In contrast to the model which prefargluced
DNA looping bya stationary MutS remaining at the mismattiie most prominent
modelproposes anobile MutS which leaves thalamageafter successful recognition
in form of a sliding clamp diffusing along the DNA FKigure 1-4). These
conformational changeare induced by binding of ATP and indispensable for
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recruitment of MutLresulting in formation o& transient mobilelamage sensor and
signalling compleXMutSL) which is proposed to recreiMutH to its target sitgor
strand discriminatiofsee Introduction).

To answer the question whether MutS inddedvesthe mismatchafter
recognition trapping of the transient Mut®NA complex via sitadirected
crosslinking appearsto be a promising strategyCrosslinking is an established
method to study proteihDNA as well as proteihprotein interactions or to trap
transient and highly dynamic complexes for subsequent crystallization, as
demonstragd previously(152,153) Consequently, it was attempteddouple MutS
during mismatch binding covalentlyo a heteroduplex DNA substratevia
thiol-specific crosslinkingln theory,two thiol-groups within the same or in different
molecules thaare in an appropriatdistance to each othehouldform acovalent
disulfide bond(159) Additionally, both reactive groupsanbecoupled in a distance
and lengthkdependent mannday thiol-specific crosslinkecontainingmaleimide or
methanthiosulfonategroups as demonstrated in numerousrosslink experiments
(160,161) Based on the crystal structure of MutS bound to a T:G mismatch
containing DNA oligonucleotidépdb code: 1e3m single cysteine within Mut&t
a suitable positiomnda singlethiol-groupattached tadhe DNA substrateboth ina
closeproximity to each othershould form astableMutS-DNA complexdue to the
crosslink reactionTo this end, two different singleysteine (sc) variants of MutS
(N468C and N497C) were tested in this sttolyattempt analytical and preparative
trapping of a dsired MutSDNA complex To this end, two different singleysteine
(sc) variants of MutS (N468C and N497C) were tested in this study to attempt
analytical and preparative trapping of a degiMutSDNA complex Figure3-23).

Both scMutS variants that contain the cysteine withinctaenp domairwhich
is involved in DNA binding and proposed to undergo conformatiamenges
required forsliding clampformation upem mismatchprovoked ATPRbinding are
fully active in vitro (data not shown). Expression constructs for these variants were
achieved from Wei Yang and previously generated viadsiteted mutagenesis
(155) from a cysteine free variant of MutS. Finally, a gD heteroduplex DNA

oligonucleotide containing a T:G mismatch® away f-eandwhich wag 3 0
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modified with a single thiegroup was chooseffor first crosslink experiments
(Figure3-23).
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Figure 3-23: Strategy of trapping transient MutS-DNA complexes via crosslinking

A: Simplified nodelof single-cysteing(sc)variants of MutSN468C and N497(bound to a
doublestrand DNA oligonucleotide containing T:G mismatch an@ singlethiol-group
I i nked -enhdoofthe rstran@.ld the crystal structure of the MUtINA complex each
introducedcysteine is in a close priowity to thethiol-grouplinked to the DNA(yellow) that
allows n principle trappingof the transient compleoy formation of acovalent disulfide
bond. Notably, the second cysteine within the MutS homodimer is Idcate¢he opposite
side of the protein during mismatch binding (not shown here) and thesefggestechot to
be important for the crosslink reactioB: Scheme for trapping the MWH3NA complex
Depending on theused singlecysteine variant of MutSeither the mismatch binding
A-subunit (N497C) or the wpecificbound Bsulunit (N468C) isproposed to crosslink a
30bp DNA oligonucleotidewhile the protein isitting at the mismatcl® bp away from the
mo d i f -engida distinct orientatiolas seen ithe crystal strucire

With regard tothe orientation in which MutS binds to this damage (specific
recognition of T)these variantaveresuggested to crosslirditherwith the mismatch
binding A-subunit using scMutS N497C or the unspecific bourguBunt using
scMutS N468C tahe DNA substratgFigure 3-23B). The fact thain both caseghe
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cysteine is point eendwithw aligadce oftorllyell.2mmn di f i e d
increass the change fortrapping the complex without the requirement of any
additional crosslinker. Notablyhé¢ second cysteine within each homodimer is

always located at the opposite site of the proteuring mismatch bindingand
thereforeproposed not to be suitalded importantor crosslinking to the substrate.

To investigatewhether mismatch binding and subsequent crosslinkiag
influenced by the added nucleotjdsach scMutS variant wasincubatedwith the
modified DNA substratein the absence or presencef ADP, ATP or the
non-hydrolyzable ATP-analogon ADPnRFigure 3-24). Crosslinking of Mu§ to
DNA was visualized andnonitored bydenaturingSDSPAGE as indicated. Due to
the fact that covalent coupling of MutS to the DN&sults in a complewith bigger
mass compared tprotein alone, thecrosslinked MutS migrates slower during
gelelectrophoresisSubsequent stainingjither with coomassier ehidium bromide
allowed identification of the MutS-DNA complex MutS and DNA as well as
guantification of the achieved crosslink yiéklgure3-24).

In contrast to scMs N468C, the N497C variant was able to form a covalent
coupled MutSDNA complex with a yield of ~506 crosslinked MutSn the absence
of any additional nucleotide (Figure, compare lane 2 and 7). NotabBf B0the
highest crosslinking yield that could be achieved in this kind of experiment because
MutS consists of two subunits but only one is covalent coupled to the DhAfact
that the functional MutS is a dimer these result indicates that almost all MutS was
crosslinked to the substrate in a 1:1 stoichiometry in solution. The unexpected high
yield of the achieved Mut®NA complex in a nucleotidendependent manneriag
N497C suggests that the protein contained already a bound ADP molecule within the
A-subunit which allowed mismatch hiimg and specific crosslinkings revealed by
the cacrystal structure and numerous studies MutS contains a single high affinity
site for this nucleotide in solutiowhich was obviously cpurified with the protein
(59,68,77)
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Figure 3-24: Nucleotide-dependent trapping of MutSDNA complexes

A: Heteroduplex30 bp DNA substrat€5 uM) was incubated eithewith scMutS N486C or
N497C (each pIM monomer) in the absence or presence of the indicated nucleotitd)(1

at 37°C for 10min. Crosslinking of MutS toDNA was visualized and monitoredvia
denaturing SDSAGEIn a 4to 20% gradient gestainedeitherwith coomassier ethidium
bromide (B) In contrast to N468C, N497C is able to form the covalent coupled complex
with DNA in the absence of any additional nucleotide (compare lane 2 and 7). However,
both variants arefficiently crosslinkedto the substrate irhé presence of ADRane 3 and

8) or ATP (lane 4nd 9. As expected, almost rosslinkis observed for both variants after
incubation with ADPnP (see text for detailB}. Ethidium bromide stained gel of the same
experiment as mentioned above. Covalemipling of the substrate to one subunit of MutS
was demonstrated by specific staining @NA in the shifted MutSDNA complex with
ethidium bromiddgsee text for details)
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However, high crosslinking yields (4D %) were achieveavith both tested
varians in the presence &DP or ATP Figure 3-24; lane 3, 4, 8 and 9). Reaching
such high amounts of covalent coupled MISA complexes with ADPsuggests
specifictrapping of MutS while sitting at the mismatch and duriognfation of the
IRC (Figure 3-24; lane 3 and 8). Interestingly, crosslinking yields éach variant
was also very high in the presence of ATP (Figure43 lane 4 and 9), although
MutS is proposed to form sliding clampwhich leaveghe mismatchand prevents
further DNA binding by closing theclamp domain Consequently, crosslinking of
MutS tothe substratavas suggested to be less efficient under this condi@me
plausible explartéon for the achievedhigh yield of thedesiredcomplexes is given
by the ATRhydrolysis activity of MutS Hydrolysis of ATP allows subsequent
mismatch binding and crosskimg, thereby trapping the IRC becausdeat least one
remaining ADP in the high affinity site. On the other hamaleed it might be
possible thatrosslinking of MutS to A in the presence of ATP allowechpping
of MutS moleculesprior to or during formation of theliding clamp With regardto
the proposed mechanism of mismatch recognition sigdalling by MutS, the
achieved results with ATP suggekfferent speciesn solutionthat might undergo
cyclic ATP-binding and hydrolysis as the consequencep@fmanent mismatch
recognition withoutlissociation.

Beside thispnly lesscrosslinked complex was observed after incubation with
the nonrhydrolyzableATP-analogon ADPnPHigure3-24; lane 5 and 10). Thiwas
not surprising due to the fact that prevention of AWrolysis by this nucleotide
avoids reopening of thesliding clampand subsequent DNA binding in contrast
the crosslink reaction wheWTP was usedKigure 3-24; compare lane 4 and 5 or 9
and 10)(68). The small amounts of MWBNA complex achieved under this
condition asshown for scMutS N497C might be the consequence of mismatch
binding and crosslinking prior teliding clampformation induced by the nucleotide.
The fact that trapping of the complex was avoided in the presence of ADPnP
indicates DNA binding by MutS is requirddr efficient crosslinkingFinally, mass

spectrometry performed WD Dr. Glinter Lochnitonfirmed that indeed easingle
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cysteinevariant of MutS isspecifically crosslinked to theodified DNA substrates
expecteddata not shown).

In conclusion, theused experimental setupllows efficient trapping of
MutS-DNA complexes via thiespecific crosslinkingin the absence of any
additional crosslinkenin which either the A or the-Bubunit of the mismatch sensor
appears to bspecificallycovalent coupledb the DNA substratby a single disulfide
bond These MutSDNA complexes mightalso exist in different conformations
induced by theaddednucleotide . Both scMutS variantsvere efficiently crosslinked
in the presence of AD®hich suggestspecifictrapping ofthe IRCaswell aswith
ATP which indeedmight permittrapping of MutS as the proposedliding clamp
underthe usecdcondition It has to be mentionedhatthe exacttonformationof the
achievedViutS-DNA complexcould not be determinedn this studyand thequestion
whether MutS indeedinds to the mismatchas proposedequiresalso further
analysis However, the achieved results with ADPinFprinciple supportthe icea of
DNA binding by the proteinDue to the fact that trappingf both séiutS variants
was such efficient as demonstratedt was attempted tgourify the achieved
complexesvia sizeexclusion chromatograpt(}APLC) after preparative crosslinking
MutS coupledto DNA is expected teelute earlierduring geffiltration because of
bigge size and different shapecomparedto the proteinalone and thereforein
principle should allow seperatioinom the uncrosslinked coponentsMoreover, the
absence of any additional chemical crosslinker in the readiltows thedirect
purificationvia HPLC without previous removal of eventually disturbirgagents

Sizeexclusion chromatographfgel filtration) allowed successful purification
of both crosslinked MutS®NA complexesand is showrexemplaryfor the scMutS
variant N497CFigure 3-25). In contrast to MutS (~28in) and DNA (~30min)
alone, the trapped complelutes already after ~28in due to the bigger mass and
shape Moreover, thecorrespondingelution profile showea 260 to 280 atio of 1.4
which was expected fola protein that binds to a nucleic aamda 1:1 stoichiometry
(Figure3-25A).
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Figure 3-25: Purification of trapped MutS -DNA complexesvia gekiltration

A: Comparison ofige-exclusion profile for MutS (0.5uM), afterincubation with the80 bp
heteroduplexsubstrat€0.5 uM) in the presence of ATP (hM) as well asaftertreatmeniof

the achievedMutS-DNA complexwith DTT (N497C;from left to right)using aSuperdex
200 10/300HPLC gelkiltration column.The crosslinked complex elutes after +2® and
thereforeis well separated from uncrosslinked MutS (+8&) and DNA (~30min) via
gekfiltration usinga flow-rate of 50Qul/min. In comparison to the expected 260/280 ratio
for both MutS (~0.5)and DNA (~2.0) theobservedratio for the crosslinked complewith
~1.4 indicates purification of a MutS dimer covalent coupled tdhe substrate in a 1:1
stoichiometry As expected,reatment with DTTreduces the disulfide bond demonstrated by
disappearing of the complex aad increase in the signal for MutS and DNBA.Analysis of
collected fractions from minute 1828 (each 50@l) via SDSPAGE (6 %; coomassie
staining) Fractions 22 and 23 contaithe purified MutSDNA complex, whereas the
uncrosslinkegroteinis mainly present in fractions 2d 26. C: Purified compleof scMutS
N497Cand DNA (fraction 23; *)in the absence and presence of DR&duction ofthiol-
groups by DTT results in disappeng of the complex and appearing of free DNA as well as
increaing of uncrosslinked MutRlemonstratedy SDSPAGE usinga 4 to 20 % gradient
gel (EtBr staining)
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