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InEscherichia coli, errors in newly-replicated DNA, such as the incorporation ofa nucleotide with a mispaired base or anaccidental
insertion or deletion ofnucleotides, are corrected by a methyl-directed mismatchrepair (MMR) pathway. While the enzymology of
MMRhaslongbeenestablished, many fundamentalaspectsofitsmechanismsremainelusive,suchasthestructures,compositions,and
orientations ofcomplexesofMutS, MutL,and MutHas they initiate repair. Usingatomic force microscopy, we—for the firsttime—
recordthestructuresandlocationsofindividualcomplexesofMutS,MutLandMutH boundto DNAmoleculesduringtheinitialstages

ofmismatchrepair. Thistechniquerevealsanumber ofstrikingandunexpectedstructures, suchasthe growthanddisassemblyoflarge
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multimericcomplexesatmismatchedsites,complexesofMutSandMutLanchoringlatentMutHontohemi-methylated d(GATC)sites
orboundthemselvesatnicksintheDNA,andcomplexesdirectlybridgingmismatched andhemi-methylatedd(GATC)sitesbylooping
the DNA. The observations from these single-molecule studies provide new opportunities to resolve some of the long-standing
controversiesinthefieldand underscorethedynamicheterogeneityandversatilityofMutSLHcomplexesintherepairprocess.

©2015ElsevierB.V.Allrightsreserved.

1. Introduction

Whenever a DNA molecule is replicated, a mis-paired nucleotide can be
introducedoranucleotideincorrectlyinsertedordeleted (Fig.1A),errorsthatcan
proliferate and damage the genome if not immediately corrected [1-3]. In
Escherichia coli, these types of errors are identified in newly-replicated DNA
when they are bound by a dimer of protein MutS (Fig. 1B) [4,5]. MutS then
associates with protein MutL which, inan ATP-dependent manners[6],in turn
activates MutH, asequence-and methylation-specificnickingendonucleasethat
isenzymaticallylatentintheabsenceof theseactivatingco-factors(MutS,MutL,
ATP, and DNA containing a mismatched base-pair or an insertion/deletion
bulge). Because DNA in E. coli is methylated a few minutes after replication at
d(GATC)ssites, the transient hemi-methylation of DNA trailing the replication
fork serves todistinguish between the ‘template’ strand beingreplicatedandthe
erroneous ‘daughter’ strand tobe corrected. MutH, afterbeing activatedby MutS
andMutL, thennicks thehemi-methylated DNA ontheunmethylated strand ofa
nearby
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d(GATC) site to mark it for correction (Fig. 1B). The strand excision machinery
(helicaseUvrDandtheappropriate I or BB x onucleases)isloadedatthe
nick(Fig.1C)andtheunmethylated strandisthendigested fromthenickbackthrough
thesiteofthe error,re-synthesized, ligatedand,ultimately, fullymethylatedby Dam
methyltransferase(Fig. | D).Remarkably,errorscanstillbe efficientlyrepairedeven
iftheneareststrand-discriminationsignal islocated over 1000 base-pairs(bp)away
fromtheerror, regardlessofitsorientationlll- ol relativetotheerrorsiteandwith
noapparentdirectionalbias|7,8].Eitherasinglehemi-methylated d(GATC)siteor,in
theabsenceofMutH[9,10],anickintheDNAis absolutelyrequired foranerrortobe
efficientlycorrectedbythis pathway[4,10,11].
Whiletheenzymologyofmethyl-directedmismatchrepair (MMR )haslongbeen
established [ 10], many fundamental aspects ofits mechanismremain elusive. This
may be aresult ofthe heterogeneous and dynamic nature of the protein complexes
hypothesizedtoformduringtheinitialstagesof MMR,whichare difficulttocapturein
traditionalbiochemicalexperiments| 13].In particular,itisstillsubjectofdebatehow,
inthe initial stages of MMR the proteins MutS, MutL, and MutH are able to rapidly
identify a (potentially distant) nick or hemi-methylated d(GATC) site after a
replicationerrorisfoundand, furthermore,howthestrandexcision machinerycanbe
directedfromthisdistantsitebacktowardthe
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Fig. 1.(A-D)Enzymology ofthe E. colimethyl- directed DNA mismatchrepair pathway. See text for details. The pathway is shownto emphasize thatitis bidirectional, i.e.canefficientlyrepairerrors whetherthe

neareststrand-discriminationsignal(ahemi-methylatedd(GATC)site)islocatedeitherlll- orll relativetotheerror,andthat errorscanstillbecorrectedwhenthedistancebetweentheerrorandthenearestd(GATC)
siteisquite far (>1000bp). Figureadapted fromRef. [ 12]tohighlightsegments ofthe pathway where persistent questions regarding the mechanistic detailsremain (see Sections 3. 1-3.4 for details): (1) the initial

encounterwithmis-matchedbase-pair,

(2)theidentificationahemi-methylatedd(GATC)site, (3)thesearchforandnickingofahemi-methylatedd(GATC)siteafterthemismatchhasbeenidentified,and(4)the

directionalloadingofthestrandexcisionmachinerytowardtheerror.

error [ 14]. Here we use atomic force microscopy (AFM) to visualize, atthesingle-
molecule level, the initiation of methyl-directed mismatch repair reconstituted at
physiological proteinconcentrations [15].Previous AFM studies of MMR proteins
focused primarily on capturing the interactions of MutS alone with DNA [16-18],
without investigating interactions with MutL and MutH on DNA. We, for the first
time, succeeded in visualizing complexes of all three MMR-initializing enzymes,
simultaneously, on heteroduplex DNA. Using engineered DNA substrates to
simulatedifferentconditions underwhichmismatchrepairoccurs, AFMallowsusto
discern various structures and complexes asthe pathway proceeds. This technique
reveals marked structural heterogeneity within the population of DNA and MMR
proteinsundergoingtheinitiationofthe MMR reaction,andbymakinguseofanovel
statisticalanalysis ofcomplexes’sizeandlocationontheDNAweareabletoidentifya
number of striking and unexpected structures: the growth and disassembly of large
multimericcomplexesatmismatched sites;complexesofMutSandMutLanchoring
latentMutHonto hemi-methylatedd(GATC)sitesorboundthemselvesatnicksin the
DNA; and these complexes directly bridging mismatched and hemi-methylated
d(GATC) sites by looping the DNA. The observations from these single-molecule
studies serve as snapshots of the repair process as it progresses and provide new
opportunitiesto reexaminesomeofthelong-standingcontroversiesinthefield.

2. Materialsandmethods

2.1.Materials/proteinpreparation

Tris-HCI (pH 7.6) buffer was obtained from Rockland Immunochemicals. 1-
Glutamic acid monopotassium salt monohydrate, dithiothreitol (DTT),
adenosine5-triphosphate(ATP)disodium salthydrate,andmagnesiumchloride
wereobtained fromSigma AldrichCo.,LLC.Onlyultra-pure(>17M)waterwas
used. Plasmids for expression of MutS, MutL, and MutH containing an N-
terminal, six histidine tag (his-MutS, his- MutL, his-MutH) were provided asa
generousgiftbyProf.Malcolm Winkler(Indiana UniversityBloomington)[19].
Allthreeproteinswereexpressed inE.coliandpurifiedonaTALONmetalaffinity
resincolumn (Clontech, Inc.). ForMutS and MutH, the his-tag was removed via
thrombincleavagekit(Novagen, Inc.). Thehis-tagwasnotremoved fromMutL,
whichhas athrombin sensitive internal site, buthisMutL was demonstrated to be
able to activate MutH effectively during mismatch repair. [19] Protein
functionality was verified by assessing the MutS/MutL/mismatch-stimulated
MutH nicking activity of d (GATC) sites via denaturing gel electrophoresis
stained bySYBRGold(Fig.S1).Nickingactivityby224nMMutHalonein Buffer
A(usedforexperimentsdescribedbelow,20mMTris—HCl
(pH7.6),100mMpotassiumglutamate, SmMmagnesiumchloride,

0.4 mM DTT, and, when indicated in the text, 0.5 mM ATP) with 20 nM DNA
containing a single hemi-methylated d(GATC) site was not detected after 1 h (not
shown),and= <1%0fDNAimagedby AFMappearedtohavebeentruncated.

2.2.PreparationofDNAsubstrateswithdifferentmethylation patterns

A 690 bp DNA construct containing a single d(GATC) site and multiple
restriction cut-sites was synthesized (GeneScript, Inc.) into apUCS57 plasmid
(Supporting information). DNA containing no additional d(GATC) sites was
copiedoutoflambdaDNA(New EnglandBiolabs)viapolymerasechainreaction
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(PCR)andsubclonedintothepUC57plasmidtogeneratesubstratesthatwere 876
bp in length. DNA primers were obtained from IDT (Integrated DNA
Technologies, Inc.). The substrates were prepared by PCR from the pUC57
plasmid using primers of which one was biotinylated (Integrated DNA
Technologies);allsubstrateswerelabeledatthe biotinylatedendwithmonovalent
streptavidin [20] (giftofModrich laboratory, Duke University Medical Center)
priortoincubation withproteinsMutSLHandimaging.

Asinglemismatched G-T site was incorporated into the substrates following
thenicking-ligation method describedinRef.[21]: briefly, aseries of Nt.BbvCI
nicking sites were serially incorporated near the middle of the synthetic DNA
sequence and after nicking by Nt.BbvCl, DNA with an short, exposed single-
stranded DNAregionispurified. Thesubstrateisannealedslowlyfrom 95 -Cwith
adesigned oligo which is complementary to the bare region except for a single
mismatched G-Tsiteandisthensealed withT4ligase. Thesubstrateswerethen,as
appropriate, fullymethylated using Dam methyltransferase (New England
Biolabs) or hemi-methylated using Taql methyltransferase (New England
Biolabs), which can methylate d(TCGA) sites that were engineered to
asymmetrically overlap the d(GATC) sites (i.e., TCGATCTT) [22] . Proper
methylation was verified by analysis of the digestion patterns via agarose gel
electrophoresis after incubation individually with methylation-sensitive
restriction enzymes Taql or Dpnl (New England Biolabs) (Fig. S2). Nicked
substrateswereprepared bynickingwithBsrDIatanengineeredsitenearthesingle
d(GATC) site.

2.3. Atomicforcemicroscopy(AFM)

Atomic force microscopy (AFM) was performed in air using a Bruker
Nanoscope VMultimodewithRTSEP(Bruker)probes (nominalspringconstant
40N/m,resonancefrequency,300kHz).
ProteinswerecentrifugedbrieflypriortoincubationwithDNA.

DNA (2.5 nM) and proteins at physiological concentrations (102 nM MutS
dimers, 66 nM MutL dimers, and 80 nM MutH monomers [15], using new
estimatesof E.colicellularvolumes[23])were mixedinasolutionofBufferA for
10 min, deposited forSson freshly cleaved mica (Ted Pella, Inc.) thathad been
treated with 3-aminopropylsiloxane (prepared as previously described [24] to
givethemicasurfaceapositivecharge), rinsedwithultra-pure (>17M)water,and
dried in air. In general at least two but often three to four preparations for each
experimentalcondition wereimagedandingeneralatleastthreeimagesrecorded
at 2048x2048 pixel resolution over 5.5m?areas at 1 line/s for each

sample.

2.4.Imageprocessingandanalysis

Acquired images were flattened and levelled using an opensource image
analysis software for scanning probe microscopy, Gwyddion
(http:/gwyddion.net/), and analyzed using Gwyddion and MATLAB
(Mathworks, Inc.). DNAmoleculeswereeachselected, andthepresenceofbound
protein complexes and the occurrence of looping at which a complex was
identifiedatthebaseofthe loopwereindividuallydetermined.Proteincomplexes
and streptavidin were individually selected, and their size determined as the
contiguousregiontallerthanthemeanheightoftheboundDNA. Thevolumeofthe
protein complexes were scaled relativetothe volumes ofthe streptavidin onthe
sameDNAmoleculeor,incases whenstreptavidinwasabsentonthatindividual
DNAmolecule,the volumeoftheprotein wasscaledtothemedianvolumeofall
streptavidinmoleculesfromthatexperimentalset. Fractionaloccupancy ofbound
proteins orprotein complexes on DNA was estimated by dividingthenumber of
DNA observed with a monovalent streptavidin end-label in addition to a bound
protein (complex) foragiven experiment by the totalnumber of DNA observed
withstreptavidinend-labels.Fractionoflooped DN Amoleculeswasestimated by
dividing the number of streptavidin-labeled DNA molecules observed with a
proteinboundatthebaseofaloopbythetotal numberofstreptavidin-labeledDNA
molecules(complexes)fora givenexperiment.
Thelocationsoftheproteincomplexesrelativetothestreptavidinweredetermined

by tracing by hand DNA molecules with (i) bound complexes, (ii) a single,
unambiguously attached streptavidin, and (iii) an unambiguous contour. Loop
position and length were considered as the segment of traced DNA between two

contacts ofthesameproteincomplex. Toidentifysignificantenrichment of different
speciesof proteincomplexesat specificlocationsonthe DNA, the volume-location
data of traced complexes was first clustered by their local densities in the
volumelocation plane. This array was then subjected to a repeated (10,000)
permutations of the locational data. Those species (with the same volumes) were
consideredtobesignificantlyenrichedatthat locationiftheywerefoundtohavehigher
localdensitiesinthe volume-locationplanethan>90%or>95%ofthatspeciesinthe
permuteddatasets,aslabeled.

3. Results

3.1.QuantitativevolumetricanalysisofMutSLHcomplexeson
DNA

Afterdecadesofstudy,thecompositionandstoichiometryof MutSLHcomplexes
over the course of mismatch repair remains the subject of debate. MutS forms
primarilydimericandtetrameric complexesinsolution[25],howevertherespective
functional roles of these MutS complexes in MMR has not been established
definitively (tetrameric MutS was found to play a role inhibiting homeologous
recombination[26,27]). On one hand, mutational disruption of the ability of MutS to
tetramerizeresultedinonlya modestincreaseofE.colimutationratesinvivo[28],but
on the other hand tetrameric MutS was identified at the base of looped DNA
originatingfrommismatchedsites[ 1 7]. Theloopingof DNA byMutStetramerswas
proposedtobeapotentialmechanismto searchforandphysicallycouplemismatched
(MM )sitestod(GATC) sites| 14],althoughdirectevidenceofthesebridgedstructures
had never been observed (see Sections 3.2.2-3.2.4). MutL is primarily adimerin
solution [29], and while its stoichiometry in mismatch repair has also not been
established[30]ithasbeentermedthe ‘molecularmatchmaker’ofmismatchrepairas
ithasbeenshownto interactdirectlywithMutS[6],(monomeric)MutH[3 1],andother
enzymesinvolvedinDNArepair(inparticularUvrD[ 12]).Fluorescentmicroscopyof
MutSandMutLatunrepairedmismatchsites invivosuggestedthereisapproximately
threetimesasmanyMutL proteinsatthesesitesthanMutS[30],althoughwhetherthis
relationshipstillholdsduringactualrepairofthemismatchedsites remainsunclear.

Atomicforcemicroscopy (AFM)canbeusedtoapproximatethe compositionof
MutSLH complexesduringmismatchrepair,since themolecularweightofaprotein
complexislinearlycorrelated withitsapparentvolumeintopographical AFMimages
[32,33]. This technique has been previously exploited, e.g., to identify oligomeric
statesofMutSbound tomismatched DNA [ 17],andhasresolution onthescaleof30—
50kDa. Asdescribed in more detailin Section 3.2, we performed AFM imaging on
variouscombinationsofMutS, MutL,andMutHboundtoDNAmoleculesdesigned
to simulate the different states of the DNA during MMR. By performing the
volumetric analysis on the bound protein complexes we can begin to identify their
approximate compositions as mismatch proceeds. Since, prior to imaging, DNA
molecules werebiotinylatedatoneend and bound withmonovalentstreptavidin(60
kDa)[20],wescale the apparent volume ofthe complexes (V) to that of the bound
monovalentstreptavidin(Vsa)toaccountfordifferencesinAFM tipgeometryacross
large numbers of experiments; the streptavidin should remain consistentunder each
conditionandcanserve asareference.Notethatforalltheexperimentsdescribedhere,
weuse 2.5nM DNA and proteins at their approximate physiological concentrations
(102nMMutSdimers, 66nM MutL dimers,and 80nM MutHmonomers|[15],using
newestimatesofE.colicellular volumes[23]),whereappropriate.

‘When MutS (92 kDa monomer) was imaged on DNA with a mismatch in the
presenceof 0.5 mM ATP, we observethree distinctpeaksinthehistogramofscaled
volumes (Fig. 2A) at logo(V/Vsa) = 0.3514 (95% confidence: 0.272-0.4308),
0.7287 (0.7213-0.736), and 1.058 (1.041-1.075), likely corresponding to MutS
monomers,dimers,andtetramers,respectively,aspreviously observed[17,34].The
addition of MutL (66 kDa monomer) and MutH (28 kDa monomer) dramatically
increases the complexity of the observed distribution of volumes, and these data
cannotbewell oruniquelyfitbyGaussianmixturemodels.Inadditiontolarger sized
complexes, thereappeartoberelatively consistent ‘peaks’ atlog;o(Ve/Vsa)=0.9and
1.linsamplescontainingbothMutSand MutL—Ilikely MutLdimersboundtoMutS
dimers and tetramers, respectively (see below)—although the resolution of this
technique is not sufficient to differentiate individual species of complexes
unambiguously. Furthermore, the small size of MutH placesitat thelimitof AFM
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imaging so that its presence cannot be consistently and unambiguously determined.
These challenges limit the utility of volumetric analysis alone in identifying the
composition andstoichiometryofMutSLHcomplexesboundtoDNA.
However,oftentimeswecanidentifyindividualcomponents ofthesecomplexes
from their AFM topographical images directly which are structurally dissimilar
enough to distinguish (see Figs. 3,5, 7 and 10 and Supporting information); for
example, inFig.3B,asmalldimerofMutLcanbedistinguished fromits boundMutS
complex. These features will be described with their respective experimental
observations in Section 3.2, although discrete features become more difficult to
interpret as the size of the complexes increase under different experimental
conditions. While currentwork is presently underway in our laboratory to develop
molecularlabelssothatMutS,MutL,andMutHcanbeuniquely identifiedviaAFM,at
presentwecanonlyusethedistributionof volumestoprovideasenseofthevarietyand
sizesofdifferent speciesboundtoDNAasmismatchrepairisbeinginitiated.

3.2.ImagingthestructureanddistributionofMutSLHcomplexes onmodelDNA
substratesprovidessnapshotsoftheinitiationof mismatchrepair

In order to simulate various conditions at the initiation of mismatch repair, we
engineeredaDNAmolecule whichwecan modularlymanipulatetopossessasingle
G-Tmismatchand/orvariouspatternsofmethylationonitssoled(GATC)sitelocated
270bp

0.2[AYMutS + DNA with G-T MM '

02[B)MutSL+ DNAwithGTMM |

% 0.12f 1
O L

0.2[C) MutSL + DNA with G-T MM and ]

0.16¢ a single nicked site ]

0
001-5 'D)MutSL + DNA with G-T MM (-ATP) ]

0.08t

-E) MutSLH + DNA with HM d(GATC) site .

Fig. 2. Histogram of the volumes of DNA-bound MutSLH complexes (V.) scaled to those of the
streptavidinlabel(Vsa). SeeSection3.2fordescriptionofexperimental conditions.Unlessnoted,all
proteinsincubatedwithDNAin0.5SmMATP.(A)MutS on876bpDNAmoleculecontainingasingle
G-T mismatch (MM) at its center, with Gaussian fits (see Section 3.2.1 and Fig. 3A). Number of
proteinsmeasuredn=256. (B)MutSandMutLincubatedwithDNAmoleculecontainingasingle G-
Tmismatch atitscenter(seeSection3.2.1andFig.3B).n=300.(C)MutSandMutLincubated with
DNAmoleculecontainingasingle G-Tmismatchatitscenterandasinglestrandnicklocated ~270bp
away (see Section3.2.4andFig. 10B).n=308.(D)MutS andMutLincubatedintheabsenceof ATP
with DNA molecule containingasingle G-T mismatch atits center.n=217. (E) MutS, MutL, and
MutH incubated with DNA molecule containing a single hemi-methylated d(GATC) site (see
Section3.2.2and Fig.6).n=405.

away. Theexperiments,aswellasthefractionof DNAwithbound complexesand
DNA observedtobelooped by proteins, are summarizedin Table 1. To ease their
interpretation, we categorized these experimental conditions by the stages of
MMR theycanhelp toelucidate (Fig. 1): (A)theinitial encounter ofa mismatch
(Section3.2.1);(B)theidentificationahemi-methylated d(GATC)site (Section
3.2.2);(C)thesearchforandnickingofahemi-methylated d(GATC)siteafterthe
mismatchhasbeenidentified(Section3.2.3); and(D)thedirectionalloadingofthe
strandexcisionmachinery towardtheerror(Section3.2.4).
Fortheseexperiments, the size of observed complexes were mappedtotheir
positions on the DNA molecules. As noted above, we find remarkable
heterogeneityinboththesizesofthecomplexesandtheirdistributiononthe DNA.
We therefore performed abootstrapping analysis (see Section 2) on this data to
identify speciesofcomplexeswhichweresignificantlyenrichedatspecific



E.A.Josephsetal. DNARepair35(2015)71-84 75

MutS + DNA with G-T MM MutSL + DNA with G-T MM

A)
+ ATP ° ‘ + ATP

O G GATC GATC
[T T S I O [[[[H

QLD

N J P _/ \ J LY J /
450 bp 270 bp 150 bp 450 bp 270 bp 150 bp

-0.1nm T 2.5 nm

Fig.3. AFMimagesof(A)MutSand(B)MutSLboundtoDNA containingamismatch. Top) Schematicrepresentationsofthe DN Asubstrateandproteinsusedforthe experiment. Below)3Dtopographicalrendering
of AFMimages(colorscale-0.1nm(blue)to2.5nm(red)). Whitearrowspointtolocationofmonovalentstreptavidinlabel (yellowinschematic) withthemismatchlocatedapproximatelyinthemiddleofthe DNA

molecule.RedarrowstoassignedMutSandMutLoligomersincomplex.

MutS + DNA \mth G-T MM MutSL + DNA with G-T MM
A) 2 B) 2 . E) 2 r —__F) 2 —
m: 1 ol | ;A:::e Z‘
15 151 Al A AR LI 15} il
(WA, - 1° .:. ._;'_:t:lzr
e o 1} T > & ' ¥ %
] ) W I %] s %] ;
= = bt = P\ Z B
>° 05 > 05[ ke >° 05 ! > 05|/l
- & % %N OA ) e s
— o — i -l = (& IR
g o we| & oA 3 8 of\o\PL\ Yliex| B opY
XeorTE 1 o 1A Yropen AU
-0.5 er<t |05 ! -0.5 ! ®or< | 05K 1
1 1 | Y
-1 L -1 . =1 1 -1 L
0 05 1 0 05 1 0 05 1 0 05 1

Relative position along DNA

Relative position along DNA
©
Qf 02 ' Gy 02 ' H
© ! = Near leg ® ! = Near leg
- 1 = Looped ] 1 = Looped
a0.15 1 segment 50.15 1 segment
g 1 = Farleg E I = Farleg
8 ! 3
£ £ !
s 041 1 £ o041 1
o o 1
(]
c 2
20.05 80,05
°© °©
S S
S 0 B0 Y
©
£ 0 05 1 0 05 1 £ 0 05 1 0 05 1

Relative position along DNA Relative position along DNA

Fig.4. Distribution of differentcomplexes of (A—D) MutS and (E-H) MutSand MutL bound to DNA containingasingle G-T mismatch (MM, dashed line). (A, E) Scatter plotsof observed complex sizevs. relative
positiononunlooped DNAmolecules,coloredbytheirlocaldensitiesinthesize-positionplane. Pointsmarkedbyanopencircleweremore enrichedthan>90%ofthespecieswiththatvolumewhenthepositionaldata
waspermuted 10,000times (see Section2 Methods),and pointsmarkedinafilledblackcircle weremoreenrichedthan>95% ofpermutedspecies. Thecontoursarederived fromthesurface ofthetwo-dimensional
empiricalprobabilitydistributions(atwo-dimensional histogram)ofvolumesandlocationstoguidetheeye.(B,F)Scatterplotofobservedcomplexsizevs.relativepositionontheDNAmoleculeswhichwerelooped,
withsolid lineconnectingcomplexesatthe twositesthey wereobserved. Coloringand significanceare labeled as described in (A)and (E). (C, G) Histogramofbinding occupancy along DNA by all(loopedand
unlooped)observedcomplexes.(D,H)Normalizedcontourlengthsoflooped DN A, withbluehighlightingthelengthofthe DN Anearestthe streptavidinlabel,greenthelengthoftheloopedsegment,andredthelength
oftheDN Aoutsidetheloopattheendawayfromthestreptavidin.



E.A.Josephsetal./DNARepair35(2015)71-84

MutSLH + DNA with HM d{GATC) site

° 0 @® +ATP

GATC
IIIIIIII IIIIIIDWSIII

N J K J /
450 bp 270 bp 150 bp

d(GATC)

d(GATC)

Fig.5.AFMimagesofMutSLH complexesboundtoDNA (withoutamismatch)athemi-methylatedd(GATC)sites. Top) Schematicrepresentationofthe DN Asubstrateand proteinsusedfortheexperiment.Below)
3Dtopographical renderingof AFM images (colorscale—0.1 nm(blue)to2.5nm(red)asin Fig. 3). White arrows pointto location of monovalentstreptavidin label (yellow inschematic), withthe d(GATC)site
approximately3/4thelengthofthe DNAawayfromthislabel. WhileMutSandMutL(redarrows) canbeassignedbasedontheirsizesascomponentsofthecomplexesatd(GATC)sites,MutHistoosmalltobeclearly

resolvedundertheseconditions.
MutSLH + DNA with HM d(GATC) site
A 22— B) 2 .

" { ) Most
L2 dense

1.5 1.5

g R
o =
=3 >’ 05
= =
8 I.éeast _8} 0
Op=<a
or<0s |=0.5
71
HM d(GATC),
-1 -1
0 05 1 0 05 1

Relatlve position along DNA

3

C)‘...m'_' 0.2 —— Y D)
© 1 = Near leg _
3 ' S looped (Rl
7a0.15 1 segment [N
£ 1 = Farleg ——
S ——
o 1 — =
= —
B [
2 — =
20.05 ——
o = -
C -- -
(=}
= =
g 0 — T
a 0O 05 1 0O 05 1

Relative position along DNA

Fig.6.DistributionofdifferentcomplexesofMutS,MutL,andMutHboundtoDN A containingasinglehemi-methylatedd(GATC)site(dashedline) withnomismatches. See Fig.4fordetailsregardingthelabelsand
coloringschemesforFig.6A-D.(A)Inthescatterplotofobservedcomplexsizevs.relativepositiononun-looped DNAmolecules, thereisasignificantlyenrichedpopulationlogio(Ve/Vsa)~0.8—1.3locatedatornear
thehemi-methylatedd(GATC)site.(B)Inthescatterplotforlooped DN Amolecules, thereisasignificantenrichmentofcomplexesofsimilarsizeslocatedatthehemi-methylatedsite.(C)Inthebindinghistogram,we
observeasubtleenrichmentoftotal occupancy ofproteincomplexeslocatednearthesite ofthe d(GATC). (D) Normalized contourlengths oflooped DNA show thatalarge population oflooped DNA molecules,
particularlythosewithlargerloops,haveloopswhichoriginateatornearthehemi-methylatedd(GATC)site(compare,e.g.,Fig.4DandH).



E.A.Josephsetal. DNARepair35(2015)71-84 77

Tablel
SummaryofexperimentalconditionsandobservednumberofDNAmoleculeswhichpossessedaboundprotein/complexorloopwithprotein/proteincomplexatitsbase.
Protein® MM’ d(GATC) ATP! Figures npe Boundcomplex?' Looped?*

3.2.1Encounteringamismatchedbase-pair

s B HM Figs.3A,4A-D,Fig.S3 206 56.3%(£6.8%)" 10.7%(+4.2%)

SL + HM + Figs.3B,4E-H,Figs.S6,S7TA 196 76.0%(£6.0%) 20.9%(%5.7%)

SL + HM - Fig.S7B 120 75.8%(7.7%) 24.2%(27.7%)
3.2.2Identifyingahemi-methylatedd(GATC)site

SLH - HM Figs.5,6,Figs.S8,S0A 184 76.6%(+6.1%) 19.0%(5.7%)

SL — HM + Fig. S10 209 49.3%(£6.8%) 13.9%(24.7%)

LH + HM + Fig. SI1A 42 26.2%(%13.3%) 4.8%(26.4%)
3.2.3Searchingforandnickingahemi-methylatedd(GATC)site

SLH + FM + Fig. 7A Figs S12,813,514 . 95.8%(£8.0%) 50.0%(+20.0%)

SLH (10m)’ + HM + Fig. 7B,Fig.9,Figs.S9B,S15 65.6%(+5.6%) 9.4%(£3.5%)

3.2.4MutSL(H)SLH lexesonnick  dsitesof DNAcon  ainingamisp  1ir

(2hy + HM + Fig.

10A,Fig.11A-D,Figs.S16,S17 202 20.8%(%5.6%) 5.0%(%3.0%)
SL + Ni + Fig. 10B,Fig.11E-H,Figs.S18,S19 257 66.9%(+5.8%) 9.0%(+3.5%)
L + Ni + Fig. S20 20 25.0%(+19.0%) 6.0%(+9.6%)

“Proteins incubated with DNA prior to imaging. S =MutS, L =MutL, H =MutH.
®Whether the DNA molecule contained a mismatched G-T site (+) or not (-).
¢ Methylation of the sole
d(GATC) site in the molecule. HM=hemi-methylated, FM=fully-methylated, Ni=DNA nicked at nearby BsrDI site prior to experiment.
4Whether
proteins were incubated with DNA in the presence (+) or absence (=) of 0.5mM ATP.
Total number of end-labeled DNA molecules observed for each experimental condition.
" Fraction of end-labeled DNA molecules observed to possess a
bound protein complex.
¢ Fraction of end-
labeled DNA molecules with bound protein(s) that are observed with a loop that has a protein complex located at its base.
h 95%
binomial confidence interval.
' Proteins incubated with DNA for 10min at room temperature prior to
imaging.

Proteins incubated with DNA for 2h at 37 -C prior to imaging.

MutSLH + DNA with G-T MM + FM d(GATC) site MutSLH + DNA with G-T MM + HM d(GATC) site
A) B)

+ ATP + ATP
. ® RT (10 min) . ® RT (10 min)

G GI.;;TC O G Guﬁ'rc
LT lllllll 111 [T ,L”H”o.wsm
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450 bp 270 bp 150 bp 450 bp 270 bp 150 bp

O
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Fig. 7. AFM images of MutSLH incubated with DNA containing a mismatch that was (A) fully-methylated (and hence lacks a strand discrimination signal) or (B) hemimethylated at the d(GATC) site before the
experiment.(Top)Schematicrepresentationofthe DN Asubstrateandproteinsusedfortheexperiment. Below)3Dtopographical renderingofAFMimages(colorscale-0.1nm(blue)to2.5nm(red)asinFig.3). White
arrowspointtolocationofmonovalentstreptavidinlabel(yellowinschematic).

sitesabovethis‘background’levelofbinding(seeFigs.4,6,9and 11 andS14).This

technique allows us to identify important features and structures which are
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otherwiselostwhenexaminingthe one-dimensionalhistogramsofcomplexsize
and binding site distributions which are traditionally analyzed independently in
AFM studiesof DNA-proteininteractions.

3.2.1.Encounteringamismatchedbase-pair-randomloopingof anddiffusion
onmismatchedDNAbyMutSLcomplexes

It is well-documented that MutS binds to a variety of replication errors as a
dimer|[13,35],butwhatoccursimmediatelyafter theidentificationofthesesites
hasbeen obfuscated by conflictingexperimentalresults, generally interpreted by
three different models (reviewed in [14,36]). A series of recent single molecule
fluorescence studies [37-40] of MutS (without MutL or MutH) at low
concentrations (1-5nM) show that ADP-bound dimers initially diffuse slowly
and transiently (~1 s) along the DNA molecules and, upon encountering a
mismatchedbase-pair,bindtoitforseveral seconds. Thisbindingisfollowedbyan
ADP/ATPexchangeandconformationalchangetoa ‘slidingclamp’thatishighly
stabilizedon DNA(diffusesonDNAfor>5min)[5,41,42].Thisslidingclampthen
releases fromthemismatchandrapidly (andrandomly)diffuses away.Ithasbeen
suggested that the rapidly diffusing MutS dimers may be involved in the
subsequentsearchford(GATC)sites[6,13], howeverhowtherelativelocationof
themismatchisretainedhas notbeenestablished. Conversely,theresultsofinvivo
fluorescence microscopy suggested that MutL might polymerize on the DNA
after MutS identifies a mismatch, presumably remaining at the site ofthe error,
although the observations occurred on mismatch sites which were not repaired
overthecourseofacellcycle [30]. Additionally,asmentionedabove,athirdsetof

observed on mismatched DNA incubated with MutS [ 17], we note the presence of
discrete particulate features (~2—2.5 nm in height) on = 60% of DNA molecules
(Table 1), which we assign to be MutS oligomers using the volumetric analysis
describedabove. TheMutSontheDNAisapproximately 18%monomer,50%dimer,
and32%tetramer(Fig.2A).Mappedto theirpositionsontheDNAmolecule(Fig.4A
and C), the population of dimers and tetramers appear approximately symmetrically
distributed onthe DNA molecule around the site of themismatch, whichmay either
representnonspecific bindingevents orcaptured MutS thathaveslidaway fromthe
mismatchsitealongthe DNA. WedonotethatimagingwasperformedafteralOmin
incubation with ATP, and from single-molecule fluorescence studies of MutS on
DNA containingmismatchesdiffusionofMutSawayfromthe mismatchisexpected
inthepresenceofATP[5].

Apopulation(~10%, Table | )ofthe DN Aappeartohaveloops withMutSlocated
atthebaseandnearthesiteofthemismatch (Fig.4BandD).TheproportionoftheMutS
population assigned to be tetrameric is enriched over the population average over
dimers (Fig.S5),consistentwithearlierstudies whichshowedthemajorityoflooped
DNA possessed atetrameric MutS complex atthe baseoftheloops. DNA loopingis
centered around the site of the mismatch and appears random and symmetrically
distributed, consistent with previous studies [ 17,43]. We do note that some smaller
features (MutS monomers or unbound streptavidin) have been classified as having
‘looped’ the DNA. ‘Looping’ by these small proteins or complexes is observed in
every experiment; however, the loops tend to be small and they are uniformly

distributed across the entire length ofthe DNA molecules, which is suggestive that
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Fig.8.HistogramofthevolumesofDNA-boundMutSLHcomplexes(V.)scaledtothoseofthestreptavidinlabel (Vsa).(A)MutSLHonDNAcontainingasingleG-Tmismatch atitscenterandafully-methylated(FM)
d(GATC)site(seeSection3.2.3andFig. 7A).Numberofproteinsmeasured:n=49.(B)MutSLHon DNA containingasingle G-T mismatchatitscenterandahemi-methylated(HM)d(GATC)siteafter | Ominutesof
incubationatroomtemperature(seeSection3.2.3andFig. 7B).n=405.(C)MutSLHon DNA containingasingleG-Tmismatchatitscenterand HMd(GATC)siteafterincubationfor2hoursat37 -C(seeSection3.2.4

andFig.10A).n=87.
experiments using atomic force microscopy of MutS at physiological
concentrations(100nMdimer)[ 1 7]andelectronmicroscopystudiesofMutS and
MutLonmismatchedDNA[43 Jhaveidentifiecd DNAmolecules bentintolooping
structures with MutS (orMutS and MutL) located atthebaseoftheloopnearthe
mismatch. Theloopswerefound togrowrapidlyinpresenceof ATP[43]andthe
MutSatthesesites wasfoundtobemostlyintetramericform(asadimerofdimers)
[17].Theloopingof DNAissuggestiveofamechanismwhereone dimerofMutS
remains at or near the mismatch site while the other bound dimer translocates
toward d(GATC) sites (either using actively translocation, through random
diffusionontheDNA,orby randomcollisionsthroughspace),providingintrinsic
memoryof themismatch’slocationasthesitesarebroughtintocontact.
Weimagedhemi-methylated DNAcontainingasinglemismatch afterincubation

withMutS(95kDamonomer)inthepresenceof ATP(Fig.3AandS3).Aspreviously

theseloops maybeanartifactofdepositiononthesurfaceforimaging(Fig. S4).These
smallloopscomprise~30%ofloopsobserved(see,e.g., Fig.4D)andarenotedinthe
text.

‘When heteroduplex DNA was imaged after incubation with both MutS and
MutL (66 kDa)under ATP (Figs. 3B,4E—H, and S7) thisdistribution of protein
complexesacrossthe DNAremains approximatelythesameasbefore, butnowis
composedmostly oflargercomplexes(Figs.2Band4E-F). Asmentionedabove,
the sizeofthesecomplexesisconsistentwithMutLdimersbindingto MutSdimers
and tetramers (log;o(V/Vsa) = 0.9 and 1.1), in addition to larger observed
complexes(logio(Ve/Vsa)~1.2—-1.5).MutS andMutLwerepreviouslyobserved
atthebaseofloopedDNA[43], andherewefindanenrichmentinthepopulationsof
loopedDNA moleculesupontheadditionofMutL(Fig.4EandFig.S7)(Tablel).
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Oftentimes, we are able to resolve two smaller, dimeric protrusions positioned If the experiment is repeated in the absence of ATP, the fraction of DNA
closetothetallerMutScomplexwhichweassign tobeMutLdimers(~1—1.5nmin molecules bound by MutSL complexes and fraction of looped molecules are
height)(Fig.3BandFig.S7,red arrows). Thestructureofmanyofthesecomplexes observedtoincreaseslightly(Table1). Howeverthereisastrongdownwardshiftin
appears similar to that predicted by chemical trapping and computational the sizes of observed protein complexes and the fraction of smaller complexes
modelingofMutSLcomplexes[31,44]. Theloopingisagainsymmetrically and (Fig.2D), likelycomprisedofMutSmonomers,increasessharply. These

randomlydistributedaboutthemismatch(Fig.4H).

MutSLH + DNA with G-T MM and
HM d(GATC) site (10 min RT)
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Fig.9.DistributionofdifferentcomplexesofMutS,MutL,andMutHboundtoDN AcontainingaG-Tmismatchandsinglehemi-methylatedd(GATC)site(dashedlines). SeeFig.4fordetailsregardingthelabelsand
coloringschemesforFig. 9A-D.(A,C) Whileinthebindinghistogram(C)thepopulationappearsapproximatelyuniformly distributedontheDNA, inthescatterplot(A)thereisasignificantlyenrichedpopulation
(logio(Ve/Vsa) ~0.8—1.1) justupstreamofthehemi-methylated d(GATC)site. (B,D) Inthescatterplot(B)forlooped DNA molecules, weobserve complexes (logio (V/Vsa)<~0.7-1.5)looping DNA which (D)
preferentiallybridgeatornearthemismatchto thed(GATC)site.ComparewithFig.4DandH.
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MutSLH + DNA with G-T MM + HM d{GATC) site MutSL + DNA with G-T MM and ss nick
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Fig.10. AFMimagesofMutSLHaftersignificantincubation(A)withhemi-methylated DN Acontainingamismatchor(B)withDNAwhichhadbeennickedbyBsrDlatasite nearthed(GATC)beforetheexperiment.
(Top)SchematicrepresentationoftheDN Asubstrateandproteinsusedfortheexperiment. (Below)3Dtopographicalrenderingof AFMimages(colorscale-0.1nm(blue)to2.5nm(red)asinFig.3). Whitearrows

pointtolocationofmonovalentstreptavidinlabel(yellowinschematic).
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Fig.11.Distributionofdifferentcomplexesof( A—D)MutS,MutL,andMutHincubatedfor2hat37 -CtoDNAcontainingasingleG-Tmismatchandhemi-methylatedd (GATC)site(dashedlines)and(E-H)MutSand
MutLincubated with DN A containingaG-T mismatchandanickedsite. See Fig.4 fordetailsregardingthelabelsandcoloring schemesforFig. 1 1 A—H.(A-D)Whiletheoccupancy ofproteinsonDNA andfraction
loopeddrops(seeTable1)afterthe2hincubation, weseeanenrichmentofcomplexes atthemismatchandd(GATC)site.(E-H)OnnickedDNA, thereisa(E,G)significantenrichmentofcomplexes(logio(Ve/Vsa)]~
0.8—1.1)locatedslightlyupstreamofthe mismatch,and(F,H)thereisanincreasedtendencyforloopstobridgethemismatchedsiteandthenick.

results are consistent with previously reports of the effects of ATP on MutS/MutSL
complex formation [6,17,45]; the increase in DNA occupancy is attributed to the
observationthatMutScandiffuse rapidlyfromthemismatchinthepresenceof ATP
and,hencecan diffuseoffoftheDNAmolecule.BothwithandwithoutATP(Fig. S7),
we donote thatthe MutSL complexes appeardistributed onthe DNA away from the
locationofthemismatch,whichisconsistent withtheideathatMutLmaydiffusealong
withMutSmultimers.

3.2.2.1dentifyingahemi-methylatedd(GATC)site-MutSand MutLanchorlatent
MutHathemi-methylatedd(GATC)sites
ThestatusofthelatentMutHpriortoactivationisalsonot wellunderstood.Onone
hand, it is often implicitly assumed that MutH remains bound to hemi-methylated
d(GATC)sitesawaitingactivationbyMutSL[12],althoughitsdissociation constant
(0.9M)remains far greaterthanitsphysiological concentration (80nM)[46,47].0n
the other hand, it has been suggested that MutH scans DNA for hemi-methylated
d(GATC)sites incomplex with MutSL duringa diffusivesearch [31]. However, in
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either case it should be noted that in vivo MutH must compete for hemimethylated
d(GATC)siteswithSeqA[48],whichpackagesand bundlesnewly-replicated DNA
intolarge-scalefocalstructuresthat persistforseveralminutesandwhicharethought
toprovide some genome-wide structural and topological order during replication.
SeqA focihavebeenobservedtrailingthereplicationforkclosely [49],andwhilethe
interactionsbetweenMutHandSeqAatd(GATC) sitesarenotwell-characterized,the
observed persistence of these SeqA structures in vivo implies that SeqA can likely
displaceMutH.

HowMutHmayaccessthesesitesundertheseconditionsremains unclear.

We imaged hemi-methylated DNA which did not contain a mismatch with
MutS,MutL,and MutHunder ATP (Figs.5and 6,S8 and S9A). Surprisingly, the
occupancyonDNAwassimilartothat ofMutSLonDNA containingamismatch,
and there was aslight increase in the fraction of looped DNA molecules as well
(Table 1). While MutH cannot often be directly resolved by AFM in these
complexes, thereisanapparentupwardshiftinthepopulationoflarger molecular
complexes over that of MutSL from Section 3.2.1 (compare Fig. 2B and E). We
observeapopulationofsmallerprotein features(sizesrangingfromlog;o (Ve/Vsa)
~0.5-0.7) distributed approximately uniformly on the DNA (Fig. 6A), likely
MutS dimers (see below), however, a significant population of larger features
(logio (Vo/Vsa)mm 0.8-1.3),likelycomposedofMutSLHcomplexes, areobserved
precisely at the location of the hemi-methylated d(GATC) site (Fig. 6A, C).
Furthermore, ofthepopulationoflooped molecules,asubstantial fractioninthat
samesizerangeappear tohave large loops terminating (or originating from)the
hemimethylated site (21 DNA molecules out of 52 traced, with 18 having short
loops assigned to be non-specific, Fig. 6D) and there is significant enrichment of
loopedcomplexesboundatoneendatthese sites(Fig.6B).

We compared these images of MutSLH on hemi-methylated homoduplex
DNA withthoseofjustMutSandMutL (withoutMutH, Fig.S10),justMutHand
MutL (without MutS, Fig. SI1A),orMutH alone (Fig. S11B). Intheabsence of
MutH,MutSandMutLare observedboundtohomoduplex DNA atsignificantly
lowerrates (from76%to~45% fractionaloccupancy). Thesizeofthecomplexes
aregenerally smallerthanon DNA containingamispair(Fig. S10A),suggesting
that the larger MutSL complexes donot formin the absence of a mismatch; this
findingisconsistentwithearlier reports[50]. Thedistributionofcomplexesacross
the DNA does not appear enriched at the hemi-methylated d(GATC) site in the
absense of MutH (Fig. S10B). This result would suggest that MutH, thoughnot
clearlyresolvablevia AFMundertheseconditions,is responsiblefortargetingthe
complexestothesesitesintheabsence ofamismatch. Imaginghemi-methylated
DNAincubatedwithboth MutLandMutH (withoutMutS)thereis furtherdropin
theoccupancy of DNA with protein complexes compared with thosewith MutS,
MutL,andMutH(26%),butinthosewhichpossesscomplexes wedoobservesmall
species of sizes logio(V/Vsa) ~0.4-0.7 (Fig. S11A), where a dimer of MutL is
sometimesapparent. Imagingthe hemi-methylated DNA withMutHalone(Fig.
S11B) we observe negligible interaction between the DNA and the protein,
consistent with its high rate of its dissociation from DNA. Taken together, these
results suggest that MutS anchors MutL and MutH at these hemi-methylated
d(GATC)sitesevenintheabsenceofadetected mismatched DNA.

3.2.3.Searchingforandnickingahemi-methylatedd(GATC)sitegrowthand
deconstructionoflargeMutSLHcomplexessuggestsa
searchmechanism

To investigate the outward search for d(GATC) sites originating from the
mismatch, we performed AFM first on fully-methylated DNA containing a
mismatchinthepresenceofMutS,MutL,and MutH (hencewithnoviablestrand
discrimination signal), then on hemi-methylated DNA with a mismatch
(incubatedatroomtemperaturefor | Ominpriortoimaging),bothinthepresenceof
ATP.

On fully-methylated DNA (Figs. 7A, S12, S13, and S14), the fraction of
occupied DNA moleculesrises considerably withthe additionofMutH, evenin
theabsenceofastranddiscriminationsignal(Table 1). Apopulationofquitelarge
(logio(Ve/Vsa) ~1.2-2)complexesisobservedonapproximatelythevastmajority
ofthe DNA molecules (Fig. 8A), of whichwe cannotunambiguously determine
thecomponentsandstoichiometryatpresent,aswella populationwithcomplexes
(logio(Ve/Vsa) ~0.7-1.2) which appear away from the mismatch site (Figs. S12
andS13).Loopinginboth classesof DNAmoleculeisalsoincreasedsignificantly
relativeto thoseincubatedwithMutSandMutLalone(Tablel).

However, when the DNA is hemi-methylated (Figs. 7B, 9, Figs. S9, and
S15)—andnowpossessiveofastand-discriminationsignal—the numberofvery
large, aggregated complexes observed drops considerably (Fig. 8B), suggesting
eitherthattheloopsdissociateand complexesbreakupuponidentifyingahemi-
methylatedd(GATC) afteramismatchedsiteisdiscovered,orthattheseverylarge
complexes rarely form on the hemi-methylated substrate. We find thatofthose
loopedmolecules(withsizesranginglogio (V/Vsa)

= 0.7-1.5), the loops preferentially bridge the segment of DNA between the
mismatchsiteandthehemi-methylatedd(GATC)site: 24 outof52traced,looped
molecules appearto bridge atornear the mismatch and d(GATC) sites; 16 have
shortloopsuniformlydistributedonthe DNA assigned tobenon-specific;and the
remained appear centered either at the mismatch or at the hemi-methylated
d(GATC) site (Fig. 9D). Of those unlooped DNA molecules, a significant
populationofthecomplexes(logio(Ve/Vsa)=m 0.8—1.1),appear slightlyupstream
ofthehemi-methylatedsite(Fig.9A). Wenote thatatpresentwecannotdetermine
viaAFMwhetherthesites havebeennickedatthisstage.

3.2.4.MutSLcomplexesonnickedsitesof DNAcontaininga mispair-a
potentialmechanismtodirecttheexcisionmachinery

MutLisknowntostimulatetheloadingrateandhelicaseactivityofUvrD onto
nicked DNA[12],andas UvrDtravels Illlllon DNA itmustbeloadedonthe
correctstrandofDNAtowardthe
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Fig. 12. Proposed dual-search/proofreading model of the initiation of mismatch repair in light of the
presented AFM imagingdata.(Top) MutScandirectlyidentify mismatches,andfromthesesitessearch
forstranddiscriminationsignalswithMutL andMutHthroughdiffusionordirectloopingofthe DNA. At
thesametime,MutS, presumablycloselytrailingthereplisome,alsoanchorsMutLHatd(GATC)sitesor
MutL at nicked DNA (at the unligated edges of Okazaki fragments), and through direct looping or
diffusion, scans(proofreads)thelocal DNA formismatchedbasepairs. The contactbetweenthetwosites
mayoccurasaresultof*mutual’search frombothmismatchesandstranddiscriminationsignals.Failureto
quickly identify a strand discrimination signal by MutS complexes at mismatch sites results in the
recruitment and loading onto DNA of additional MMR complexes. (Bottom) After both a strand
discrimination signal and a mismatch are mutually identified, the loops dissociate and MutS anchors
MutLinatthenickedsitesasymmetrically,ina mannerthatretainsdirectional orientationrelativetothe
error.

error. ItispresentlyunknownhowMutSLH complexes areable toretaintherelative
positionoftheerroratthed(GATC)siteto orientUvrDcorrectly. Weinvestigatedthe
structureof MutSLH complexesbyimaging DNA withaG-T mismatchandasingle
hemimethylated d(GATC)siteincubated at37 -C fortwohours (Fig. [0A andFig.
11A-D, S16, and S17), where the nicking reaction by MutH should be essentially
complete, as well asby imaging MutSL on mismatched DNA which we had nicked
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priortoexperimentsata BsrDlsitenearthed(GATC)site(Figs. | 1B, 12 E-H, Figs.
S18,and S19).

For the DNA with a G-T mismatch and a single hemi-methylated d(GATC)
incubatedwithMutSLHfor2hours, wenoteadropin thepopulationofoccupied DNA
t020%,aswellasasignificant decreaseinthepopulationoflooped DNA observedto
~5% (Table 1). Those with protein complexes are preferentially bound at either the
mismatch site or slightly upstream of the d(GATC) site (Fig. 11C). Additionally, a
furtherdownwardshiftinthe observed volumeof mostofthecomplexesisobserved
(Fig.8C),suggestingafurther dissociationofthelargercomplexesatthelatestatesof
MMRuinitiation.

‘When MutS and MutL were incubated with pre-nicked DNA containing a G-T
mismatch, thesizedistribution of complexesissimilar tothatobservedofMutSLon
DNAwithahemi-methylatedd(GATC) site(Figs.2C,S18,andS19)butweobservea
significant enrichment of complexes (logio(V/Vsa) ~0.8-1.1) located slightly
upstream thenickedsite (Fig. | IEand G). Similarto the caseof MutSLHon hemi-
methylated DNA withamismatch, wefindthatlooped DNA moleculestendtobridge
atornearthemismatchandthenicked site; 17 0of47traced, looped DNA appeared to
bridgethesites(10 appearednon-specificallylooped,andtheremainderwerelargely
centeredonthemismatchorthenick,Fig. 1 1H).ImagingofMutL aloneincubatedwith
thisDNA substrateexhibitsverylowaffinity fornickedDNA(Table | )andwerarely
observedMutLdimerson DNAatthatsiteafterincubationwithMutLalone(Fig.S20).

4. Discussion

4.1.MutSasascaffoldforMutLandMutHatstrand discriminationsignalsandto
directexcision

TheresultsofAFMimagingpresentedhererevealthatMutS, inadditiontoitswell-
knownroleinidentifyingandbindingto mismatchedbase-pairsinDNA, alsoservesas
a‘scaffold’anchoringMutLandlatentMutHontoDNA. Itisalsoimportanttonote that
the targeting of these complexes to hemi-methylated d(GATC) sites and MutL to
nickedsitesafteramismatchhasbeenidentified isabrogatedintheabsenceofMutHor
MutL, respectively, suggestive of amore passiverole rather than in direct search for
these features.ThisroleforMutS,asascaffoldforMutLandMutH,is consistentwith
theinvitroobservationthatwhileMutLandMutS increasenickingactivityof MutH
approximately twenty-fold, MutL alone increases MutH nicking activity
approximatelyten-foldover basalMutHnickingrates[47,51]—themodestincrease
innicking activity following the addition of MutS may be simply a result of MutS
sequesteringMutLHontoDNAcontainingahemi-methylated d(GATC)site.

On unlooped DNA molecules containing mismatches, we find that MutSL(H)
complexes preferentially bind slightly upstream of either the hemi-methylated
d(GATC) or nicked site, toward the GT mismatch. Because of the limited time
resolution of our AFM, it is difficult to discern the dynamics of how complexes
assembleatthesesites. Recentfluorescencemicroscopyexperiments suggestedthat
MutS binds asymmetrically to DNA at mismatches [37], and this asymmetry in
bindingbyMutShasbeenproposedto bethemechanismbywhichthelocationofthe
error is retained at d(GATC) sites [37]. Hence, these asymmetric complexes may
assembleatthesesitesafterdiffusionbytheMutSawayfrom themismatchinamanner
thatretainsthedirectionalityofthe mismatch. Alternatively,theseresultsmaysuggest
that whenthe strand discrimination signal is discovered after a mismatch has been
identified, any looped structures may fallapartand leave complexes asymmetrically
anchoredatthestranddiscriminationsignal towardthemismatch. Thecomplexeswe
observeatnickedsites appeartocontainboth MutS andMutL,as MutL has verylow
affinityforthenickedsitesonitsown(Table1),andwhileMutLinteracts directlywith
UvrD[52]andstimulateshelicaseactivity[ 12],this activityisgreatlyenhancedbythe
additionalpresenceofMutS[53]. Hence,whileMutLmayberesponsibleforloading
UvrDontothe DNA, therelativelocationoftheerrormayalsobeimpartedby MutSin
addition to anchoring MutL to the DNA (see Section 4.3). Further studies using
differentorientationsbetweenthemismatch andd(GATC)siteswillbenecessaryto
confirmthishypothesis.

4.2 Remarkableheterogeneityofproteincomplexessizeand locationonDNA
suggestsversatilityin DN Asearchmechanisms

Wealsonoteagaintheremarkableheterogeneityinthestructuresand locations of
complexesboundto DNA undernearly allexperimental conditions (forexample,in
thescatter plotsof Figs.4,6,9,and 11). Even when distinct enrichments of specific
populationsattargetedsitesareobserved, wefindalarge ‘background’ ofcomplexes
of various sizes bound nearly uniformly on DNA strands. As noted above, this
distribution of binding sites could suggest that these complexes are undergoing
randomdiffusionon theDNA, whichisconsistentwiththefluorescencemicroscopy
experimentsinvitrodemonstratingthatMutSatlowconcentrationsdiffusesalongthe
DNA after binding mismatches [39]. As it was previously reported that DNA
molecules extended using magnetic tweezers (in such a manner that prevented
looping)still experienced mismatch-dependentnickingbyMutH|[54,55],diffusion
of MutS(LH) complexes could also be occurring in conjunction with the specific
looping we observe such that the two search improve the efficiency of strand
discrimination signal discovery. As an example, protein ‘roadblocks’ between
d(GATC)sitesanda mismatch were found tohinderMutH nicking [56], howeverit
was recently reported that E. coli Dam methyltransferase can loop DNA via
intersegmental transfer if there are bound proteins hindering its diffusion pathway
[57]—a similar mechanism where both looping and diffusive search mechanisms
occursimultaneouslycould explaintheresultshere.

Additionally, the presence of large multimeric structures on mismatched
DNA which lacked a true stand discrimination signal might suggest that after
extensivesearch,ifnostranddiscriminationsignalisquicklyidentified,additional
MMRproteinsare recruitedtositesofmismatches.Consistentwiththis,Elezetal.
identifiedlargefociofMutSandMutLatunrepairedmismatchsites [30],whilewe
find that these foci of MutSLH dissociate or rarely form when a strand
discriminationsignalispresentandcanbe identified. Thetime-dependenteffects
(related to whether ornot a strand discrimination signal can be found) may be
relatedtothe slowhydrolysisof ATP by MutS and MutL, the function of whichis
complex and currently subject of debate [5,6]. Ultimately, the diversity of
multicomponent complexes observed, and their dynamic nature as mismatch
repair progresses, highlights some of the challenges faced by single molecule
fluorescencestudiesof MMR[ 13] andsuggestsaversatilityofMutSLHproteinsin
theirsearch for errorsorstrand discrimination signals while initiating mismatch
repair.

There is an additional possibility to explain the heterogeneity of complexes
observedinthesestudies, whichisthattheseinvitro experimentscontainingonly
MutS,MutL,andMutHwithDNAlack thenaturalspatialandtemporalconstraints
expectedtobefound duringtheoperation ofnormalmismatchrepair. MutS[58]
and MutL [59] have been shown to directly interact with the clamp of DNA
polymerase II and MutL foci were observed to localize frequently with the
replisome [60], suggesting that MutSLH operate close to the replication fork.
Duringreplication, thereisalimited windowoftimeduringwhichtocorrectthese
errorsasd(GATC) sitesbecomeoccupiedbySeqA fociorarefully-methylatedby
Dam methyltransferase[61]andasnicksattheboundariesofOkazaki fragments
(suggested to also be a strand discrimination signal in vivo [62]) are sealed by
ligases.Furthermore,invivo,endogenouserrorsinreplicationwhichcanresultina
mutation without repairoccurextremelyinfrequently(2.75x10-*
pernucleotideper

generation [63]), which is a significant difference from most in vitro studies in
whichall DNA moleculespossessamismatch. Boththe paucityofmismatchesin
vivo and an interaction with the replisome may limit or regulate the extensive
diversity of complexes observed here. Continuing efforts to move single-
moleculestudies of MMR[13]intolivingcells[64]willbeessentialtounravelthe
dynamicheterogeneityoftheMMRpathway.

4.3.Dual-search/proofreadingmodelfortheinitiationof mismatchrepair

An additional notable finding of this study is that loops in DNA formed by
MutSLH complexes preferentially bridge mismatched sites and a strand
discriminationsignal. Takentogetherwiththe observationofMutSLHanchored
atd(GATC)sitesonhomoduplex DNA preferentially formedloopsoriginatingat
thed(GATC) sites, thisfindingraisesaninterestingpossibilityfor ‘dual’roles of
DNA looping/diftusive search by MutSLH in MMR. The firstrole may be that
loops are formed by MutSL(H) complexes at discovered mismatched sites to
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rapidly find a strand discrimination signal where additional proteins may block
diffusive search, as discussed above. Additionally, MutSL(H), trailing the
replisome, may be arrested at strand discrimination signals (hemi-methylated
d(GATC)sites ornicked DNA formed at the boundaries of Okazaki fragments)
thenformloopsintheDNAinordertoscanand ‘proofread’ newlyreplicated DNA
andidentify anymismatchesintheir immediate vicinity (Fig. 12). Anchoring of
MutL(H) byMutS at hemi-methylated d(GATC) and nicks sites also providesa
means tobrieflyforestalldisplacementbySeqA orligase, respectively. A recent
report found that very close proximity (<50bp)toad(GATC) sitesuppressedthe
local mutation rate [62]. This report also provided evidence of methylation-
independentmismatchrepairby MutSandMutLinE. coli,raisingthepossibility
thatnicksinthelaggingstrandmayservequiteanimportantroleindirectingMMR.
Furtherstudyofthedynamicsofthesecomplexesatstranddiscriminationsignals,
as well as investigations into the dynamics of mismatch generation [63] and the
relationship with the in vivo repair of those errors [62], will be necessary to
elucidatetherole oftheobservedbindingandlooping fromd(GATC)andnicked

sites byMMR complexes.

5. Conclusions

AFMimagingforthefirsttimeofallthreeessentialproteins oftheinitiationof
MMR provides new clues to its mechanismof initiation and allows us to further
examine the model of MMR. Furthermore, temporally-resolved studies will be
essential to see how the population of MutSLH complexes move over time to
elucidate the relationship between the looping (between the mismatch and
d(GATC) site) and dwelling at the unlooped d(GATC) or nicked sites.
Understanding a precise kinetic relationship between MutH nicking rate and the
mismatch-d(GATC)sitedistance[9,65,66]should alsohelptoelucidatethisthis
behavior,andworktestingthe implicationsofthedescribedmodelinFig. 12using
biochemical, single-molecule, and in particular, time-resolved methods is
presentlyunderway.

The work presented here paves the way for future studies reconstituting the
entireMMR pathwayatthesinglemoleculelevel.In particular,whileitisknownin
human MMR how excision terminates after the mismatch, [67]itisnotknownin
MutH-dependent MMR; rigorous characterization of MMR protein complexes
via AFM appears suitable to identify further mechanisms of methyldependent
MMR.
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