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1. Introduction

1.1. Thecell 2 basics,history and microscopy

Life is characterizedas a systemthat exchangesenergy and substanceswith its

surroundingslt canactively grow, developandevolve.In addition,it hasthe ability

to reactto stimulusandgenerataewliving %ffspring ". Onesuchliving unitis acell,

that can function as a single organism ( one piece puzzle) or as the smallest
functional componentamongstthousandsof other cells, that all togethermake a

multicellular organismasa whole. Whetherit lives asa onepiecepuzzle” or not, it

experiences seriesof nanaescaleeventsthat are organizingits surfaceandinterior.

Eukaryoticcellular componentsrehighly organizedo performthe functiontheyare
morphologically and structurally specializedfor. From cdl § membranethrough
cytoskeletorandorganellesnucleusandgeneticmaterialcomprisedwithin, thereare
hundredof signalingpathwayshatorchestratehe complexlife of acell. In addition,
most cells havethe ability to makenew onesin a processof duplicationof genetic
material and eventually,division of the cytoplasmto createtwo identical daughter
cellsin aprocessalledmitosis.

To studysucha complexsystem,variousmethodshavebeendevelopedput maybe
the most revolutionary one was the idea to magnify it and observeit through a

microscope.In 1590% two Dutch spectaclemakers, Hans and ZachariasJansen
assembledhe first compoundmicroscopeby mountingtwo lensesn atube.In 1609,

Galileo Galilei assembleca compoundmicroscopeby combining the convex and

concavelenses.Further optical designsand experimentsfollowed as Anton van

Leeuwenhoekassembleda microscopewith greatermagnification, which enabled
detailedstudieson bacterialcells. In 1931, Ernst Ruskastartedbuilding the electron
microscopeand soonafter fast progresdollowed with constructingdifferenttypesof

high resolutionmicroscopesjike a confocal microscope.Even though there were

reportson earlier confocalmicroscopesthe first confocalscanningmicroscae was

built in 1955 by Marvin Minsky and further improvementollowed with assembling
the confocal laser scanningmicroscope.This systemcomprisesan optical imaging

techniquefor increasingoptical resolutionand contrastof a micrographby meansof

addng a spatialpinhole placedat the confocalplaneof the lensto eliminate out-of-



focuslight. Confocalmicroscopeusespointillumination anda pinholein anoptically

conjugateplanein front of the detectorto eliminate out-of-focus signal - the name
"confocal" stemsfrom this configuration.As only light producedby fluorescence
very close to the focal plane can be detected,the image's optical resolution,
particularly in the sampledepth direction, is much better than that of wide-field

microscope$l].

The first personwho describedthe cell as a basicunit of life was RobertHook, an

architect, natural philosopherand scientist. He first usedthe term in 1665, while

looking at thin slicesof cork (Figurela)[2]. His observationsveresoonextendedo

woodandplanttissue aswell asto fly $eye.

The processof duplicationand productionof new living cells was namedmitosisas

coinedby Walther Flemming.Alreadyin 1880she drewin detail his observation®n

mitosis (Figure 1b) [3]. Neverthelesshis study and interpretationof eventsin the

mitosislaid foundationgor furtherresearcton mitotic cell division.

Fig.ol

Figure 1. Advancesin cell biology: a) Image of a Hook $ thin cork sampleslice showing cellular
organization2]; b) Flemming$ drawing of mitosiswith chromosomesndstructuregodayknown as
component®f the mitotic spindle[3]; c) Imageof populationof HeLa cells stablyexpressingH2B in
mCherry(blue) andtubulin in SiR. Imageis acquiredwith a confocalmicroscopeln the midde is a

HelLacell in metaphasef mitosis[4].



There are thousandsof types of cells comprised within a single multicellular
organism,but as there are so many diverseorganismsliving on planet Earth, this
makesa huge variation of cell types one can study. From single cell organisms,
neurons,fibroblasts, newt lung cells, to HelLa cells and many more, all of them
makinga goodmodelsystemfor conductingdifferenttypesof experiments.
HeLacellsarethe oldestusedhumancell line establishedy GeorgeGey. Theywere
isolated from a cervical cancerpatient Henrietta Lacks and characterizedwith a
previouslyneverseenspecialfeature:immortality- onceisolated,they could be kept
alive and grow. Thesecells have beenmaintainedin vitro sincetheir derivationin
February1951.(Figurelc)[5].



1.1.2. Cellcycle

The veryfirst living cell musthavehada somewhaprimitive mechanisnof making
new onesand some aspectsof this processcould be evolutionaryconserved.The
processitself relies on certain complex structuresthat are newly assembledor
disassembledn the onsetof mitosis while othersare degradedor assembledvhen
mitosis comesto an end. The scenarioin which the symmetric distribution of
chromosomesn two daughtercells occus is complex and intriguing. During ~24
hours, cell is going through seriesof eventsknown as the cell cycle. It is roughly

dividedin interphaseandmitosis(M phase)(Figure2).

% Mphase

o] CellCycle 5 iah

6-8h
24nDNAZZ |

Interphase

Figure2. Overviewschemeof the cell cycle with pointedG1, S, G2 and M phaseThe cell cyclelasts

for ~24hours,with M phaseoccupyingonly approximatelyanhourof the entirecycle [6].



Interphaseis a period betweentwo mitotic divisions, during which daughtercell
recoversand preparesfor the next division. It is divided in G1, S and G2 phase,
during which cell doublesits massof proteinsand organelles.3G " in G1 and G2
standsfor ggp phaseand it gives the cell time to feed, grow and to control the
accuracyof ongoingevents.In S phasethat lastsfor 10-12 hours,the cell $ genetic
materialis being duplicated,so that it could be equally distributedto new daughter
cellsin M phase During G2 phasecertain eventsare preparinga cells interior for
division, asfor exampe duplicationof centrosomesAt this pointis alsopossiblefor
cell to enterthe, so called GO phasewhich is a restingperiodthat canlast for days,
weeksor even yearsbeforethe cell resumeghe cell cycle[7]. Mitotic cell divisionis
divided in distinct phases, depending on the organization and behavior of
chromosomesDuring prophase,which is the beginning of the process,proteins
condensindelp replicatedDNA strandsto condenseén the nucleus.Thuscondensed
into structurescalled chromosomesthe DNA becomescompactand its length is
reducedby morethan1000fold [8]. In the meanwhile mitotic spindlebeginsto form
betweentwo centrosomesn the cytoplasm. Mitotic spindle is a highly dynamic,
complexmachinerythat orchestrateshe progressiorthroughmitosis. It is composed
of certainstructureghatdirectits behavior,architectureandmechanicsCentrosomes
are componentsthat were duplicatedin G2 of interphase,and are crucial for
establishinghe two oppositepolesof the spindle.Their duplicationalsoensureghat
eachdaughtercell inherits one. Further on, centrosomesre organizing centersof
microtubuleswhich are highly dynamicstructureghat makethe fundamentapart of
the spindle.Microtubulesare hollow polar structurescomposedf tubulin subunits.
Their minusendis fixed at certainposition (e.g. centrosome)while the plus endis
moredynamic.In the late prophasea complexproten assemblyis formedon highly
condensedNA on both sidesof the centromerelt is called kinetochore,andit is
responsiblefor interactionof chromosomesvith the growing microtubules.In pro-
metaphasef open mitosis, nuclearenvelopebreaksdown and assemblyof mature
spindle takes place. This allows the chromosomesto come in contact with
microtubulesof the mitotic spindle.Alternatively,in closedmitosistypical for yeast
cells, nuclearenvelopedoesnf breakdown Oncechromosomesecomeconnectedo
growing microtubulesvia their kinetochoresactive movementof chromosomegan
begin. In the next step, during metaphasechromosomeshecomealigned in the

equatorialplaneof the mitotic spindlehalfway betweentwo polesof the spindle. At

5



this point sister chromatidsare still held tightly bound by multisubunit protein
complexescalled cohesinsin subsequenanaphasesohesinsare degradedandsister
chromatidsbecomeseparatedn a synchronizednmanner.Onceseparatedn anaphase
A, sister chromatidsare pulled away from each other towards two poles of the
spindle.Kinetochoreboundmicrotubulesshorten,andin subsequenanaphasé the
distancebetweentwo spindlepolesincreasesandchromosomeareeffectively pulled
further away. As mitosis slowly comes to an end, in telophase separated
chromosomesneetthe spindlepolesandbeginto de-condens. At this point, nuclear
envelopebeginsto assemblearoundeachset of chromosomesOn two sidesof the
formermetaphasglatethe contractilering is formedandfinally the processcomesto
completion,when cytoplasmbecomesseparatedy narrowingof the contractilering
(Figure 3) [7]. At this point the nuclearenvelopesare fully formedarounddaughter
chromosomesnd the productionof two identical cells is completed.Thesenewly

formeddaughtercellscansoonbeginthe sameremarkablgrocess.

PROPHASE
INTERPHASE

>

CYTOKINESIS I

43

24 HOURS

TELOPHASE

KQ}P ‘§I

ANAPHASE METAPHASE

Figure 3. Live imagesof HelLa cell acquiredon a confocalmicroscopgZeissLSM 710NLO inverted
laserscanningmicroscopeZeiss,Jena,Germany).This cell line stablyexpressesubulin fusedto GFP
(green)andH2B fusedto mCherry(magenta)Firstimage(up left cornej is showingcell in interphase.
Following images are summarizingeventsin mitosis: condensationof chromosomegprophase);
nuclear envelope breakdown and attachmentof chromosomesto microtubules of the spindle
(prometaphaseglignmentof chromosome equatorialplaneof the spindle(metaphasg segregation
of chromosomes(anaphase),narrowing of contractile ring (telophase);division of cytoplasms

(cytokinesis).



1.1.3. Regulation of mitosis and cell cycle checkpoints

It is importantthat the newly formed daughtercells can carry out the sameprocess
with as less errors as possible. Since mitosis is a truly fundamentalprocessin

continuationof life, the cell hasevolveda complexsignalingnetworkthat regulates
and controls a pauseor progressiorthroughthe processtself. Regulationof the cell

cycleis evolutionarywell preservecamongstll eukaryoticcells. In yeastcells, it has
beenshownthat cdc genes(cell-division-cycle genes)are crucial in passingthrough
the control stepsof the cell cycle [9]. The control stepsfunctionasa clock, which can
stop so as to give time for an appropriatemachineryto be fixed or to fix the
encountereckrror. Basically, this systemdelayscertainsequentiaktepsof the cycle

if necessaryandis regulatedoy meansof negativeintracellularsignals.At the heart
of the cell cycle control systemis a family of protein kinasesknown as cyclin-

dependentkinases(Cdks), which are presentin a cell in constantlevels but are
cyclically active.By phosphorylatingertainintracellularproteins theyregulateDNA

replication, mitosis and cytokinesis major eventsin the cell cycle [7]. Cdks are
regulatedby cyclins, which can bind to cdks and activatethem. Since the cyclins
themseles undergocyclic synthesisand degradationcdksfactivity dependson the
abundancef cyclinsin the cell. Thereare 3 describedcheckpointsthat control the
accuracyof fundamentalevents(Figure 4). In G1 checkpoint,also known as the
restrictioncheclpoint, a control mechanisnmensureghat the conditionsare favorable
for cell to enterthe S phase SinceGl1 is the first phaseafter cytokinesis this control
stepcheckshowthecell is feeling’, andwhenis theright time to continuethe cycle.

If condtions are favorable,a cell can proceedpastrestriction point and begin the
duplication of DNA, or it can, alternatively, enter the GO quiescentstate, thus
postponingS phase.During G2 checkpoint,just finished DNA synthesisis checked
for damageanderrorsthatcould haveoccurredduring DNA replication.At this point
a cell can either enter mitotic division or delayit. The final checkpoint,called the
spindle checkpoint,occursin metaphasdo ensurethat chromosomesare properly
attachedto microtulules of the mitotic spindle and aligned in the metaphaselate
[10]. This checkpointis the last barrier for chromosomedo get separatedn the
following anaphaseDescribedcheckpointscontrol the progressiorthroughthe cycle

and the cell relies on thee mechanismso ensurecorrect DNA replication and



chromosomesegregationproperdivision of cytoplasmandfinally productionof two

healthy,functionaldaughtercells.

Figure 4. Schemeof a cell cycle with timing of restrictionpoints. G1 checlpoint makessurethat the
conditionsare appropriatefor DNA duplication.G2 checkpointcheckswhetherDNA wasduplicated
without errors. Mitotic spindle checkpoint(checkpointin mitosis) ensureghat all chromosomesre

properlyattachedo k-fibersandorientedin a way thatthey could be pulledto centersof newdaughter
cells[11].



1.2. Componentsof the mitotic spindle

During mitosisrecruitmentof differentproteinsis crucial. Many of thembuild up the
structureghat orchestratehe mitosisitself. Onesuchmacromoleculastructureis the

mitotic spindlethatpulls duplicatedchromosomesapart.

1.2.1. Centrosomes

Centrosomesre microtubuleorganizingcenters(MTOC) in animal cells. They are
composed of two centrioles and associatedpericentriolar matrix (Figure 5).
Centrosomesand associatedcomponentsdeterminethe geometryof microtubules
arraysthroughoutthe cell cycle, andthusinfluencecell shape polarity and motility,
as well as spindle formation, chromosomesegregationand cell division [12]. All
centrosomesontaina structuredcoreto which morethan50 copiesof -tubulinring
complex( -TuRC) are connected8]. Each -TuRC contains13 copiesof -isoform
of tubulin that define the position of microtubulenucleation the polar orientationof
the polymer, and the lattice into which tubulin assembleg13]. Although they are
involved in manyeventsthroughoutthe cell cycle, their possibilityto form two poles
of the spindleandto nucleatemicrotubulesmakesthem an importantcomponentof
the spindle. Centrosomesare duplicatedin interphasein a processknown as the
centrosomecycle. Once dugicated, centrosomesmove to opposite sides of the
nucleuswherethey form two polesof the future spindle. As the nuclearenvelope
breaksdownin pro-metaphaseheynucleatemicrotubuleasterghatwill build up the

mitotic spindle.



Figure 5. a) Schemeof a centrosomewith major componentgointed out: centriolesas the central
structure, pericentriolar matrix and nucleatedmicrotubules[14]. b) Image of mitotic cell with
centrosomes$abeledred, microtubulesgreenand kinetochoresnagentaCentrasomesin red represent

two polesof the spindle[15].

1.2.2. Microtubules

Microtubulesare a cytoskeletalcomponentof the cell, composedf proteintubulin.
The tubulin subunitis a heterodimerformed from two closely related globular
proteins .. and tubulin, tightly boundtogetherby non-covalentbonds.Microtubules
are assembledas long, hollow cylinders with an outer diameterof 25 nm. This
cylindrical structureis built from 13 protofilaments.eachcomposedf alternating .-
tubulinand -tubulin moleculeq7]. Both . and monomercanbind onemoleculeof
GTP.If it is boundto . tubulin, GTPwill neverbeexchangedar hydrolyzed while -
tubulin boundGTP canundergohydrolysisto produceGDP. This hydrolysishasan
importanteffecton microtubuledynamics.Indeed microtubulesoften switch between
phasesof growth and shrinkage.This remarkablebehaviorwas discoveredn 1984
whenTim MitchisonandMarc Kirschner[16] deducedhat microtubulesswitchfrom
growth to shrinkage when they lose their GTP caps: 3We report here that
microtubulesn vitro coexistin growingandshrinkingpopulationsvhich interconvert

ratherinfrequently. The dynamicinstability is a generalpropertyof microtubulesand

10



may be fundamentalin explaining cellular microtubule organization. Today we
know that they possessntrinsic polarity with their minusendsembeddedn MTOC,

e.g.centrosomewhile the (free) plus endis moredynamicandswitchesfastbetween
growth and shrinkage,a.k.a. catastrophgFigure 6). Microtubulesgrow when . -

tubulin collideswith the endof a protofilamentandformsanon-covalentbond.These
collisions occur more frequentlywhen the tubulin concentrationis higher, and thus
the growth rate increass linearly with more tubulin [17]. Microtubule ends with

boundGTP arestableandpolymerize whereasendscontainingGDP areunstableand
depolymerize.In addition, there is a possibility for microtubulesto switch from

shrinkageto growthin a processknown asrescue Driving theseprocessesire a host
of microtubuleassociatedproteins (MAPs) that make microtubulesgrow faster,
shrink slower, undergo catasrophe more often, and so on [18]. This, so called,
dynamicinstability is particularlyfrequentwithin microtubulepopulationsthat build

up the mitotic spindle. Microtubulesof the mitotic spindle are more dynamicthan
ones presentin interphase,with complete exchangeof spindle microtubulesand
solublesuburits occurringwithin secondg419]. Alreadyin 1950sShinyalnou p[20]

observedhat spindlesare madeof alignedproteinfibers that existin rapid dynamic
equilibrium with a pool of unassembledubunits.He proposedthat spindle fiber
disassemblygeneratesforce to move chromosomes.Indeed, once the nuclear
envelopebreaksdownin pro-meaphasechromosomed®ecomefree to makecontact
with the growing microtubulesvia their kinetochores.These, kinetochorebound,
microtubulesarecalledk-fibersandthey generatdorceson chromosomeshroughout
mitosis. During prophasetheseforcesdirect the alignmentof chromosomesgo the
metaphasglateandin anaphasg¢heyaredirectedto segregatehromosomesndpull

themtowardseachpole of the spindle.
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Figure6. Schemeof microtubuleswith depictedgrowthandshrinkaye astheir dynamicproperty[21].

1.2.3. Kinetochores

Kinetochoresare large, sticky protein complexesformed on centromericregionsof
chromosomesduring late prophase.For high-fidelity chromosomesegregation,
kinetochoresnustbe correctlycapturedoy microtubulesof the mitotic spindlebefore
anaphaseonset. The vertebrate kinetochore, as seen by transmission electron
micrascopy,appearsasa trilaminar stackof platesthatis situatedon oppositesidesof
the centromericheterochromant of the mitotic chromosome[22]. The properly
assembledkinetochorecontainstwo main regions(Figure 7). Theinneroneis tightly
associaté with the centromericDNA and appearslike a discreteheterochromatin
domain throughoutthe cell cycle. The outer, highly dynamic plate is the site of
interactionwith the growing microtubules.In vertebratecells, it containsabout20
anchoringsitesfor plus endsof growing microtubulesof the spindle.Additionally, it
hasbeenshownthatkinetochoresannucleatemicrotubulespoth on isolaied mitotic
humanchromosome$23] aswell asin vivo [24; 25]). Thesekinetochorenucleated
microtubulesmay speedup kinetochorecaptureandthe processof spindleassembly
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[26; 27]. During pro-metaphasemicrotubulesnucleatedat centrosomegrow and
shrink rapidly until they encounterand bind to kinetochore by pivoting of
microtubulesaroundthe centrosomg28]. Oncethis connectionoccurson both sister
kinetochores(on two sides of centromericregion), which links chromosometo
oppositespindlepoles,the bipolar orientationof a chromosomas establishedThus
formedorientationis crucialfor establishmenof forcesthatwill acton chromosomes

throughouthefollowing eventsn mitosis.

a) b)

Figure 7. a) Schemeof a chromosomewith two chromatidsas seenin M phaseof the cell cycle.
Kinetochoreis positionedin a centromericregion of eachchromatidwith inner layer connectedo

chromatinfibrils, outerlayer that both nucleatesand binds microtubules and middle layer in between

[29]. b) Image of mitotic cell with kinetochoredabeledred and microtubulesgreen. Densegreen

signalcorrespondso k-fibers boundto kinetochoreg30].
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1.2.4. Non motor proteins

In additionto fundamentamicrotubulesanddescribeccomponentsa crucial role has
to be assignedo microtubuleassociategroteins(MAPS) and motor proteins.These
proteinsdirect the assemblypehaviorand performanceof the spindle.MAPs act as
strudural elementsof the microtubule componentof the cytoskeletonand mitotic
spindle. Some MAPs stabilize the assembledgolymer, whereasothers mediatethe
interaction betweenindividual microtubulesand betweenmicrotubulesand other
componentsof the cytoskeleton. Norn-motor proteins promote the formation and
maintenancef mitotic spindlesthroughdiversemechanisméncludingthe nucleation
andorganizationof microtubulesjnfluenceon motor function, andregulationof cell
cycle control. In general,these proteins are relatively large, and many are only
expressediuring G2/M phaseof the cell cycle[31]. Theycanactascrosslinkersthat
hold microtubulesin closevicinity. For example,NuMa binds microtubulesdirectly
and mechanicallycrosslinks microtubules at spindle poles [32]. Some non-motor
crosslinking proteinsmutually stabilizeantiparallelmicrotubulesin the spindlemid-
zone Othersact as end binding proteins that control microtubule dynamicsand
persistentnicrotubulegrowth. Furtheron, non-motor proteinscaninteractwith motor
proteins.In somecircumstancesthe interactionis direct and the non-motor protein

controlsthefunctionof the motorprotein[32].

1.2.4.1. PRC1

Proteinregulatorof cytokinesisl (PRC1)is amidzoneassociategroteinrequiredfor
cytokinesisandits bundlingactivity is crucial for the formationof spindle$ midzone.
Its C-terminaldomainbindsto microtubulesand N-terminaldomainis necessaryor
dimerization. The rod domain located in between,together with the N-terminus
facilitatesbinding of other proteins,for examplekinesin4. Its microtubulebundling
is regulatedby Cdk phosphorylatiorin a way that, whenphosphorylatedit canbind
to microtubulesbut cannotcrosslink them.Oncedephosphrylated,it cancrosslink
microtubulesand form antiparallelbundles.PRC1works in tandemwith kinesin4

whichtranslocate# to themidzonein metaphasg33].
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1.2.4.2. End binding proteins

Growing microtubulesaccumulateat their plus endsmultiple structurally unrelated
factors collectively termed MT plus-end tracking proteins, or +TIPs. The most
conservedand ubiquitous+TIPs are end binding proteins(EBs) [34]. They are core
componentsof microtubule plus-end tracking protein networks. EBs are relatively
smalldimeric proteinswhich containan N-terminalcalponinhomology(CH) domain,
responsiblefor the interaction with microtubules, a linker region of unknown
function, and a C-terminal coiled coil domainthat extendsinto a four-helix bundle,
required for dimer formation[35]. Throughtheir C-terminal sequence<:Bs interact
with mostotherknown +TIPs andrecruit manyof themto the growing microtubules
ends[36]. Structuralstudiessuggestthat the EBs probablyact by enhancingateral
interactons betweenindividual protofilamentsand may affect MT lattice structure
[37; 38. Mammaliancells expresshreemembersof the EB family- EB1, EB2 and
EB3. It hasbeenshownin mousefibroblaststhat EB1 is involved in formation of
stable microtubulesand that simultaneousdepletion of EB1 and EB3 increases
microtubule catastrophdrequencyand disruptspersistentmicrotubule growth [35].
EB3 localizesthroughouthe cell cycle only to the plus endsof growing microtubules
[39], and accumulatesat the certrosome[40; 41; 42], from early prophaseuntil the
end of mitosis, concurrentlywith the increaseof microtubulenucledion ratesat the
centrosome43]. In mitosis, microtubule property to switch betweengrowth and
catastrophdecomesmportantfor geneating forceson chromosomesThis dynamic
instability is, not exclusively, but still highly regulatedby exchangeof EBs and
GTP/GDP.
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1.2.5. Motor proteins

Motor proteins move acrosscytoskeletonand actively organizecell § interior. By
using energy,they make traffic of all intracellular componentossible.Transport
insidethe cell requiresforcesto moveandpositionvariousmolecularassembliesind
organelles.Theseforces are mostly generatedoy motor proteins such as myosin,
kinesinanddynein.To exertforces,motor proteinsbind with oneendto cytoskeletal
filamentsand with the otherendto the cell cortex a vesicleor anothermotor [44].
Whilst myosins are associatedvith contractile activity in muscle and nonrmuscle
cells, kinesins and dyneins are microtubule motor proteins. Cytoskeletal motor
proteins use structural changesin their nucleosideriphosphatebinding sites to
producecyclic interactionswith a partnerprotein. Furtheron, eachcycle of binding
andreleasemustpropelthemforward in a singledirectionalonga filamentto a new
binding site on the samefilament. For such unidirectionalmotion, a motor protein
must use the energy derived from ATP binding and hydrolysis to force a large
movementin pat of the protein molecule (Figure 8), [7]. The organization of
microtubulesinto the highly orderedbipolar array of the mitotic spindledependon
activities of numerousmotor and non-motor microtubuleassociategroteins.Motor
proteins have received significant attention becausethey generate force on
microtubulesduring spindle formation and throughoutmitosis. In that way, motor
proteinsactively walk acrossmicrotubulefibers and direct their active movement,
thus, for example,controlling the separéion of mitotic spindle poles. Someof the
motor proteinsform oligomersthat can crosslinkadjacentmicrotubules,andin that
way they can move one microtubule relative to the other, with the direction of
movement dependenton the polarity of both motor protein and microtubules.
Alternatively, suchmotor proteinscanslide antiparallelmicrotubulespasteachother

in the overlapzoneof the spindle.
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Figure 8. Schemeof direction of the motor proteins moving along a microtubule.Note that some

proteinsin kinesinfamily havethe ability to move towardsminusendsaswell [45].

1.2.5.1. Kinesins

Thereareapproximatelyl4 families of kinesinrelatedproteins(KRPs).Most of them
walk towardsplus endof the microtubule but in additionto this behavior,somewalk
towardsthe minus end, and somedepolymerizemicrotubules.At the cellular level,
kinesin motors perform a variety of functions during cell division and within the
mitotic spindlewherethey help chromosomeget segregatedwith the highestfidelity
possible[46]. Their structurecanroughly be summarizedn havingtwo heavychains
and two light chainsper active motor, two globular head motor domains,and an
elongatedcoiled-coil responsibldor heavychaindimerization.Most kinesinshavea
binding site in the tail for eithera membraneorganelleor anothermicrotubule thus
giving themspecificrolesin mitotic and meiotic spindleformationand chromosome
separatiorduring cell division. The fastestkinesinscan move their microtubulesat

about2-3 -m/sed[7].
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1.2.5.2. Dyneins

The dyneinsarea family of minusenddirectedmicrotubulemotorsandareunrelated
to kinesin superfamily. They are composedf two or threeheavychains,including
motordomain,anda largeandvariablenumberof associatedight chains.Thedynein
family has two major branches.Cytoplasmic dyneins are found in, probably all

eukaryoticcells. They have a role in vesicle trafficking and in localization of the
Golgi apparatusnear the centerof the cell. Other branch containsthe axonemal
dyneinswhich are highly specializedor the rapid andefficient sliding movementof

microtubules that drive the beating of cilia and flagella, as well as of ones

orchestratingmitosis. Dyneins are the largestof the known molecularmotors, and
they are also amongthe fastestwith the ability to move their microtubulesat the

remarkableateof 14 -m/sec[7].
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1.3. Metaphasespindle tarchitecture and forces

Thereare many crucial points in mitosis, but maybethe mostimportantone s the
captureof chromosomediy microtubulesof mitotic spindle. Spindle microtubule
minusendsare focusedinto two poleswhich dictatewheresegregated¢hromosomes
aretransportd at anaphasef-orcesthat focus microtubulesinto polesare crucial to
spindle organizationand function. In order to maintainits structuralintegrity, it is
crucial for the spindleto be able to continuouslyrebuild polesby reorganizingand
sorting new microtubulestructureg47]. Oncein contactwith the spindleapparatus,
chromosomeslowly becomealignedin the metaphaseplate and are at this point
waiting to bepulled apart.

Different classe®f microtubuleghatareall assembledrom the samepod of tubulin
subunits contribute to spindle§ shape and architecture.They are all extremely
dynamic and are generallyorganizedwith their minus endsat or nearthe spindle
polesand with their plus endsextendingoutwardto from threedistinct popultions
thatmakethe spindle[48]. Astralsgrow in all directionsandinteractwith cell cortex,
while inter-polarmicrotubulesandk-fibers grow towardsmid-zone(Figure9).
Microtubulesthatbind to kinetochoreswith their plus ends,becomek-fibers thatcan
exert a pushingor a pulling force on chromosomeslt has beenshownin high
resolution electron microscopy tomography that there are two distinct fibrous
connectionsbetweenthe kinetochoreand k-fiber microtubules.One set of fibers
directly encirclesthe tip of the microtubuleand anotherset of fibers attachto the
microtubule wall. Since the organizationof the outer plate of the kinetochore
resemblesa spider$ web, it is possible for the kinetochore to interact with
microtubules at various angles [49]. In that way, one chromosomewith two
chromatidsand two sisterkinetochoreggetsconnectedo oppositespindle polesvia
two sisterk-fibers. Thusformedbi-orientationof chromosomesn the mitotic spindle
makesit possiblefor microtubulesto exertcertainforceson kinetochoreswhich are
partially driven by microtubule$ dynamic instability. Someof theseforces act on
chromosomedut most are generatedat the kinetochore,and they don't seemto
dependon the number of microtubulesin a k-fiber [49]. Once theseforces get
establishedheyaredirectedto movechromosomesackandforth until theybecome
aligned in the spindle midzone, i.e. equatorial plate or metaphaseplate. Once

establishedmetaphasefrom physical point of view, becomesa stable state as all
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forcesactingwithin the spindleareaccuratelybalancedandparameterslescribingthe
systemreach and hold stationay values[50]. At this point spindle§ steadystate
lengthis determinedthroughthe integratedaction of mechanismghat generateand
respondo mechanicaforces[51]. The axis connectingwo spindlepolesdefinesthe
spindlelength, whilst the axis connectingtwo oppositeoutermostsisterkinetochore
pair is consideredas spindlewidth. In additionto basiccomponentof the spindle,
motor and nonmotor proteins also play a significant role in establishingspindle
length. In particular,the balancebetweenplus-enddirectedand minusenddirected
motor proteinscandeterminespindlelength. Increasingthe level of one of the plus-

enddirectedmotor proteinsproducesabnormallylong spindles whilst increasinghe
level of one of the minusenddirected motor producesabnormally short spindles.
This balancebetweenopposingmotor proteinsis regulatedoy certainCdks (M-Cdk)

in a way that at leastone of the motor proteinshasto be phosphorylatedn orderto

bind to the spindle [7]. The length of the spindle is maintainedby overlapping
antiparallelmicrotubulesthat are pushedoutward by molecularmotors.In this way

the inward tensionin the microtubulesconnectingthe poles with kinetochoresis

balanced Additionally, it is expectedfor the spindlelength to dependon cell size,
sincethe function of this assemblyis to physically move sisterchromatidsinto the

center of nascat daughtercells. Length is important for spindle function and it

typically increasesvith cell sizeandgenomesize[52]. It hasbeenshownthatspindle
lengthincreaseaith cell lengthin small cells, but in very large cells spindlelengh

approachesn upper limit [53]. Once establishedspindle length can have certain
effectson spindleperformanceindsegregatiorof chromosomes.

In addition to k-fibers, nonkinetochore microtubules comprise the majority of

microtubulesin mammalianspindlesthat have beenstudiedby electronmicroscopy.
During metaphasethey bundletogether30-50 nm apartin groupsof 2-6, with antk

parallel interactionsapparentlypreferred[54]. Their function is poorly understood,
but it is believedthat they help integratethe whole spindleand ensureits bipolarity.

Contraryto manytextbookmodels,their minusendsare not simply locatedat poles,
but ratherthroughoutthe spindle[55]. Although antiparallelmicrotubulesarea bit of

amystery,it is knownthattheyform overlgppingbundlesn thespindlemidzone.lt is

the placeto which many motor and nonmotor proteinsget recruited. For example
kinesin14 and kinesin5 are capableof sliding antiparallel spindle microtubules.

Kinesin14 is a minus end directed motor and it is believedto promote spindle
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shortening (inward directed force), whilst kinesin5 probably promotesincreased
spindlelength(outwad directedforce)[56].

Astral microtubulesgrow in all directionswhilst having their minus endsfixed at

centrosome Whilst growing, some eventually encountercell cortex and establish
certaininteractionsthat could havea role in positioningthe spindlewithin the cell.

Theyturnoverat a rate similar to nonkinetochoremicrotubuleg57] andare capped
by gammatubulin comgdexesat centrosomedn contraryto antiparallelmicrotubules,

thesedo notappeatto slide[58].

Figure 9. Schemeof the mitotic spindle with different populationsof microtubulespresentwithin.
Astrals, shownin yellow, grow in all directions.K-fibers,shownin greenbind to kinetochoreson
chromosomesAntiparallel microtubules,shownin thin blue lines, are mutually crosslinked in the

spindlemidzone.
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1.4. Spindle assemblyand performance

Mitotic spindle beginsto form in prophasebetweentwo centrosomeghat were

previouslyduplicatedin interphaseTheinitial stagef spindleassemblyaremarked
by motordependenseparatiorandmovemenif centrosometo oppositesidesof the

prophasenucleus[56]. Thus separatedthey will form two poles of the spindle.
Cytoplasmic dynein clusters parallel microtubules into spindle poles [59] and

transportdNuMa to build poles[32]. At poles,dyneinand NuMa tethermicrotubules
in a way that pole structure remains robust despite dynamic instablity of

microtubuleq 60Q].

Centrosomesucleatemicrotubulesof the spindle. Most of them will searchfor

kinetochoresput only onesthat grow towardsspindle midzone can encounterand

capturethem.Microtubulesextendfrom centrosomegreferentiallyin the directionof

chromosomeswhich is dependenton concentrationgradientsof RanGTP and its

associategroteinsaroundchromosome$28]. Ranis a memberof GTPasefamily,

and it facilitates microtubule rescue,bi-polar spindle formation, and kinetochore

microtubule interactions. First requirement for growing microtubules to start
searchingat all is that the nuclearenvelopebreaksdown, which happensin pro-

metaphaseAfter this event,chromosome®ecomefree to get caughtby the growing

microtubules As a microtubulegrowsfrom the centrosomen an arhtrary direction,

it probesthe spaceasit searchegor kinetochoresEventhougha single microtubule
probesonly one direction, numerousdirectionswill be exploredeventuallybecause
numerous microtubues grow from the centrosome[28]. Once kinetochore is

encounteredits propercaptureis achievedn a stepwisemanner.First, kinetochores
are capturedby the lateral surfaceof a single microtubulethat extendsfrom either
spindle pole. Once captured, kinetochore is transported poeward along the

microtubule[61], until the endon connectionis establishedFigure 10). After the

initial microtubule capture, kinetochores develop a bundle of 1530 parallel

microtubules that connect them to spindle poles. In a mature k-fiber, tubulin

heterodimersare constantlyaddedin the kinetochoreand removedfrom the minus

endsin the polethuspromotingk-fragmentelongation27].

22



Figure 10. Schemeof kinetochoreattachmentand establishmentof biorientation.a) Kinetochore
capturedby a lateral surfaceof a growing microtubule that extendsfrom one pole. b) After first
establishednteraction,kinetochoreis transportedowardsthe pole from which the microtubuleit is
boundto originates.c) Certaineventsat this point are not clearbut at this point a certainmechanism
will ensurethatkinetochoresventuallybecomeproperlybioriented.d) Kinetochoresbecomeproperly

biorientedwhentheyareattachedo microtubulesxtendingfrom oppositepoles[61].

In addition to, so called, centrosomalpathway that nucleatesmicrotubulesof the
spindle,thereis also a chromatinmediatedpathway.In cells lacking centrosomes,
spindlecanbe assembledhroughchromosomalirectedpathway.In fact, thosecells
rely exclusiwvely on this pathwayin which microtubulesare nucleatedand stabilized
near chromosomesnd kinetochoredy the RanGTPasg¢62] and the chromo®mal
passengecomplex (CPC)[63]. CPC complexis a combinationof various proteins

that all combinedhelp the assemblyand maintenanceof the spindle. DasraA and
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DasraB have beenidentified as componentsof the CPC containingIncenp (inner
centromereprotein), Survivin, (memberof the inhibitor of apoptosifamily) andthe
kinaseAurora B. Aurora B hasthe role in attachmenbf the mitotic spindleto the
centromerasit localizesto k-fiber regionnearkinetochoresThis complextargetsto
different locationsat different times during mitosis, whereit regulatescorrectionof
microtubuleattachmenterrors, activatesspindle assemblycheckpointand regulates
contractileappaatusthatdrivescytokinesiq 64].

Once all chromosomedecomebi-oriented, they begin to oscillate in the spinde
midzone.Both microtubuleattachmentanddynamicsat the kinetochorecontributeto
sister kinetochoreoscillation. Plus and minus enddirected motors associatewith
kinetochores,suggestingthat motors could drive the movementof chromosomes
eithertowardsor away from the spindle equator[65]. The velocity of chromosome
movementis ratherconstantpccurringat2 -m/min,whichis consistentvith therates
of motor proteins associatedwith kinetochores[66]. For example, microtubule
depolymerizingkinesn MCAK is important for sister kinetochore coordination
during oscillations [67]. Eventually, chromosomesactively get positionedin the
equatorialplane of the spindlein metaphaseCongressiorof the last chromosome
marksthe transitionto the metaphaseduring which oscillationsare continueduntil
cohesinsaarebrokendownandat this pointchromosomesarereadilysegregated.

It has been proposedthat the synchronyof chromatidto-pole movementduring
anaphaseA dependson the poleward flux of spindle microtubules. Poleward
microtubuleflux occursdueto the depolymerizatiorof microtubuleminusendsand
is driven mostly by membersof the kinesin5 family of motors which push
microtubuleminusendsapart. This movementpulls kinetochoresapartthus helpng
chromosomesegregatelt is also thoughtthat anaphaséd movementis driven by
depolymerizatiorof k-fibersat thekinetochore.

Poleward flux drives spindle elongation in anaphaseB. Kinesin5 motor was
proposedto drive antiparallel microtubulesslide apart thus exerting force on the
spindle poles. At the sametime, depolymerizationof the minus endsat polesis
stopped polewardflux is turnedoff andinterpolarmicrotubulesexertpushingforce

onthespindlepolesthusseparatingpindlepoleswith approachinghromosomes.

24



Figure1l. Schemeof anaphas@& andB mechanismFirst, in anaphasé@ separatedhromosomesire

pulled towardsoppositepoles.Soonafter,in anaphasd® polesmove more apartpulling the attached

chromosometo the centerof two newdaughtercells [ 68].
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1.5. Goal of theresearch

The goal of this researchs to studynatureof the mitotic spindlein HeLa cells,to understand
its mechanicsand to refresh currently known facts about architectureof the spindle as a

whole. Due to spindlesappearancand structuralcomplexity, it is difficult to understandts

componentswhilst it is intact and unperturbed.For this reason,laser microsurgerywas

applied. Behavior of the ablated part of the spindle makesit possibleto analyze the

distribution of forcesacting within it. Additionally, the responseto the cut showscertain
structureghatbehaveasa singleobject. As aresponséo the appliedablation,thesestructures
aremoving together thusrevealingtheir connection Resultingmoving part comprisessister
kinetochores,an intact sister k-fiber, a bundle of microtubuleslocated between sister
kinetochoresand finally, the remaining stub as a leftover part of the cut sister k-fiber.

Accordingto text books,thereis no directinteractionbetweersisterk-fibers. A recentstudy
revealedmicrotubule bundle betweensister kinetochoresas a structuralcomponentin the

spindle which was namel bridging microtubules[50; 69], (Figure 12). My interestis to

understandhis bundle,and with the mentionedobservationfollowing conclusionhasbeen
made:bridging microtubulebundleis connectedo sisterk-fibersvia cer@ain interactionsthat
are still preservedafter appliedlaserablation. Main hypothesisis that it laterally connects
sisterk-fibersandcontributego distributionof forcesin thespindle.

Fig 12. New modelof the spindlewith bridging microtubulebundlelaterally connectingsisterk-fibers. Note that

theantiparallelcompositionof bridgingbundleis not pointedoutin this scheme.
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It has already been shown recently that bridging microtubule bundle is composedof
antiparallelmicrotubules Sinceit hasbeenproventhatcrosslinking proteinPRCL1is located
in the antiparallelregion of the bridging microtubule bundle [50], | wished to affect its
thicknessby reducingthe amountof PRC1. With this approachl would expectthe force
balanceo be peturbed.Following analysesvereconductedn treatedcells: primaryresponse
to the cut, bridging microtubule bundle thickness and shape of the spindle. From
measurementsf the mentionedprimary responseforce balancein the spindleelementwas
analyzedwhich was put in correlationwith the bridging microtubulethickness.Shapewas
analyzedn orderto extracttheamountof forcesactingat certainpartsof the spindle.
Otherapproachwasto observemicrotubuledynamicsin the cut part of the spindle.For this
reason,Hela cell line stably expressingeB3 fusedto GFP was used.Within chosentime,
with cleareventsoccurringin the regionbetweensisterkinetochoresit would be possibleto
track individual growing microtubules.My hypothesishereis that it should be possibleto
observe comets passing between sister kinetochores, thus revealing the individual
microtubules that grow in the bridging microtubule bundle. Since bridging bundle is
composedf antiparallelmicrotubules]) additionallyexpectto seecometspassingn opposite

directions.
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2. Materials and methods

2.1. Cell culture

HeLaTDS cells were permanentlytransfectedand stabilizedusing pEGFRa-tubulin plasmid
(courtesyof Mariola Chacon)which wasacquiredfrom Frank Bradke(Max PlanckInstitute
of Neurobiology, Martinsried). Cells were grown in ' X O E H A\Widdified Eagle Medium
(DMEM) (1 g/l D-glucose, L-glutamine, pyruvate) with 50 — J Ryéneticin (Life
Technologies, Waltham, MA, USA), 10% fetal bovine serum (FBS, Gibco, Life
Technologies)and 1% penicillin and streptomycin. The cells were kept in a Heracell
humidifiedincubator(ThermoFisherScientific, Walthman,MA, USA) at f &nd5% CO..
Cells were split andreseedecatvery48-60 hours.Describedcell maintenancavas appliedto
all cell linesusedin this study.

Hela cells stably expressin2xGFREB3 and CENPA fusedto mCherrywere permanently
transfectedwith retroviral plasmid(courtesyof Julie Welburn). Cells havebeencheckedfor

mycoplasmay LonzaluminometarandPCRandweremyconegative.

2.2. Imaging and laser microsurgery

Prior to live cell imaging, medium was replacedwith Leibovitz L-15 CO, independent
medium (Gibco, Life Technologies)containing 10% FBS and 1% antibiotic mixture of
penicillin and streptomycin.Imaging was performedwith a ZeissLSM 710 NLO inverted
laserscanningmicroscopewith a ZeissPlanApo63x/1.40il immersionobjective(Zeiss,Jena,
Germany)heatedwith an objectiveheatersystem(Bioptechs,Butler, PA, USA). Cells were
maintainedat f & Tempcontrol37-2 digital Bachhofferchamber(Zeiss).For excitation,a
488 nm line of a multi-line Argon laser(0.45mW, LASOS) anda helium-neon(HeNe) 594
nm laser (0.11 mW) were usedfor GFP and RFP respectively.The laser power usedfor
excitationwasin range8-15%with a pinholesize0.7 — Prhe microscopevasequippedwith
a QUASAR detectowith 32 channelgZeiss,Germany)which madeit possibleto imagetwo
emissionbandsin parallel:490-561 nm for GFPand588694 nm for RFPfluorescencelaser
microsurgerywas performedon the outmostk-fiber in a userdefinedregionof interest(ROI)
by meansof a single Ti:Sa femtosecongulsedlaser(ChameleorVision 2, Coherent) setto

800 nm wavelengh. During laserablation,no imageswere acquired.For RNA interference
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experimenttime lapseZ-stacksof 6 optical planeswith a 500 nm stepweretakenat 2.5-5
secondinterval with averagingof four scans.For EB3 experimenttime laps Z-stacksof 2
optical planesweretakenat 0.6-1 secondinterval with averagingof eitherl or 2 scans.The
systemwascontrolledby ZEN 2011software(ZEISS,Germany).

2.3. RNA interference

2.3.1. Transfection and samplepreparation

Cells weretransfectedy electroporatiorusing NucleofectorKit R with the Nucleofector2b
Device, using the high-viability O-005 program(Lonza, Basel, Switzerland).The following
protocolwas used:cells at approximately60% con-fluency were trypsinizedfor 5 minutes.
Countingof cells was performedin Neubauerimproved chamberand 1 million cells were
collected and centrifugedfor 5 minutesat 1000 rpm at room temperature Medium was
removedand cells were resuspendedn nucleofectorsolution containing200 nM siRNA
constructs(targeting, SIGENOME smart pool, Human PRC1 or nontargeting, SIGENOME
control pool, nontargeting #1, Dharmacon) together with 2 -g of mMRFRCENRB
(kinetochore protein) plasmid (pMX234) provided by Linda Wordeman (University of
Washngton Schoolof Medicine).Cellsin nucleofectorsolutionwerecollectedandplacedin
a plastic cuvettethat wasinsertedin the nucleofectormachineand the appropriateprogram
was applied. Transfectedcells were seededn 35 mm poly-d-lysine coatedglass coverslip
dishes(MatTek Corporation Ashland,MA, USA) in different concentrationghigh, medium,
low). Prior to imaging cells were synchronizedn the samedishes.Cells were incubatedin
thymidine (SigmaAldrich, St. Louis, MO, USA) at final concentation 2 mM for 17 hours.
Cells were then washed3 times with warm phosphatebuffered saline (PBS) and left in
DMEM mediumwith supplementgor ~3 hours After incubation,Cdk1 inhibitor RO-3306
(CalbiochemMerck Millipore, Billerica, MA, USA) wasaddedat a final concentratiorof 9
m andwereincubatedin RO-3306for ~6 hours After washing3 timesin warm PBScells
wereleft in theincubatorwith 2 ml DMEM mediumto recover.Finnally, cellswerearrested
in metaphaséy usingproteasoménhibitor MG-132 (SigmaAldrich, St. Louis, MO, USA) at
20 m concentrationTheimagingwasperformedin L-15 mediumandMG-132~20 minutes

afteraddingMG-132asdescribé, 72 hoursaftertransfection.
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2.32. Image analysis

All imageprecessingvas performedin ImageJ(National Institute of Health,BethesdaMD,

USA) and MatLab (MathWorks, Natick, USA). Successfulnessf applied ablation was
determinedby at least one of the following characteristicsputward movementwas clear
enough;interkinetochoradistancechangedobviously after performedmicrosurgery;the gap
that is formed on the cut k-fiber was getting spreadtowardsthe spindle pole it originates

from.

2.3.2.1. Velocity of outward movement

Cut spindle elementmovesoutwardwith certainvelocity. Kinetochoreswere trackedusing
Low Light Tracking Tool, anImageJplugin [70]. The kinetochoresveretrackedin xy-plane
within individual imaging planes.The start and end times of the outward moveanent were
manuallyselectedInitial positionand maximumdisplacementvere observedasa changein
movementduring certaintime. This datawas usedfor calculatingmeanvelocity of outward
movementVelocity of the outwardmovementwas measuredn siRNA treatedcells aswell
asin nontargetingontrolcells.

Percentageof changein interkinetochoredistancewas extractedfrom the tracking data

performedwith the Low Light TrackingTool.

2.3.2.2. Bridging fiber thickness

Intensity of the signal betwe@ kinetochoreswas measuredwith a 3-pixel thick line tool
betweeroutermossisterkinetochoresn the cut spindleelementhatwasperpendiculato the
line joining the two sisterkinetochoreslintensity profile was takenalong this line and the
meanvalue of thebackgroundytoplasnmsignalwassubtractedrom it. The signalintensityof
the bridging fiber was calculatedas the areaunderthe peakclosestto the kinetochoresThe

intensityof the k-fiber signalwasmeasured. -m awayfrom oneof thesiste kinetochores.
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2.3.2.3. Spindle shape

Using multipoint tool, the shapeof an ablatedspindle elementwas trackedbeforeand after
microsurgeryAt time point beforeablation,trackedline wasextendingfrom onespindlepole
alongintactk-fiber until first sisterkinetochore The gapbetweersisterkinetochoresvasnot
trackedin orderto know their position. After the gap,trackingwascontinuedalongfollowing
sisterk-fiber (to be cut) to finally meetother spindle pole. This measuremengives us the
contourof a spindleelementwhich makesit possibleto extractrobustparametersike spindle
length (distancebetweentwo spindle poles)and width (distancebetweensisterkinetochore
pair in the spindle elementand the axis connectingtwo spindle pdes), angle on the
centrosomeand angle at kinetochores.The two angleswere calculatedby fitting a line
through3 pointson the measureatontourof the spindleelement.The angleof trackedk-fiber
in thevicinity of the centrosomendthe angleof thek-fiber in the vicinity of thekinetochore
enableus to determineand calculatethe amountof force acting on centrosomeand the
amountof force actingon kinetochore After ablation,continuouschangein the contourwas
measurediuring 3 time framesafterit wasappliedin orderto extractthe straighteningof the

cutspindleelement.

2.3.3. Polyacrylamide gel electrophoresisand Western blot

Transfectedcells at 80% confluencywere lysed in RIPA (radioimmunoprecipitatiorassay
buffer, ENZO life science,Germany)lysis and extraction buffer with proteaseinhibitors
(complete proteaseinhibitor cocktail tablets, Roche, Germany) as recommendedy the
manufacturer Concentrationof isolated proteinswas measuredusing BCA (bicinchoninic
acid assay)protein assaykit (PierceBiotechnology,USA). Proteinswere denaturedoy the
combinationof SDS(sodiumdodecylsulfate)andbetamercaptoethanoh theloadingbuffer.

Lysateswere cookedfor 10 minutesat  f &ndseparatedy SDSPAGE (sodiumdodecyl
sulfatepolyacrylamidegel electrophoresifNuPAGE 10-well 4-12% Bis-Tris gels,Invitrogen,
USA; 120V, 2hrs). Separategroteinswere transferredto nitrocellulosemembrang(15 V,

o/n) and analyzedby westernblot with primary monoclonalant-PRC1(1:1000in 5% milk)

and anttGAPDH antibodies(1:500 in 5% milk). Rabbit polyclonal antrPRC1 (protein
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regulatorof cytokinesisl) antibody(H-70) (SantaCruz Biotechnology,USA) was usedfor
PRC1 detection and a Mouse monoclonal anttGAPDH (glyceraldehyé 3-phosphate
dehydrogenaseantibody(0411) (SantaCruz Biotechnology, USA) wasusedfor detectionof
GAPDH. Membranewasthenincubatedin secondarypolyclonal antrmouseand antirabbit
antibodieq(1:5000in 5% milk) for 2 hours.Proteinswere visualized by chemiluminescence,
with ECL (enhancecchemilumescengeGE Healthcare USA) and SuperSignaWest Dura
(Thermo Scientific, USA) used as chemiluminescencesubstratesfor detection of HRP
(horseradishperoxidasg conjugatedantibodies. Detection was condiwcted on Amersham

Hyperfilm ECL films (GE HealthcarelJSA), whichwerethenscanned.

2.3.4. Immunocytochemistry

Immediatelyafterimaging, cells werefixed in ice-cold methanol(100%) for 3 minutesand
washed.In orderto permeabilizecells membranescells were incubatedin triton (0.5% in
phosphatéuffer saline(PBS))for 25 minutesat room temperaturesoftly shakenUnspecific
binding of antibodieswvasblockedin blocking solution(1% normalgoatserumin PBS)for 1
hour on 10 £ softly shaken.Cels were incubatedin 250 -of primary antibody solution
(2:50in 1% normalgoatserum(NGS) in PBS)for 48 hoursat 10 £C. Rabbitpolyclonalanti
PRC1lantibody(H-70) (SantaCruz Biotechnology USA) wasused.After washingof primary
antibodysolution,cellswereincubatedn 250 +4-of secondarantibodysolution(1:500in 2%
NGS in PBS; A21430, Alexa fluor 555 F (ab¥ 2 fragmentof goat antirabbit IgG (H+L),
molecularprobes,USA) for 1 hour at room temperaturesoftly shakenand washed.After
washingof the secondarantibodiesgcellswereincubatedn a DAPI solution(1:1000in PBS)
for 5 minutesat room temperatureand washed.After eachincubationstep, washingwas
performed three times for 5 minutes in PBS softly shaken at room temperature.
Successfulnesef performedprotocol was eventuallyanalyzedunderthe microscopeZeiss

LSM 710NLO invertedlaserscanningmicroope(Zeiss,JenaGermany).
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2.4. Image analysisin EB3 experiment

Video material of cells with applied microsurgerywas chosenfor analysisof the growing
microtubulesn the bridging microtubulebundledependingon the following criteria: outwad
movemenbf the cut spindleelementshouldpreferablybe strongenoughso asto distinguish
EB3 comets growing in the k-fiber and continuing along the region between sister
kinetochoresgertainspindleswith lesspronouncedesponseo the cut werenot rejectedif it
was possibleto clearly describethe eventsoccurringin the spindle element.Furtheron, in
video materialof cells that met the chosencriteria, certaintime with cleareventsin the cut
spindleelementwasselectedVideoswereanalyzedn ImageJeitherby eye,makingmontage
of the selectedtime or finally by visualizing microtubuledynamicsduring selectectime by
usingkymographsVelocity of the growing microtubulesvasmeasuredy usingtheline tool
extendingfrom initial cometposition until the point whereit is still visible/distinguishable.

Cometsusedfor measuringselocity weretrackedfor atleast4 time frames(~2.8-3 seconds).
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3. RESULTS

3.1 Setup for microscopyand interpretation of laser microsurgery

HeLa cell lines used in this researchexpressdifferent proteins of interest fused with
fluorescentmarkers(e.g. greenfluorescentprotein (GFP), mCherry, red fluorescentprotein
(RFP)).1 wasinterestedn the mitotic spindleandthelocalizationof different proteinsin that
machineryhelpsusunderstandts structureandcomposition.Sincewe visualizeproteinswith
different localization and behavior, properly assembledand unperturbedspindles, when
mutually compared,may appearmorplologically different, but the spindleis convexwith
length defined as the axis connectingtwo spindle poles, whilst the axis connectingtwo
oppositeoutermossisterkinetochorepair determineshe spindlewidth.

Microscopy,asa methodthat enableaus to studyliving cells combinedwith differenttypes
of experimentsconductedn cell lines with fluorescentlylabeledproteins,teachesus about
theirrole in spindlearchitectureand performanceFor live cell imagingl usedlaserscanning
microscopeequppedwith Ti:Sa (Titanium:Sapphirefemtoseconculsedlaser (Chameleon
Vision 2, Coherentthat wasusedfor performinglasermicrosurgery(further alsoreferredto
as Tut” or laser)ablation’) onthe outermosk-fiber, i.e. on oneof the sisterk-fibersbound
to sisterkinetochorepair which is the furthestfrom the axis connectingtwo spindle poles.
This structuralcomponentvasnamedthe spindleelementandit consistsof sisterkinetochore

pairandall its boundmicrotubuleqFigure13).

Figure 13. Schemeof the spindle elementwith scissorsindicating the position of the laser microsurgery.
Chromosomesandspindlepolesaredepictedin graycolor, kinetochoresareshownin magentak-fibersin green
and antiparallelmicrotubulesin blue color. One spindleelementextendsfrom one spindlepole to the opposite

one,andit comprisegwo sisterkinetochoresnd all coupledmicrotubulege.g.two sisterk-fibers).
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| was particularlyinterestedin proteinstubulin, PRCl1and EB3, which havedistinctrolesin
thespindle.In additionto selected|abeledproteinof interest(tubulinandEB3), all HeLacell
lines usedin this study, were transfectedwith a sequencecoding for fluorescentlylabeled
kinetochore protein. HeLa cell line stably expressingtubulinGFP was transfectedwith
MRFRCENRB plasmid, and was usedto study force distribution in the mitotic spindle,
whilst HeLa cell line stably expressing2xGFREB3 and the kinetochoreprotein CENR-A
fusedwith mCherrywasusedto study microtubuledynamics.By visualizingkinetochorest
was possibleto setthe positionof the cut andto observetheir behaviorasa responseo the
applied ablation. For conducting the laser microsurgery experimet, cells were chosen
dependingon the signalintensityof the fluorescentlylabeledproteinsof interest.In particular,
only cells that were expressingabeledkinetochoreprotein and labeled protein of interest
(tubulin or EB3) were selectedfor imaging The signal intensity in chosenspindleswas
preferablyin the range from medium to strong. Additionally, the phaseof mitosis for
performinglasermicrosurgerywaschosendependingon the alignmentof kinetochoresn the
metaphaselate. If chosencriteria havebeenmet, lasermicrosurgerywas performedon the
outermostk-fiber. In my experimentsall cells with multipolar spindles,as well asonesin
whichthe spindlewastilted in the z-direction,werediscardedor acquiringvideo material.
Now O HdEgENbethe possibilities,which are given to us throughlaserablation. The laser
ablation performedin the selectedspindle elementrevealsits mechanicalproperties.The
positionof the cutwasin my experimensetin vicinity of oneof the sisterkinetochoresather
thanin the proximity of the spindle pole. The respons to appliedablationenlightenedmy
understandingn forcesactingin the spindle.With this approachthe systemwas perturbedn
a way that theseforces becamereleasedand this evert openedpossibilitiesfor describing
spindlemechanicsPerformedaserablationmostly resultedin movementof the cut spindle
elementwhich is in correlation with the force presentwithin. In addition to this basic
responsementionedmovementclearsup the compositionof the cut part of the spindle,thus
exposingthe structuralcomponentgpresentwithin. Sincethe spindleis structurallycomplex,
ablationturnedout to be animportantapproachn analyzingsingle spindleelementresolved
from the neighloring ones.In both cell lines, the outermosk-fiber in z-positionwasselected
for ablation becausethe spindle elementthus predominantlymoved in the x,y-plane. To
consolidatetheresponseo laserablationrevealedstructuralcomponent®f the cut partof the
spindle,and by analyzingthe responset was possibleto describethe force distributionin the

spindle.
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When it comesto forces, laser microsurgeryresultsin two distinct responsesvhich occur
within seconls after it wasperformed.Oneis the outwardmovementmovementawayfrom
the centerof massof the spindle) of intact part of the cut spindle element 2 two sister
kinetochoresmove togetherwith the k-fiber that is still connectedo one spindle pole and
with the microtubulebundlelocatedbetweentwo kinetochoresWhen thoroughlyanalyzed,
this responsecan reveal a lot about force that actsin the spindle element.The outward
movemensuggestpresenc®f compressivdéorce actingat certainpartof the spindleelement
and releaseof this force after microsurgery.This observationwas expectedsince the bent
shapeof the spindle elementsuggestghat it is compressedBy measuringthe velocity of
sister kinetochoremovement,t was possibleto determinethe amountof compressivdorce,
or at leastto determinethe difference betweendifferently perturbedspindles.The other
responses a decreasen distancebetweentwo sisterkinetochoreghat lost the connectionto
one pole. This responsemostly started occurring immediately after successfulcut or
simultaneouslyvith the outwardmovementandit suggestpresencef a tensileforce acting
on sisterkinetochoresandits releaseafter microsurgery[72; 73]. Oncethe connectiornto one
poleis lost, centromeic regionis no longer stretched.Thusthe decreasedlistancebetween
sisterkinetochoresndicatesestablishmenbf the relaxedstate.Described concurrentevents
aredefinedasthe primary responsehatis the resultof forcesbeingreleasedfter succadul
lasermicrosurgery(Figure 14). In HeLacell line expressingubulinGFP andmRFRCENP
B, resultingmoving spindleelementcomprisedsisterkinetochoresan intact sisterk-fiber, a
bundleof microtubuledocatedbetweersisterkinetochoresanda stub asa leftoverpartof the
cut k-fiber (Figure 15). On the other hand,in HelLa cell line expressing2xGFREB3 and
mCherryCENP-A, the cut spindle element was observedas movementof the sister
kinetochoreswhilst the cometsof greensignalthat correspod to growing microtubuleplus
endswere observedthroughoutthe spindle (element)in astral, antiparalleland kinetochore
microtubules(Figure 16). Thesetwo primary responseseachus aboutthe counterintuitive
force map in the spindle element,which we believe is distributedin a similar manner

throughoutall spindleelements.
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Figure14. Schemeof the positionof the laserablationin the spindleelementandthe primaryresponseSevering
of the outermostk-fiber resultsin releaseof compressie force in the spindle element(outward movement)as
well as release of tensile force acting on sister kinetochoresin the cut spindle element (decreased
interkinetochoralistance)The primaryresponselepictedn the schemeasseenn HelLacell expressig tubulin
GFP(green)JandmRFRCENPB (magenta).

Figure 15. Imageof mitotic spindlein HeLacell expressingubulinnGFP (green)andmRFRCENRP-B (magenta)
acquiredwith laserscanningmicroscope Laserablationrevealsstructuralcomponentsn the spindle element:
intact k-fiber, sisterkinetochorespundlebetweensisterkinetochoresand a stubasa leftover part of the cut k-
fiber thatis still connectedo the sisterkinetochorethat wascloserto the ablationpoint. White bar representd

m scde.
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Figure 16. Laserablationoutcomeas observedin HelLa cell line stably expressing2xGFREB3 (green)and
mCherryCENP-A (magenta)The cometsof greensignalmakethe contourof the spindle.With appliedablation
it was possibleto analyzethe microtubule dynamicsin the region betweensister kinetochores As seenin
pictures,majority of cometsare observedn k-fibers and antiparallelmicrotubules However,whenanalyzinga
smallregionbetweersisterkinetochoresmanyastralmicrotubuleswvereobservediassingn their closevicinity.
For this reasononly time frameswith clearregionaroundsisterkinetochoresvere selectedor analysis White

barrepresentd mscale.

Successfulnessf appliedablationwasin my experimentsleterminedoy at leastone of the
following characteristicsoutward movementwas clear enough;interkinetochoredistance
changedbviouslyafter performedmicrosurgeryln additionto thesecriteriasetbothin EB3
and RNAI experiment,an additional criterion was set in RNAi experiment:the gap that is
formedon the cut k-fiber wasgettingspreadowardsthe spindlepole it originatesfrom. This
additionalcriterion hasn'tbeensetin EB3 experimentsincemy primary intensionwasn'tto
visualize fluorescentlylabelal microtubulesnor to analyzethe mechanicsof the primary

responsén this experimentputratherto observecleareventsn theregionof interest.
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3.2. Self-repair mechanism

To fortify, cut spindle elementconsistsof the intact k-fiber, sister kinetochorepair, the
bridging bundleand a remainingstub as a part of the cut k-fiber thatis still boundto sister
kinetochorewhich was closerto the ablation point. After the primary responsesecondary
responseakesplace.Recentstudydescribed self-repairmechanisnof the spindlethattakes
placesoonafterthe outwardmovementeachests amplitude[47]. It was usuallyobserveds
movementof the cut spindle elementin rever® direction of the direction of the outward
movement.In one scenariothis movementtowards V S L Q @GebterHivVmassresultedin
reconnectionand reintegrationof the cut spindle elenent to the spindle. If it occursin
oppositedirection of the outward movement,the reconnectiorresultsin reestablishmenof
forcesthat were presentin the spindle elementbeforethe ablationwas applied,and it was
observedas restorationof a tensile force on sisterkinetochoreslf one would look at the
reintegratedspinde elementthat was reconnectedn this way, it would be impossiblefor
observerto determineposition of the cut and to perceivethat it was recently performed
(Figurel17). In otherscenariothe spindleelementwas reconnectedh a way thatthe stubgot
pulledto atotally different positionwith respecto the positionof the spindleelementbefore
the cut. In certaincasesobservedn this study,the sisterkinetochorepair sometimegwisted
eitherinwards(Figure18) or backwardgFigure19) andgot pulled towardsthe spindlepoleit
is still connectedo. Secondaryespons@ccurredn all cell linesusedin this studyandit was
observedn ~82 % (63 cells) of analyzedcells (in RNAiI and EB3 experiment) In analyzed
cells wereit wasnat observedan acquiredvideo materialwastoo shortandthe secondary
responséasnat begunduringtheacquiredime frames.
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Figure 17. Secondaryresponsenith 3 K H D O&dthéctiomas seenin Hela cell line expressingubulinnGFP
(green)and MRFRCENPRB (magenta)~45 secondsafter appliedablation, the cut spindleelement,as seenin
thethird image,is fully integratedn the spindlewith restorel tensileforce at kinetochoresWhite bar represents
1 mscale.

Figure18. Secondaryesponsén HeLacdl line expressingubulinrGFP (green)JandmRFRCENRB (magenta).
At 13 secondgs) time point the outwardmovementakesplace,andat 89 secondgs) time point the mechanism
of secondaryesponsés pulling the cut spindleelementtowardsthe poleit is still connectedo. In this image

sisterkinetochoregwistedinwardsandweretranspoted to the spindlepole. Sister kinetochorewith boundstub

twistsin thedirectiontowards V S L Q Gatdidf MassWhitebar,1 P

Figure 19. Secondaryresponsén HeLa cell line stably expressin?xGFREB3 (green)and mCherryCENRA
(magenta)Sisterkinetochorewith boundstubtwisted outwards(in the directionawayof the V S L Q Gteidf V
mass)andwas pulledto thespindlepole.Whitebar,1 P
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3.3 Construction of a cell modelfor spindle analysis- PRC1

The greatestmotivation for studying basic spindle architecturewas the mostly consistent
compositionof the cut spindle elementthat was observedby JankoKajtez and Anastasia
Solomatinan group of lva 7 R @\Mak Planckinstituteof molecularcell biology andgenetics,
Dresden). These observationsand recently conducted experimentsrevealed the bundle
betweensister kinetochoresas a novel structuralcomponentin the mitotic spindle. It is a

bundle of antiparallel microtubulesthat laterally connectstwo sister k-fibers, and it was

namedthe bridging microtubulebundle[50; 69]. This bundleis locatedin closevicinity of

sisterkinetochoreqtypically underneattkinetochores)andthereis a strong evidencefor its

role in balancingforcesin the mitotic spindle.Sincedescribedprimary responsdeachesus

aboutthe two opposingforcesthatact simultaneouslyn a single spindleelement,one cannot
help but wonderhow they are balanced.The bridging microtubulebundle,which cameinto

focus as a mechanicallink between sister k-fibers, indeed could participate in force

distributionin the spindle. Even thoughthe only reliable approachin understandindgorces
wasto analyzethe primaryresponsen a singleoutermosspindleelementwe believethatthe

bridgingbundleis foundin all spindleelementswith consistentole. In additionto analysisof

the primaryresponsel measuredhe thicknessof the bridging bundleasdescribedn chapter
30D Velsldbd PHW KRGV’

Good approachin describingthe hypothesizedole of the bridging bundlein force balance
wasto affectits composition.SolomatinaandKajtez recentlyshowedthattheyunderstoodhe

systemin a way that they could perturb it by changirg the expressionlevels of chosen
proteins [50; 69]. Since they hypothesizedthat the bridging bundle is composedin an

antiparallelmanner they wereinterestedn determininga crosslinking proteinthatis found

in thebridgingbundle.Thatproteinturned outto be PRC1(amongsbthersyet to be defined)
andthe lasermicrosurgeryin their experimentgesultedin the previouslydescribedprimary
responseln HelLacell line stablyexpressingPRCtGFP andtransientymRFRCENRB, we

visualizethe spindlemidzone,whichis in agreementvith localizationof the PRC1protein.In

the outermostspindle element,sisterkinetochoresare positionedin immediateproximity of

the PRC1signalandthelaserablationin their experimentevealedhatthe antiparallelbundle

is moving togetherwith sister kinetochoresin the cut spindle element. This observation
indicatesthat microtubulesin the bridging bundle emanatefrom opposite poles and are

mutuallymetin the equatorialregionof the spindlewheretheyform the antiparallel bridging
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bundle.Their perturbationexperimentwasfocusedin increasinghe thicknessof antiparallel
regionsin the spindle.In HeLacell line overexpressing’RClandtubulin, laserablationwas
applied and analysisof outward movementand bridging bundle thicknesswas conducted.
Their experimentsnotivatedmeto perturbthe systemin the oppositeway by producingcells
with decreaseaxpressiorf PRC1 (decreasedehicknessof the bridging bundle)and thus

confirmthatthebridging bundlebalancesforcesin the mitotic spindle.

3.31. Analysisof laserablation in PRC1-depletedcells

| hypothesizedhat by reducingthe bridging bundlethicknessjt would be possibleto achieve
less pronouncedprimary responsel usedRNA interferenceto reducethe level of PRC1
protein which would result in decreaseof the antiparallelregions (their thicknessand/or
length)in the spindle.l expectedhe knockdownto affect the bridging bundlethicknessand
that the outward movementwould be in correldgion with the reducedthickness. This
experimentwas performedin HelLa cell line stably expressingtubulinGFP, and was
controlled by nontargetingsiRNA. NontargetingsiRNA constructsare unmodified SiRNA
duplexesusedasnegativecontrol. Cellstreatedwith nontargetingcontrol areusedto reflecta
baselinecellularresponsehatcanbe comparedo the cellsthathavebeentreatedwith target
specific SIRNA. In treatedcells | measuredhe bridging bundle thickness,velocity of the
outwardmovementchange in interkinetochorelistanceandspindleshape Sincetubulinis a
microtubulesubunit,in this cell line microtubulesarevisualizedascontinuousgreensignalin
kinetochoreand antiparallelmicrotubules,whilst astralsare usually more or lessappareh
Due to overlappingsignalsof k-fibers and antiparallelmicrotubules,laserablationin this
experimentalso clearsup componentsin the cut spindle element,as recently described.
Analysesconductedn my RNAI experimentwereled by the sameideathat motivatedKajtez
and SolomatinaFor this reasonchoserresultswill be presentedgideby sidein samegraphs
andthusdirectly compared.

In RNAI treatedcells, laserablationwasperformedasdescribedn secton2.2. 3, P D J g J
laser P L F U R V X{J30HDUN Hand. B IDW Ka&h@3\: 2 3 U R Wifihte@$t,microscopyand
laser P L FURV Xdfl this\¢ehapter. The outermostspindle elementwas selectedin the

imaging z-planeandthe laserablationwas performedon one of two sisterk-fibers. Applied
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severingof the k-fiber would resultin perturbationthatwould teachme aboutthe mechanical
propertiesof the cut partof the spindle.Comparedo my control cellsandrecentlyconducted
experimentsy Solomatinaand Kajtez, the resultsrevealedwhetherthe spindle mechanics
hasbeenperturbedn my experiment.

Once performed, successfullaser ablation results in releaseof compressiveforce in the
spindleelementandin a releaseof tensileforce actingon sisterkinetochoregFigure 20 a)).
Releaseof tensionis observedas decreasednterkinetochoredistanceandit was one of the
criteriathatdeterminedhe successfulnessf performedablation. The amountof tensileforce
w D V QUialitifiedin my analysis,but wasratherusedto showthatit wasin averagereleased
after performinglasermicrosurgery For analysisl chose48 spindleswith at leastone of the
criteria for successfulablation satisfied.Percentagef changein interkinetochoredistance
wasextractedrom thetrackingdataperformedwith thelow light trackingtool (Figure20 b)).
Analysis of the releaseof tensileforce revealedthat interkinetochoredistancedecreasedn
~85% (41 cells)of analyzedcells.In ~6% (2 cells)it wasimpossibleto perceivethe changen
interkinetochoredistancedue to overlappingsignal with neighbouringkinetochoresn time

framesbeforeablation.In ~10% of caseg5 cells) the distancebetweenkinetochoresGL G Q W

decreaseandthe successfutut wasdeterminedy atleag oneof the remainingcriteria.
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a)

b)

Figure20. a) Primaryresponsén HeLacell line expressingubulinnGFP (green)JandmRFRCENPRB (magenta)
White barrepresentd m scale b) Interkinetochorelistance(KC-KC distance)in the cut spindleelementwas
measuredn time frame before the ablation (value 3 “on x-axis) and was tracked continuouslyduring the
following time frames, for each spindle with met criteria of successfulcut. Red (PRC1 siRNA) and blue
(nontargetingcontrol) lines are given as meanvaluesof continuouschangein interkinetochoredistancewith

correspondingdight red andlight blue areamarkingstandardieviation.
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Cut spindleelementmovesoutwardswith certainvelocity which s in strongcorrelationwith
the amountof compressivdorce actingin the spindle element.Kinetochoreswere tracked
during 3 time framesafter ablation(~9 sec.)usingLow Light TrackingTool. | observedhe
outwardmovementmoreor lesspronouned)in ~83% (40 cell) of all analyzedcells.In 12%
(6 cells) of casesl observedno outwardmovement,andin 6% (3 cells) of casesthe sister
kinetochoresmoved inwards (towardsthe V S L Q Gedtét §ifimass).The velocity of their
(outward)movementwas measuredn PRC1siRNA treatedcells, aswell asin nontargeting
control cells (Figure 21). | expectedor the datameasuredn nontargetingcontrol cells and
PRC1siRNA to be mutually significantly different. In particular, the velocity of outward
movementshould have beenlower in our PRC1 siRNA treatedcells when comparedto
nontargeting control cells. Regardlessof predicted outcome, the velocity of outward
movemenin PRC1siRNA treatedcellsis only slightly lowerin comparisorto controlcells. |
assume that the chemicalsusedin my synchronizationprotocol affected the responseto

ablation.

Figure21. Averageoutwardmovemen{KC displacementasmeasuredn siRNA treatedcells(thin redline) and
nontargetingcontrol cells (thin blue line). We wereinterestedn first responsehat occurswithin secondsafter
performinglaserablation (x axis). Ony axis is the displacemenbf sister kinetochorethat was closerto the
ablation and its movementwas tracked as displacementin y axis, which descriles movementof sister
kinetochoreawayfrom spindle'scenterof mass.Light red area(PRC1siRNA) andlight blue area(nontargeting)

arerepresentedsstandardieviation.
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Cells usedin RNAI experimentwere synchronizedprior to imaging. The synchronizatia
protocolwas successfuln a way that spindlesappearechealthyand Z H U Hil@@d W the z-
direction. However, drugs usedto arrestcells in metaphaseare in certain ways affecting
mitotic spindles.It would be morepreferablenot to usethemin orderto reducethe treatment
of cells. | observedseveralmerotelic attachmentsof kinetochoresin synchronizedcells,
which affectedthe outward movementvelocity as well as the possibility for the outward
movementto reachits amplitudethat would usually depad on the amountof compressive
force in the spindle element.Merotelic orientationis an error that occursin connectionof
sister kinetochores.In this caseone kinetochorein sister kinetochorepair is attachedto
microtubulesemanatingfrom opposite pdes of the spindle. The comparisonof primary
responsdetweermy controlcellsandtubulinnGFPcell line will be pointedoutin this section
wheremy synchronizedellswill be plottedon the samegraphwith the resultsof Kajtez and
Solomatinameasuredn control cells (HeLa cell line expressingtubulinnGFP and mRFR
CENRB). My nontargetingcontrol cells and PRC1siRNA treatedcells had similar outward
movementn comparisorto HelLa cell line stablyexpressingubulinGFPthatwasusedasa

controlin KajtezandSolomatinaexperimen{Figure22).

Figure 22. Kinetochoredisplacemenin
PRC1siRNA treatedcells (thin redline),
nontargetingreatedcells (thin blueline),
unsynchronized tubulinGFP control
cells (thin green line, [62]) and in
synchronized tubulinGFP cells (thin
light green line) by Kajtez and
Solomatina,[50; 69]. Light areaswith
coupledcolorsof thethin linesaregiven

asstandarddeviation.
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3.32. Analysisof bridging bundle thickness

In order to determinethe correlation betweenbridging bundle compositionand outward
movement,| measuredhicknessof the bridging bundle. Measuredintensity of the signal
between kinetochoreswas interpreted as bridging microtubule thickness. Amongst 48
analyzedcells,both PRC1siRNA andnontargetingthe bridging bundlewasobservedy eye
in ~64% (31 cells) of cut spindleelementsin ~25% of spindleelementg12 cells) bridging
bundle K D Viegg§riwbservedby eye, and in ~8% of cases(4 cells) it was impossibleto
distinguishthe cut spindleelementfrom the neighboringones.To estimatethe ratio between
bridging microtubulebundle and k-fiber, the signalintensity of k-fiber was also measured.
This measurementvasdonein proximity of oneof the sister kinetochorespn the sidefacing
the spindle pole (Figure 23. a)). Measuredthicknessratio bMT/k-fiber is 20“ % for
nontargeting(15 cells) and14“ % for PRC1RNAI (26 cells). From this measuremenit
was estimated that bridging bundle contains 25% of microtubulesin the k-fiber in
nontargetingcontrol cells, and 16% in cells with reducedlevels of PRC1. When put in
correlation with previously measureddata of k-fiber thickness obtained with electron
micrographs ‘2 microtubulesin k-fiber [74]), my data indicates that there are *
microtubules contained within thinner bridge. In addition to difference in the primary
responsethe measuredatio betweenk-fiber and bridging bundle thicknesswas bigger in
nontargetingcontrol cells usedin my experments,thanin control cells usedin Kajtez and
Solomatina experiment. MG132 (carbobenzoxyteu-Leuwleucinal) is a potent protease
inhibitor (one of the chemicalsusedin our synchronizatiorprotocol) that was usedto arrest
cells in metaphaseso as to achieve the samephaseof mitosisin cells chosenfor further
experimentslt is possiblethat oncethe metaphasés prolongedmore microtubulesgrow in
the k-fiber thusmakingthe measuredatio betweerk-fiber andbridging bundlebigger.Since
the measuredatio revealedsuchunintentionalperturbationjt wasexpectedor the outward
movementto dependon theseconditionsandit indicatedthat compressiorwas affectedand
thatit modulateghe outwardmovement.

Eventhoughmeasuredlifference L V Qrinvurced, thicknessdatacan be put in correltion
with the outward movement(Figure 23. b)). T-test (performedin MatLab) of comparison
betweenPRC1 siRNA and nontargetingtreatedcells revealedthe p-value: p=0,186 which
indicatesthat the difference L V Q@i§inficant. When comparedto tubulinrGFP cells line,
calculatedp-value of the t-testis p=2,641 * 10°{12) for PRC1 siRNA, and for nontargeting

control cells i99=2,829* 10°(-7), thus not reealing significant difference.
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a)

b)

KC displacement P

Figure 23. a) Schemeof measurementsf thicknessratio bMT/k-fiber as performedin PRC1 siRNA and
nontargetingreatedcells. Blue line representsneasuremenand plot (blue) of signalintensity of the bridging
bundle,whilst the yellow line and plot representneasuremerf signalintensityof k-fiber andbridging bundle
3D Xtanhdgfor arbitraryunits). Measurementareperformedasdescribedn section2 0 D W Hand POW KR GV’
White bar representsl m scalebar. b) Plot of measureddata of outward movementand thicknessof the
bridging bundle. N(bMT) “ correspondsto the number of microtubulesin the bridging bundle and XC
displacement correspondso the changein the positionof kinetochorethat was closerto the ablationsite in y
axis andit wasmeasuredn first time frameafter ablation.For numberof cells first setof valuesin the legend
3SWXOE3 © N=37 for tubulinGFP cell line, 3W-BEP V\ Q WN=15 for synchronizedtubulin-GFP cell line,
3VL513% K"N=26 for PRC1 siRNA treatedcells 3Q R QW D UN=Hdar(ndnitargetingcontrol cells)
correspondso x-axis, whilst secondsetof valuescorrespondso y-axis. Sincethicknesscould not be measured
in all cells dueto the overlappingof signalin the bridging bundlewith the signalof neighboringmicrotubules,

somecellshadto be eliminatedfrom thicknesameasurement.
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3.33. Analysisof the spindle shape

Spindleelement,in which the ablationwas performed,was trackedwith multipoint tool in

Image) (Nationallnstitute of Health,BethesdaMD, USA). This measuremenwasconducted
in a time frame beforeablationandin threetime framesafter the k-fiber hasbeensevered.
Pointssetalongthe outermostsisterk-fibers give usthe contourof a choserspindleelement.
In intact spindleelement(time framebeforethe appliedablation)thesemeasurementsanbe

analyzedn away thatit is possibleto extractthe valuesof spindlelength (distancebetween
first andlastpointin theanalyzedcontour,i.e. distancebetweerspindlepoles)andhalf-width

(distancebetweerthe axis connectindirst andlastpointin the analyzedcontourandthe axis
connectingfirst andlast point in the gapbetweensisterkinetochores)(Figure 24). Measured
averagevalue of spindlelengthis “ P in PRC1siRNA treatedcells (32 cells), and

the averagespindlelengthin nontargetingreatedcells P (15 cells). In samecells
measuredveragevalueof the spindlehalf-width is “ Pin PRC1siRNA treatedcdls,
whilst the value of the sameparameterin nontargetingtreatedcells is “ P This
analysiswhencomparedo tubulinGFP measurementgerformedby Kajtez and Solomatina
(measuredength is 11.1° P and half-width is 5.0 P (52 cells)), showed that
spindlelength and width Z H U Hh&tfildedin cells with decreasedxpressiorof PRC1 In
additionto theseparametersfrom these measurementangleat the kinetochoreand angleat
the centrosomavere extractedby fitting a line throughthreepointsin the vicinity of the gap
betweerkinetochoregfor kinetochoreangle)andthroughfirst threepointsof the contour(for
centrosomengle).Angle at the centrosomavasdetermined P awayfrom the centrosome
andtheangleat kinetochorewvascalculaed at the endof the k-fiber, i.e. atkinetochoreThese
measurementwere conductedin time framesfollowing the laserablation. Measuredangle
nearthecentrosomeén PRCsiRNAis 66.1"  (n=26) andthe angleatkinetochoresn same
cellsis 12.5* (n=26) In this way it waspossibleto calculatethe straighteningof the cut
spindle elementwhich occursas a consequencef the applied ablation. Thesevalueswere
usedfor calculatingthe amountof force acting on the centrosomeand on the kinetochore.
This work was done by Maja Novak in group of Nenad Pavin at Physical departmentof
Faculty of Sciencein Zagreb.By introducing a physical model in study of the bridging
bundle, it was possibleto calculatecertain valuesthat couldn't be measuredn performed
experimentsBy combiningmy experimentaldatawith theoreticalmodel it was possibleto
describethe systemin moredetail. By usinganalyzedexperimentainput (spindlelengthand

width, angleat the centrosomeangleat the kinetochore and the number of microtubulesin
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the bridging bundle) following parametersvere calculatedas the output of the physical
model:positionof the junction point (point of interactionbetweerthe k-fiber andthe bridging
bundle ,whichwill bedescribedn chapter3'L ¥ X V V Li& @ at thekinetochoreandforce at
the centrosomeThe angle betweenthe pole and sisterkinetochoresn the spindle element

increasedy “ degreesfterthecut (Figure25).

Figure 24. Average spindle contour as measuredn PRC1siRNA treatedcells with error bars representing
standarddeviation.The plot is given as curvaturethat can be describedalongone sisterk-fiber extendingfrom
the spindlepole and endingat the kinetochore Valuesare normalizedwith centrosomepositionin value 0 and

with positionof sisterkinetochorefurtherfrom the ablationsetto valuel.

50



NontargetingN=15
Tubulin-GFP,synchronized,N=1%
TubulinGFP,N=52
PRC1siRNA, N=32

Figure 25. Straighteningof the cut spindle elementas a responseto applied ablation. The changein angle
betweenthe spindlepole andthe kinetochores ThetapoleKC-. &~ is trackedduring threetime framesafter
the performedablation(frame after cut). Measuredvalue of the t-testgavep-value: p=0,321for comparingthe
changein 3D Q pQeKC- . & “betweenPRC1siRNA andtubulinnGFP. This calculationshowedinsignificant

difference.
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3.34. Analysisof PRC1 expressionin siRNA treated cells

3.34.1. Immunocytochemistry

Whenchangingthe expressiorievelsof proteins,which will teachexploreraboutthe system
he studies,it is importantto quantitativelydeterminethe level of abundanceof protein of
interest.Thereare severalapproachesne canchooseto quantitativelydescribethe level of
knockdownor overexpressiof proteinsaffectingthe studiedsystem.In our experimentsa
goodapproachwould be to determinethe level of knockdownin cells that wereimagedand
analyzedyatherthandeterminng the abundancef choserproteinin the whole populationof
cells, which would be revealedby, for example,Westernblot. Thus,immunocytochemistry
wasthe preferredapproachin determiningthe amountof PRC1proteinin analyzedcells. By
labelingthe dishwith treatedcells beforeexperimentwith laserablation,andsavingthex and
y positionsof individual cells, it would be possibleto placethe dishin the sameorientation
andfind the exactsamecells after performingthe immunocytochemistryprotocd. Thus,the
level of proteinof interestcould be determinedn cellsthatwereanalyzedandthis datacould
be correlatedwith the laserablationoutcome.Eventually,the analysisconductedn this way
would enableus to compareit betweenindividual cels. Although the methoditself wasn't
reliable at the moment,the protocol haseventuallybeenimproved. The major issuewasto
rely on the positionsthat were savedin the softwarethat controlsthe imaging system.If an
error occursin the x andy position values,it is impossibleto find the sameanalyzedcells.
Sincethe populationof cellsin thedishwassynchronizedhereweremanymitotic cellsin the
dish. Furtheron, the secondaryesponseccursin a way that the cells with appliedablation
canna bedistinguishedrom the cellsthat Z H U Hisgfithe experimentat the moment.For
thesetwo reasonst wasimportantto rely on the positionssavedby the system.The protocol
was improved on severallevels. First, | tried out two chemicalsusually usedto fix cells.
Methanol turned out to be better in comparison to paraformaldehyde. Whilst
paraformaldehydereserveanmitotic chromosomesmethanolpreserveshe morphology of
microtubules.Sincel wasinterestedn analyzingtubulin associategroteins methanolwas
used. In addition to this improvement,| prolongedthe incubationtime (2 days) for the

primaryantibodiesandgot betterresults(Figure26).
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Figure 26. Improvedimmunocytochemistryprotocolshowinglocalizationof PRC1protein(red)in the spindle.
It is expectedor this proteinto be mostabundanin the spindlemidzone.Left imagecorrespondso PRC1only
(Alexafluor 555F), whilstimageontheright is acquiredn the samecell with tubulin shownin green(GFP)and
chromosome#n blue (DAPI). Imagesareacquiredon ZeissLSM 710 NLO invertedlaserscanningmicroscope

with a ZeissPlanApowith 63x/1.40il immersionobjective (Zeiss,JenaGermany).

3.34.2. Westernblot

In orderto quantifytheabundancef proteinsin a studiedsystemit is possibleto performthe
westernblot as a methodthat is usedto detectspecific proteinsof interestin a sampleor

lysate.If comparedwith different control populationg(control sampleor lysate)it is possible
to estimatethe relative abundanceof protein of interestin analyzedsystem.In that way,

westernblot is often usedto estimatethe level of knockdownor overexpressiomwf proteins.
This methodis additionally useful in determining the parametersof the experiment(e.g.
concentratiorof usedchemicals)prior to collectingthe statisticallyrelevantdataof perturbed
system.In my experimentt wasimportantto quantitativelydescribethe level of knockdown
of PRC1in orderto show that my measureddata (when comparedto control cells) is a
consequence of conducted experiment. In addition to previously described
immunocytochemistryyesternblot shouldrevealthe level of PRC1in populationof RNAI

treatedcells. Quantificaton of PRC1 protein was performedin PRC1siRNA treatedcells,

nontargetingcontrol cells and in untreatedHelLa cell line stably expressingtubulinnGFP
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(Figure 27). Westernblot was only partially successfuin revealingdifferencein levels of

PRC1proteinin treatedcellsandHeLacell line stablyexpressindgubulinin GFP.

Figure 27. Westernblot for PRC1 proteinin siRNA treatedcells (targeting, untreatedHeLa cell line stably
expressingubulin in GFP (tubulin) and nontargetingireatedcells (nontargeting).24, 48 and 72 hrs represent
different time points at which proteinswere isolated. Westernblot revealsslightly lower amountof PRC1
proteinin PRC1siRNA in comparisorto nontargetingGAPDH wasusedasa loadingcontrol sinceit is stably

andconstitutivelyexpressedh mosttissuesandcells.
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3.4. Analysis of microtubule dynamicsin EB3 experiment

Other approachin understandinghe bridging bundlewas led by the fact that microtubule
dynamicsis a major propertyof all microtubulepopulationsin the spindle.The ideawasto
analyze their growth throughoutthe spindle. In this experiment,HeLa cell line stably
expressing2xGFREB3 and mCherryCENR-A was used.In Hela cells with labeledend
binding proteins,the spindleis seenasa rushof cometsthat makethe contourof the whole
spindle.In chosercell line, the laserablationwas performedon the outermosk-fiber so asto
achievedissociationof a cut spindle elementaway from the rest of rushingcometsin the
spindle.| hypothesizedhat it would be possibleto observemicrotubule dynamicsin the
regionbetweersisterkinetochoresDependingon the responséo appliedablation,cells with
cleareventsin the cut spindleelementwere selectedor furtheranalysis.Sincebridging fiber
is composedof antiparallelmicrotubules,| expeced to seecometspassingbetweensister
kinetochoresn two directions.

Out of 338 videoswith appliedablation,in 163 videosinterkinetochoredistancedecreased
after performedablationand in 168 videos outward movementof the spindle elementwas
achievedDependingon the laserablationoutcome,16 cellswith maximumdisplacemenand

cleareventsn theregionbetweersisterkinetochoresywereselectedor furtheranalysis.

Figure 28. Mitotic spindle at the beginningof anaphasén Hela cell line with EB3 labeledgreen(GFP) and

kinetochoresed (CENP-A-mCherry)asseenunderZeissLSM 710NLO invertedlaserscanningnicroscope.
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3.4.1. Determination of microtubule growth rate and microtubule dynamicsin bridging

bundle

EB3 cell line makesit possibleto determinethe growth rate of different classesof
microtubulesthat make the spindle. Velocity of their growth was measuredn ImageJas
describedn chapter? 0 D W Haudnieads section?®, P D drtdlysiSnEB3 H[SHULPHQW”~
Measuredrelocity of individual growing astralmicrotubulesvas0.2“0.04 -m/s, (69 comets).
Microtubulesin the k-fiber grow with measuredvelocity of 0.22“0.02 -m/s, (12 comets).
Finally, microtubulesin the region betweensisterkinetochoreggrow with measuredselocity
of 0.22%0.02 -m/s, (16 comets).

In the cut spindle elementit was possibleto distinguishcometsthat either stoppedat first
sisterkinetochorethey met or, alternatively,passedetweensister kinetochoresThe comets
that passedbetweensisterkinetochoresvere countedonly whenit was possibleto observe
themexclusivelyin the regionbetweensisterkinetochoresFor this reasonaserablationwas
usedto achievethe dissociationof the cut spindleelementawayfrom the restof the spindle
(Figure 29). Number of cometsthat stop and passwas determinedeither by eye, making
montageof the selectedime or finally by visualizing microtubuledynamicsduring selected
time by usingkymograph(Figure30). Releaseof compressiorandtensionwerenot analyzed

in this experiment.

Figure29. Laserablationresponsen HeLacell line stablyexpressingEB3-GFP (Green)andmCherryCENPA
(magenta)At 63rdseconds) and66™ secondafter ablationa cometis seenpassingbetweersisterkinetochores.

White barrepresentd m scalebar.
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a)

b)

Figure30. a) Selectedpartof montageof the video from abovewith cometpassingoetweersisterkinetochores.
b) Kymographof the entireselectedime with cleareventsin theregionbetweersisterkinetochoresNotethatin
the kymograph5 cometspassbetween,so one EB3 cometin the montagecorrespondgo one cometin the

kymograph.
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Cometsthatstopat first sisterkinetochoreheymeetareinterpretedasmicrotubuleghatgrow
in the k-fiber, and| detected2.78“0.12 cometsper minute. Cometsthat passbetweensister
kinetochoresreinterpretedasmicrotubuleghatgrow in the bridging microtubulefiber, and |
detected2.42“0.1 cometsper minute. If measuredoy eye, 2.42“0.1 cometspassbetween
sisterkinetochoreswhilst kymograptrevealed “ passingoetween.

In one cut spindle element,cometsthat passbetweensister kinetochores,both from the
ablation site, 0.57“0.05 cometsper minute,aswell asfrom the connection,1.85“0.1 comets
per minute were observed.This additionally confirms that bridging microtubule bundle is

composedf antiparallelmicrotubulesAll errorvaluesaregivenasstandardieviation.
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4. DISCUSSION

4.1. Forcebalancein the mitotic spindle

Mitotic spindle is a truly remarkable assemblythat orchestratesequal distribution of
chromosomego two daughtercells. Errors in its performanceoften lead to chromosome
missegregatiorwhich can have seriousconsequencedike birth defectsand can lead to
cancerougells. In the pastdecades lot hasbeenrevealedaboutits compositionmechanics
and performance Describedmicrotubules kinetochoresand motor and nornrmotor proteins
directthe spindle$ behavior.However,our understandings still far from complete.lt is not
completelyclearhow all the componentsnterminglewithin andaroundthe spindleand how
theymutuallydirecteachother$ behavior.Whatis clearis thatit is all aboutthe forcesacting
within the spindle. They are dependenton biophysical properties of molecules that
intermingle throughout the spindle. Molecular motors, microtubule dynamic instability,
elastic elementsand friction are lead actorsin force generation[51]. Theseforces drive
chromosomecapture,their biorientationand oscillations, their alignmentin the metaphase
plateandeventuallysynchronouseparatiorandequaldistributionto newdaughtercells.
Forcemapin the spindlehasalreadybeenanalyzedandit is knownthatthereis compressive
and tersile force acting within one spindle element.One cannothelp but ask how these
opposingforcesactalonga singlespindleelementwhich canbe imaginedaselasticrod. The
compressiorcould haveits origin in the fact that astrals,which interactwith the cell cortex,
polymerize on the cell boundariesand thus could exert force on the spindle poles [74].
However,in some casesspindle moved a lot within the cell, whilst preservingits shape.
Could the motor proteinsacting betweenthe astralsand the cortex contributeto its rapid
movementnsidethe cell? On the otherhand,compressivdorce could originatefrom within
the spindleitself. Since a term spindle matrix comprisesall motor and nonmotor proteins
actingin the spindle,all of themtogethercould contributeto certaininward forces. Motor
proteins as dynein and some minus end directed kinesins could increasethe span of
antiparallelregions[ 75], which could furtherbecomemorestableby recruitmentof nonmotor
crosslinking proteins. At the sametime, mechanicaltension betweensister kinetochores
signals proper biorientation of chromosomesn microtubulesof the mitotic spindle and
selectivelystabilizestheseattachment$76]. The stabilizationof tensileforce andkinetochore

attachmento microtubuleis highly regulatedoy Aurora B kinase,which phosphorylate&ey
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microtubulebinding elementswithin the kinetochore[77]. We were interestedin analyzing
how theseopposingforcesare distributedalong one spindle element.Many havewondered
about the forces in the spindle, and there was a need to introduce some unidentified
compensatingomponents:3How is tensiongeneratedn k-fibers,andhow is it balancedoy
compressionin other spindle component$ “[51]. ®rimitive” force maps of the spindle
suggestedhat nonkinetochoremicrotubulesbearthe compressivdoad that would balance
tensionat kinetochoreq51]. Whilst somediscussedhe spindle matrix and its components
(NuMa, Skeletor,poly(ADP-ribose)),otherswerequite clearaboutthe requirenentsfor some
yet unidentifiedelementthat would balancecompressivdorce nearpolesandtensileforce at
kinetochore(Figure 31), [51]. Furtheron, asalreadymentioned antiparallelmicrotubulesdo
not exclusivelyhavetheir minus endsfixed at poles,but are ratherlocalizedthroughoutthe
spindle. It was stated that many non-kinetochore microtubules have their minus ends
embeddedin k-fibers, where they presumably couple mechanically to kinetochore
microtubuleg55]. We believethatit is the bridging bundlethat could balancetheseopposing
forcesby linking sisterk-fibers, thus regulatingthe transitionfrom compressiorto tension
along one spindle element.In experimentscondicted here and elsewhere[50; 69], it was
shownthatasa responseo appied ablation,both compressiveandtensileforce arereleased
in the cut partof the spindle.What makessensan understandinghe force distribution, is to
perturbit. Sincewe believethat the bridging bundleis a good candidatejt seemedhat by
changng it, we could analyzethe differencein responseto the ablation. By reducingits
thicknesswe expectedo achievelesscompressionand by applyinglaserablation,it would
be possibleto describesomedifference.What couldn{ be expecteds the greahessof effect
onthespindleaswell ason thelaserablationoutcome Eventhoughthedifferencein primary
responses not very differentfrom our control, the systemwasslightly perturbed Successful
experimentswere recently performedwith the samelogic, but with oppositeapproach.In
experimentsn which the bridging bundlewas madethicker, the different primary response
was obvious in comparisonto control cells. In these particular experiments,antiparallel
bundlesweremadethicker by overexpresing crosslinkingproteinPRClandtubulin[50; 69].
The laser ablation outcomein their experimentswas shown to be more pronouncedin
comparisonto untreatedcells. In particular,outwardmovement,as the primary responsdo
ablation,was faster. As the bridging bundleis composedof antiparallelmicrotubules their
thicknesswas also increasedthus indicating that the amountof compressivdorce actingin
the spindleelementwas increasedBy reducinglevels of the sameprotein, we managedo

slightly reduce the bridging microtubule thickness.But how does the reducedlevel of
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crosslinkingproteinproducedecreasedntiparallelbundlethicknessDoesthe absencef one
protein in that region just make more spacefor other proteinsto get recruitedto thar
localizationspot?Furtheron, whatis the lowestpossiblevelocity of the outwardmovement?
If it is possibleto achieveno outwardmovementasa responsdo appliedablation,it would
meanthat thereis no compressivdorce in the spindle.In this cas, would it be possiblefor
spindle to assembleat all and to perform its function of segregatingchromosomes?
Regardlessof questionsthat remain to be answered,we believe that bridging bundle
contributesto the force mapin the spindleandresultsof performedexperimentshowthatit

couldbethebestcandidatdor performingthisrole.

Figure 31. Schemeof a proposediorce mapin the spindlewith compressiorandtensionacting *SED®NEDF N’

within individual spinde componentsi,.e. k-fibers[51].

Consideringthe fact that the bridging bundle,being composedf antiparallelmicrotubules,
storescertain motor and non-motor proteinswithin, basic forces these proteins exert are
acting as well within bridging bundle. The activity of plus-end directed motors between
antiparallelmicrotubuleddrivestheir sliding, known asthe polewardflux. It is knownthatthe
polewardflux actsin k-fibers, but sinceindividual k-fibers have uniform polarity, it is not
clear how this would be achieved.Now that it is clearthat a novel structuralcomponents

presentin the spindle,many unclearactivities could be unraveled.Sincethey are a lateral
connection betweentwo sister k-fibers, and contain microtubules of opposite polarity
comprisedwithin, it is quite possiblethat it is the bridging bundlethat drives this activity.

Sincethis mechanismgdriven by motor proteins,is involved in anaphasethis would mean
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thatthe bridging bundlecould contributeto this phaseof the cycle. In experimentsncluding
laser ablation at precise time right before anaphase,one would expect to see the
interkinetochoredistancedecreasédreleaseof tension)andimmediatecontinuousincreasen
interkinetochoralistancethatindicatesthe beginningand continuationof anaphae.Indeed,it
was shown alreadythat chromosomegan get segregatedvithout one of the sisterk-fibers
beingconnectedo onepole[78]. In thoseexperimentsevidencewaspresentedor dyneinto
mediatethe polewardmovementhatsegregateshromosomeshatlack the connectiorto one
pole.In otherproposednechanismgalledthe Pacmaractivity, chromosomesare segregated
dueto depolymerizingk-fiber microtubulesat the kinetochore[79; 80; 81]. It is thoughtthat,
whenthetensionbetweerkinetochoress lost astheresponséo appliedablation,the Pacman
mechanismgets activated[81]. Regardlessof thesefindings, we speculatethat it is the
polewardflux actingwithin antiparallelmicrotubulesin the bridging bundlethatdrivesthese

events.

4.2. Junction point

Since bridging bundleis a mechanicalconnectionbetweensister k-fibers, there hasto be
somesortof junction point of bridging bundleon eachsisterk-fiber. This point of interaction
could be imaginedas a mergingor a branchingpoint. Indeedcertain experimentsalready
indicatethatthereis a strongpossibilityfor their existencd69]. In experimentslesignedvith
the position of the cut with respectto the junction point, it was shownthat interkinetochore
distancesometimegoesrt changelt wasproposedhat whenthe cutis positionedbetween
junction point and kinetochore, the interkinetochore distance was reduced since the
connectionbetweenk-fiber and the bridging bundle is partially lost. In that casetension
would be releasedandinterkinetochoralistancewould be reduced On the otherhand.,if the
cut is positionedin a way that junction point becomegpart of the cut elementthat moves
outwards tensionwould be preservedandinterkinetochoreZ R X O ¢héhfj@bincethereare
firm indicationsfor the presencef junctionpoint, it would becomea novelcomponenin the
compositionof the spindleaswell asthe bridging bundleitself. It would be interestingto see
wetherit could be the boarderpoint of kinetochoreoscillations. Chromosomeoscillations,

which eventuallypositionthemin the metaphaselate are driven by summingof stochastic
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forces at the kinetochore and chromosomearms along with dynamic instability of
microtubuleq82]. If microtubuledepolymerasesould actbeyondjunction pointin direction
towardsthe spindle pole, what would happenwith that point of interaction betweenthe
bridging bundleandthe k-fiber? If depolymerasewould 3 F R Q V Xhe jdriction point, that
would probablymeanthat the bridging bunde would undergoloss of interactionwith the k-
fiber. Thus,onecould moreeasilyimaginethatthe junction pointitself could oscillateonthe
k-fiber. Theseoscillationscould, at certaintime points, be independentf the chromosome
oscillationsbut often they could be driven by the chromosomeoscillationsas well (Figure
32).

Althoughexperimentperformedn this thesisdid not questiornthe precisebiological function
of bridging microtubule bundle, one cannot help but wonder about its possible roles

throughoutmitosis.

Figure32. Schemeof postulatecchromosom®scillationscoupledwith the bridgingbundleregion.

4.3. Secondaryresponse

Secondaryresponseto the laser microsurgeryis the reconnectionof the ablated spindle
elementbackto the spindle.Sincein experimentsonductedchereit is observedn majority of
analyzedcells, it is notacoincidenceThis behaviorwasalreadyshownandanalyzedn other
researchgroups.It was shownthat dynein pulls the stub back towardsspindle$§ centerof
massand helpsit reintegratein the spindle.After the cut, sometime is neededor dyneinto
accumulateon the newly formed minus end of the stub. At one point, the stub would be

reconnectedo someadjacentmicrotubulesand get pulled towardsone of the spindlepoles
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[48]. Lasermicrosurgeryis not somethinghatwould happemormallyin the spindle,but still
it is ableto recoverfrom sucha perturbationSinceit is fundamentafor chromosomeso get
equally and synchronouslysegregatedthere are many self-repair mechanismghat correct
different types of errorsin the spindle structureand performance Reconnectiorresultsin
reestablishmerof forcesthat werereleasedafter microsurgerylf the reconnectioroccursin
a normal way, the forces are reestablishedand regular subsequenevents can unravel.
Chromosomesn the cut spindleelementcan begin oscillating againand further stepsof the

processe.g.anaphasesanbe carriedout

4.4. Dynamicsof bridging microtubules

We have shownin Hela cell line stably expressing2xGFREB3 that thereis a certain
microtubuledynamicspresenin aregionbetweersisterkinetochoresThe conclusionis that
it is occurringwithin the bridgingmicrotubulebundle.By usinglaserablation,we managedo
observeclear eventsof microtubulegrowth both in directionfrom intact k-fiber, aswell as
from directionof ablationsite, thusconfirming the antiparallelcompositionof bridgingfiber.
Theseexperimentsvere performedin orderto seewhethersomemicrotubulesgrow beyond
first sisterkinetochorethey encounter.Sinceit was believedthat k-fiber is cappedon the
kinetochae, somegrowing microtubulesbetweensisterkinetochoresvould reveala bundle
locatedin betweenSincein mostobservedcasessometswereobservedtlearly growing from
onesisterkinetochoretowardsother sisterkinetochore one wouldn  think that they are just
simply astralmicrotubulesgrowingin a randomway. In theseexperimentst wasdifficult to
guantify where the starting point of their growth is so we didn § focus on that particular
analysis.Within the selectedtime, we observedcometsstoppirg at first kinetochore,thus
revealinggrowing microtubulesin the k-fiber. Cometsshowinggrowing microtubulesin the
k-fiber would typically pile up on kinetochoreand somewould eventuallycontinuegrowing
towardsthe othersisterkinetochoreThis obse&vation suggestshatthe bridging microtubules
grow in direct proximity of the k-fibers and branchout to form the bridging bundle.How is
their growth directedin a way that they eventuallymeetthe following sisterk-fiber if there

alreadyarenfanymicrotubulegpresent?
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Quantificationof dynamicsin k-fiber and bridging fiber revealedthe similar growth ratein
both. The role of the bridging microtubuleswas not investigatedin EB3 experiment Our
hypothesisvasthat,if therearesomemicrotubuledaterally connectinghe sisterk-fibers,we
should be able to observegrowing microtubulesin the region betweensister kinetochores
which was experimentally confirmed. Measurementsof microtubule growth rate are
consistentith previouslymeasurediata[83]. By measuringhe growth rate of microtubules
in the bridgingfiber, it is shownthatthey grow with samevelocity asthe onesin the k-fiber.
This suggeststhat their growth is regulatedin a similar manneras the growth of other
populationsof microtuhkules in the spindle, thus revealing the same nature of bridging

microtubulesasof thosethatarealreadyknown.
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5. Conclusions

From the text books, k-fibers stop when they bind to kinetochoresand it was assumedhat

sisterk-fibers arenotin direct contact.In this projectwe recognizedhatthereis a bundleof

nontkinetochore antiparallel microtubule bundle spanning the region between sister
kinetochoresand it was namedbridging microtubule bundle. From two different point of

viewsthe analysisof this bundlewasconducted.

In oneexperimenimy goalwasto testwhethersomemicrotubuledynamicscould be observed
in theregionbetweersisterkinetochoresTo testthis, the laserablationassaywasapplied.|t

helpedme to distinguishcertaineventsin the chosernregion of the spindle.This experiment
wasperformedin a cell line stablyexpressinggendbinding proteinanda kinetochoreprotein.
After collecting cells with good signal by performed FACS (fluorescenceactivated cell

sorting),this experimentwassignificantly improved.Lasermicrosurgerymadeit possiblefor

me to describe certain clear events and | observedmicrotukules growing in opposite
directions in the region betweensister kinetochoresand they were interpretedas those
growingin thebridgingmicrotubulebundle.

The other experimentwas performedin order to perturbthe role of bridging fiber in the
distribuion of forcesin the spindle.| believedthat this could be achievedby reducingthe
level of proteinthat crosslinksantiparallelmicrotubulesin the bridging fiber. Laserablation
was performedhere as well, sinceit teachesus aboutthe forcesactingin the cut spindle
element. expectedhe outwardmovemento be lesspronouncedandto havelower velocity
in comparisorto control cells. | suspecthat the chemicalsusedin synchronizatiomprotocol
affectedthe conditionsin treatedcells. In orderto minimize the treatmentof cells, | would

prefernot to synchronizethemin further experimentsEven though conductedanalysisdid

not reveal significant difference betweencontrol cells and PRC1 siRNA treatedcells, this
experimenindicatesthe right appoachto perturbingthe force balancewhich will be further

investigated.
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