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Preface

Variety is the soulof pleasue

During my PhD studiesl have worked with peoplefrom diversebackrounds:physics,biology;,
chemistryandmedicine.This thesisis anoutcomeof suchinterdisciplinaryco-operationThe power
of physicsappliedto the colorful variety of biological phenomenas growing into a vivid branchof
sciencel hopethatthis work canbeanexpansionof biological physics.
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Chapter 1

Intr oduction

1.1 Motion onthe cellular level: betweenrandom and organized

Keepyoumoving

It is not only the musclecells that can exert force and make movement. Cells needto move
actively in numerousbiological processesFor example,during embryonicdevelopment,eachcell
movestowardsits destination. After aninjury of a tissue,similar guidedmotility canbe obsenred
when destrged cells are replaced. Leukocytes make their ways to the location of in ammation.
Tumor cells making metastasisan invadeinto densetissuesand passthroughthe walls of blood-
vessels.

Motility of animal cells is driven by motor proteinsand brous protein polymersof the cy-
toskeleton. Changedn the nanoscaleconformationof the motor proteinsor the polymerization-
depolymerizatiorof cytoskeletal bers leadto cellular motility. Biochemicalreactionsn the back-
groundof moleculardynamicsneed uctuations (reasonabléemperaturejo work. On the scaleof
molecules(even hugemacromoleculesind polymerssuchas DNA) animalsseemto be stochastic
systemswith randommotiondominatedoy uctuations. However, the motion of animalscanbe ex-
tremelywell organizedand controlledprecisely Cellsin culturelie on the borderbetweenrandom
and organizedmotility. We tried to shedlight on somefeaturesof cellular dynamicsdown to the
nanoscalén orderto getcloserto thelink betweerrandomandorganizedmotion[78].

Themotility of animalcellsis dominatedy actin-myosin-basecontractiorandactinpolymerization-
basedprotrusion. The two basictypesof protrusions)Jamellipodiaand lopodia aredrivenby actin
polymerization-depolymerizatioprocesse$47, 16, 12]. Although statisticalphysics[49, 60] pro-
videstheoryto explain suchbiologicalmaotilities, it is still onanelementaryevel andthereforeneeds
to bedeveloped.
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1.2 Cytoskeleton

(Theslkeletonof this sectionis basedon [2], Chapter16 andfurther review articles. Consequently
most gur esoriginate fromthesesources. In a few casesexact quotationsare presented.Theorigin
of the gur esor quotationss indicatedin the captionor in thetext in italics.)

Thecytoplasmof theeukaryoticcellsis highly organizedoy lamentousstructuresuchas brous
actin (F-actin), microtutules (MT-s) andintermediate laments (IF-s). Actin and MT-s have been
extensiely investigatedn the pastdecadesut lessis known aboutlF-s. These3 major typesof
protein bers togetherwith the numerousassociategroteinsmake a network called cytoskeleton.
Theelasticityof cellsis mainly determinedy thedynamicsystenof thecytoskeleton.MT-sarevery
stiff hollow tubeswith persistencéengthsof millimeters. Themore e xible F-actinusuallybuilds up
bundles-joinedby actinbinding proteins-or cross-linkedaggregates.IF-s arerelatively tough bers,
known to give mechanicastability to cells([2], chapterl6).
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1.2.1 Micr otubules

MT-spolymerizefrom tubulin dimers

(one - with one -tubulin monomer).
They arelocatedthroughoutthe cyto-
plasmgoverningthe location of mary
cellcomponentsA MT is built upfrom
13linearproto lamentsformingacylin-
der Eachproto lamentis a chain of

alternating - and -tubulin sukunits(Fig.

1.2.1).

Proto lamentsarealignedwith the
samepolarity, which infers that MT-s
are polar structureswith a so called +
(fastgrowing) and- (slow growing) end.
MT-s aredynamicstructuresin atypi-
cal broblast cell 50% of thetubulin is
free andthe other50%is in MT-s. In
thepresencef GTPandMg tubulin
polymerizeinto MT-s. The elongation
of the tubesis much fasterthan their
nucleation. The rate of dimerassocia-
tion to the + endis higherthanto the
- end. Evenwhenthe length of MT-s
is constantmonomersnaybeassociat-
ing to the + endanddissociatingfrom
the - end of the polymer This is the
phenomenorof treadmilling. MT dy-
namicsrunson the minutetime scale.

Individual MT-s grow in cells at a
constantrate for a while, then shrink
abruptly toward the centrosome.This
behaior is called dynamicinstability.
Both and tubulin bind GTR In a
MT the sulunit hydrolyzests bound

(D)

Figurel.1: (A) Electronmicrographof a microtulule seen
in crosssection,with its ring of 13 distinct sutunits, each
of which corresponddo a separateubulin molecule (an

| heterodimer)(B) Cryoelectrommicrographof amicro-
tubuleassembledh vitro. (C andD) Schematidiagramsf
amicrotulule, shaving how thetubulin moleculegpackto-
getherto form thecylindrical wall. (C) Thel3 moleculesn
cross-section(D) A sideview of ashortsectionof amicro-
tubule, with thetubulin moleculesalignedinto long parallel
rows, or proto laments Eachof the 13 proto lamentsis
composeaf aseriesof tubulin moleculeseachan / het-
erodimer Note thata microtulule is a polar structure with
adifferentendof thetubulin molecule( or ) facingeach
endof themicrotuhule. (Souce: [2], p. 803.)

GTR which hasrelevancein the dynamicbehaior of MT-s. GTP bindingis requiredfor MT poly-

merization,while hydrolysisis not. MT growth is usuallyfasterthanGTP hydrolysis,which results
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in theformationof asocalledGTP capatthe+ end(Fig. 1.2).

Probablythe delayedG TP hydrolysisaftertubulin assemblycauseshe dynamicinstability. GTP
capstabilizesthe + end, sincetubulin moleculeswith GTP bind to eachotherwith higheraf nity .
Thelossof the GTP capfacilitatesthe disassemblypf the MT.

In mostinterphasenimalcells,MT-s grow out of the centrosome(But in oogytes,for instance,
thereis no centrosome.)The centrosomewhich contains2 centriolespositionedat right anglesto
eachother is usuallylocatedcloseto the nucleus.Centriolesarecylindrical structurestheir wall is
constitutedoy 9 groupsof MT triplets. SeeFig. 1.2.1. Surroundinghe centriolesa network of small

bers canbe obsered: the centrosomenatrix, which nucleatesMT polymerization. Althoughthe
exactstructureandthe MT nucleatingmechanisnof the centrosomes unknawn, it is known thata
third type of tubulins, -tubulin, is presenin it. -tubulin formsringsandspiralsin the centrosome
madeof 13 tubulin monomers. Theseare involved in the nucleationof MT-s. The so-calledring
complex containsa ring of 13 -tubulin moleculesand other associategroteins. However, ring
compleescanbefoundoutsidethe centrosomethesedo notnucleateMT polymerization.
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Figurel.2: (A) Addition of tubulin heterodimergarryingGTP to the endof a proto lamentcauses
it to grow in alinearconformationthatcanreadily packinto the cylindrical wall of the microtulule,
therebybecomingstabilized. Hydrolysis of GTP after assemblychangeghe conformationof the
suhlunits andtendsto force the proto lamentinto a curved shapethat is lessableto packinto the

microtutulewall. (B) In anintactmicrotulule proto lamentsmadefrom GDP-containingulunitsare
forcedinto alinearconformationby the mary lateralbondswithin themicrotulule wall, especiallyin
thestablecapof GTP-containinguhunits. Lossof the GTPcap,however, allowsthe GDP-containing
proto lamentsto relaxto their morecurved conformation.This leadsto progressie disruptionof the

microtulule andthe eventualdisassemblpf proto lamentsinto freetubulin dimers.(Souce: [2], p.

810)
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Theintracellulartransportof cellu-
lar organelless mainly mediatecoy MT
motors.Proteindrom the9 kinesinand
3dyneinfamiliesareMT associatedho-
torsthatcanwalk alongMT-swhile car
rying caigosor make slide antiparallel
MT-s overeachother Cytoplasmic
dyneinsareinvolvedin the mitosisand
the transportof organelles. Kinesins

transportorganellesand synapticvesi-

cles,andtake partin mitosisandmeio- 1
sis. Both kinesinsanddyneinsareAT- A {0

777 7777777777777
YRS v e MR

Pasemotors,composeaf 2 heary chains

andseverallight chainsmoving in only
onedirectionalongMT-s: either+ end

or - endmotors. Heary chainscontain Figure1.3: (A) An electronmicrographshaving a newly
aglobular ATP bindingheadandatail replicatedpair of centrioles. One centriole of eachpair

of rodlike domains:Fig. 1.4. Thehead hasbeencutin cross-sectiorandthe otherin longitudinal
bindsthe MT andthe caigo canattach Section,indicating that the two membersof eachpair are
to thetail. Mostkinesinsare+ endmo- alignedat right anglesto eachother (B) Schematiadia-
tors,all dyneinswalk towardsthe- end. gramof a centrioleviewed from the side. (Souce: [2], p.

TheMT bindingandATPaseaf nity is 818.and819.)

probablymodi ed by theattachmenof

the caigo via theinteractionof the headandtail regions. Thetail is thoughtto be caigo speci c: the
motor domainin the headis highly consered amongdifferentkinesinsbut the stalk and tail are
variable (Fig. 1.5). Stalk domainssene for the dimerizationof kinesins. 3 typesof kinesinsare
known: N-kinesins(corventionalkinesins)aregenerally+ endmotorswith amotordomainontheN
(amino)terminalof the polypeptidesC-kinesinshaving C terminalmotordomainsare- endmotors,
I-kinesinsarenot realmotorsbut MT destabilizingfactors. The directionalityof kinesinsis thought
to be determinedby the neckregion. Dyneinsareproteingiantsascomparedo kinesins. They are
muchfasteraswell. Kinesinsareprocessie motors:they canwalk alonganMT withoutdissociating
from it for severalhundredsteps.Dyneinsarenot processie.

Posttranslationahodi cations of tubulin after polymerizationprovide informationof the ageof
the MT. The slow acetylationand detyrosinationof -tubulin occursonly on tubulin moleculesof
MT-s. Freetubulin will be reversedsoonafter depolymerization.Both extremely stableandlabile
MT-s canbe found. Not only centsosoméut microtulule associategbroteins(MAP-s) control the
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Figure 1.4: Microtubule motor proteins. Kinesinsand cytoplasmicdyneinsare microtulule motor
proteinsthatgenerallymove in oppositedirectionsalonga microtukule. Theseproteins(dravn here
to scale)are complexes composedf two identical heary chainsplus several smallerlight chains.
Eachheary chainformsa globular headregion thatattacheghe proteinto microtutulesin an ATP-
dependentashion.(Souce: [2], p. 814.)

dynamicsof MT-s. A structureMAP canbe either MT stabilizing or destabilizingprotein. Some
MAP-s bundleMT-s. Bundlesareusuallymorestable.Theouterwall of MT-sis negatively chaged:

numerousMT-bindingmoleculesjncludingsomeMAP-s, areanchoredo the MT-s by electrostatic
interaction.Theexpressiorof MAP-sis highly tissue-andage-speci c.Furthermoregvenin asingle

neurondifferentMAP-s arelocalizedin differentregions.(E.g. MAP bundlestheaxonalMT-sand

MAP2 makesthe bundling of thedendriticMT-s.)
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Figure1.5: Architectureof kinesinmotors. The overall structuralfeaturesof threewell-studiedki-
nesinmotorsare shovn here. The preciseorganizationof the tail domainsand how suhunits in-
teractwith the tail domainsare speculatre at this time. Motor containingpolypeptidechainsare
indicated(by grayor blackarea),andassociatedulunitsareindicatedby hatchedarea.The KIN N-
ConventionalandKIN N-Chromomotorsarehomodimer®f two identicalmotorcontainingpolypep-
tides,whereaskIN N-Heteromotorsareheterodimersf two non-identicakulunits(indicatedby the

blackandgraycoloring). (Souce: [76])
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MAP2 binds other proteinssuchas calmodulinand A kinase: it can organizesupramolecular
complexes. MAP2 is reactve to proteolyticclearage,which resultsin its fastturnover. The MAP2-
MT systenmightbeasourceof synaptigplasticity MAP-sinhibit axonaltransportsincethey disturb
thewalk of MT motors.ProbablyMAP-s dissociatdrom theMT whenkinesinor dyneincomes.The
MT afnity of MAP-s canbe regulatedby phosphorylation.SomeMAP-s, e.g. SCG10inducethe
depolymerizatiorof MT-s, kataninsevers MT-s, and catastrophyfactorswill make the MT system
fall apartabruptly

1.2.2 Actin

All eucaryoticspeciehave actin,an ATPasemolecule.Two formsof actincanbe obseredin cells:
globular actin(G-actin)and brous actin (F-actin). F-actinis about8 nm wide andconsistof a helix
of G-actinmoleculesorientedin the samedirection(Fig. 1.2.2),resultingin a polar structurewith a
fastgrowing + or 'barbed' anda slow growing - or 'pointed’ endsimilarly to MT-s. (Nomenclature
comesfrom the shapeof myosindecoratiorof MT-s.)

The ATP- andcation-dependeractin polymer
izationis abasicengineof cellularmotion. It drives
locomotion (crawling) of cells and hasa role in
cellular shapeformation. Actin dynamicswith a
characteristidime on the scaleof secondgdmuch
fasterthanMT dynamics)is controlledby a com-
plex andsophisticate@ystem.Thenucleatiorof F-
actin growth is slower thanthe elongationprocess
justasin thecaseof MT-s. Thenucleatingstructure
is thoughtto be a trimer of actin molecules. The
critical concentratiorof G-actini.e.,theconcentra-
tion, atwhich the quantityof F-actinis constantjs
lower thanthe actual G-actin concentrationn the
cells. It meanghat certainmechanismganretain
G-actinfrom polymerization. After the assembly
of anactinmoleculeinto the ber, ATPgetshydrol- Figure 1.6: Actin laments. (A) Electronmi-
ysed,which is analogoudo the GTP cleavagein crographf negatively stainedactin laments.
anMT. Theclam-shapedctinmoleculebindsATP  (B) The helicalarrangementf actinmolecules
betweerthe 2 halvesof theclamthatcanopenand in anactin lament. (Souce: [2], p. 821.)
close.Intermoleculainteractiondetweeractinmonomers
in the ber closethe shell. The cleavzageof ATP is consideredo be initiated by the closureof the
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clam, soonafterinorganic phosphatalissociatesand ADP remainstrappedin the shell of the actin
molecule. The ATP-aseactvity is not requiredin the polymerizationprocess. It ratherwealens
the interactionbetweenthe monomerswhich promotesdepolymerizatiorresultingin an unstable
pointed-end.Although F-actindoesnot shaw the effect of dynamicinstability, a characteristigphe-
nomenorof MT-s: treadmillingcanbe obsenedin mary cases.

Thepropertieandfunctionof actinbasedntracellularstructuress dependenbnalargevarietyof
actin-bindingproteins(Fig. 1.7).'Actin canassemblénto mary structuresandparticipatesn awide
rangeof processes eukaryoticcells. Thediversityof actin lament formsis only madepossibleby
the associatiorof actinwith actin-bindingproteins.Someof theseproteinsfacilitate organizationof

laments into higherorderstructuresvhile othershave regulatoryfunctions,affectingthe dynamics
of lament turnover and allowing remodellingof the actin cytoskeletonin responseo appropriate
signals. (Quotedfrom|3].)

Prolin and -thymosinare G-actin-bindingproteins[16]. Their mainrole is consideredo be
the G-actin sequesteringwhich decreaseshe available amountof G-actinfor polymerization. It
enablescells to answerquickly to eitheran extracellularor an intracellularsignal by switchingon
the actin polymerization,becausdarge amountsof G-actindissociatefrom -thymosinor pro lin,
if their actin-bindingaf nity dropsdueto the signal. Althoughpro lin inhibits F-actinnucleationt
stimulateghenucleotideaxchangeonactinmoleculesandpromotegheelongatiorof thebarbed-end.
Proteinsfrom the ADF/co lin family (AC proteins)bind both G- andF-actinanddestabilize~-actin.
Co lin bindspredominantlcloseto thepointed-endvhereactinmonomersave ADP insidecausing
thedepolymerizatiomf thepointed-endCo lin speedsiptheturnoverof actinandresultsin fastnett
F-actingrowth. GelsolinafterCa activationor AC proteinscansevertheactin laments generating
morefree endsfor polymerizationor depolymerizationWhile cappingproteinsandgelsolincapthe
barbed-endo regulatethe incorporationor dissociationof actinmonomersthe membersof the Arp
proteinfamily capthe pointed-encandnucleatelament growth.

Actin in the gel-like network of the cell cortex (perimeterof the cell beneaththe plasmamem-
brane)giveselasticityandmechanicastability to cellsamongother brous proteins especiallyspec-
trin. Cell shapds predominantlydeterminedy this actin-richnetwork. Further2 typesof arrayscan
beobseredin thecorticalactinstructureof cells: parallelandcontractilebundles.

The two well-known protrusve structuresare the lamellipodiumand lopodium in migrating
cells.In lamellipodia,actin bers areorganizedo form afan-shapedetwork by the Arp2/3 comple
(Fig. 1.8). Arp2/3 nucleategheformationof actin laments on pre-«isting laments. Theangleof
branchingis 70 . In lopodia, actin laments are bundledandalignedwith the samepolarity by
the protein mbrin and/orfascinconstitutinga hexagonaltight packingasseenin the cross-section
of lopodia. Thistypeof packingpreventsMyosin-1l from enteringinto the bundle.Onthe contrary
myosin-1l ts into thestressbers thatarebundledby theprotein -actinin. Thesecontractilebundles
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Figurel.7: Functionf actin-bindingproteinsdeterminedrom in vitro researchMarny actin-binding
proteinshave beenpuri ed andtheir propertiesand effectson actin have beenextensively studied.
How thesein vitro functionsrelateto therole of the actin-bindingproteinswithin a cellularerviron-
mentremaindargely unknovn. Speci ¢ functionsof actin-bindingproteinsareshovn with adiagram
of how eachproteinmay interactwith F-actin. Examplesof proteinsthatmayful | thesefunctions
arealsogiven. (Souce: [3])
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arecharacteristicomponentsf the broblast cytoskeletonresemblinghemyo brils in muscle.They

bridge betweentwo focal contactsor a focal contactandintermediatelaments. Focal contactsare
junctionsbetweertheintracellularactin laments andthe extracellularmatrix mediatedoy integrins
and a comple of proteinslinking the end of F-actinandintegrin (Fig. 1.18). Focal contactstake

partin thesignaltransductiontoo. Severalproteinkinasegegulatingproliferationandotherdomains
of cell behaior arelocalizedto focal contacts. Stress bers keeptensionacrossthe cell; if cell

contactdo the extracellularmatrix disassemblethey will disappearStressber contractions based
ontheslideof myosin-1l bers in relationto actin laments, drivenby the'nodding' of myosinheads
similarly to musclecontraction(Fig. 1.2.2).

Severalmyosintypescanbe obseredin eucaryoticcells. Musclemyosinis from the myosin-Ii
subfimily of myosins. They have two heads(motor domainswith ATPaseactivity) and a rodlike
tail. Two identicalheavy chains,eachcomplexedto a pair of light chainsforms myosin-II (Fig. 1.9).
The mainfunction of thetail is to allow the moleculego polymerizeinto bipolar laments. Evenin
non-musclecells contractilebundlesof actinandmyosin-Il areformedtransiently e.g.,stressbers.
After completingtheir speci ¢ taskthey disassembleThe amountof myosin-Imoleculesn cellsis
farless.They have a consered motordomainandfurthervariabledomainsdeterminingthe speci ¢
role of the certainmyosin (Fig. 1.10). Most myosinsare + endmotorsbut e.g., myosinVI walks
towardthe- end. Thedirectionis determinedy the coreof themotordomain[40].
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Figure 1.8: Organizationof actin laments in keratogte lamellipodia. EM of detegent-etracted
cells. (a) Overview of a locomotingcell; (b) actin network in lamellipodiafrom the leadingedge
(top) to the transitionalzone (bottom); (c) brushlike zoneat the leadingedgewith numerousla-
mentends;(d) smoothactin lament network in the middle part of lamellipodia;(e-h), T junctions
(arrovheadshetweenlaments at the extremeleadingedge(e), within the brushlike zone(f), in the
centrallamellipodia(g), andcloseto the lateraledgeof thelamellipodia(h). Thecell's leadingedge
is orientedupwardin all panels.Boxedregionin ais enlagedin b; upperandlower boxedregionsin
b areenlagedin c andd, respectiely. Bars:(b) 1 m; (e-h)50 nm. Souce: [70].
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Figurel.9: Myosin-II. (A) A myosin-Ilmoleculeis composeaf two heary chains(eachabout2000
aminoacidslong) andfour light chains.Thelight chainsareof two types(onecontainingabout190
andtheotheraboutl70aminoacids),andonemoleculeof eachtypeis presenbneachmyosinhead.
Dimerizationoccursby thetwo helicesnrappingaroundeachotherto forman -helicalcoiled-coil,
drivenby the associatiorof regularly spacechydrophobicaminoacids. The coiled coil arrangement
makes an extendedrod in solution, andthis part of the moleculeis termedthe rod domain,or the
tail. This type of structuralmotif is found in mary other cytoskeletal proteins,enablingthemto
form an extendedstructure.(B) Thetwo globular headsandthetail canbe clearly seenin electron
micrographf myosinmoleculeshadevedwith platinum.(Souce: [2], p. 838.)



1.2. CYTOSKELETON 15

Figure1.10: Possiblerolesof myosin-landmyosin-Il in a typical eucaryoticcell. The shorttail of
a myosin-I moleculecontainssitesthat bind eitherto otheractin laments or to membranes.This
allowstheheaddomainto move oneactin lament relative to another(1), avesiclerelativeto anactin
lament (2), or anactin lament andmembraneelative to eachother(4). In addition,smallantipar
allel assembliesf myosin-llmoleculecanslideactin laments overeachother thusmediatinglocal
contractionsn anactin lament bundle(3). In all four caseghe headgroup”walks” towardthe plus
endof theactin lament it contacts(Souce: [2], p. 839.)
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'Membersof the Rho family of small Ras-like
GTPases-includindgrhoA,-B, and-C, Racland-2,
and Cdc42-ahibit guaninenucleotide-bindingac-
tivity andfunction as molecularswitches,cycling
betweenan inactive GDP-boundstateand an ac-
tive GTP-boundstate. The Rho family GTPases
participatein regulation of the actin cytoskeleton
and cell adhesionthroughspeci c tamgets. ldenti-
cation andcharacterizatiorof thesetarmgetshave
begunto clarify how the Rho family GTPasesact
to regulatecytoskeletal structureand cell-cell and
cell-substratuntontactsn mammaliancells. The
Rho family GTPasesare also involved in regula-
tion of smoothmusclecontraction,cell morphol-
ogy, cell motility, neuriteretraction,andcytokine-
sis. However, the molecularmechanism$y which
the Rho family GTPasesparticipatein the regu-
lation of suchprocessesre not well established.
(Quotedfrom[42].) The GTP-boundiorm of pro-
teins from the Rho family is active, whereasthe
GDP-boundstateis inactive. Regulatorandeffec-
tor moleculesinteractwith the Rho family mem-
bersalteringtheir GTPaseactvity (e.g.,RhoGAP)
or enhancinghe exchangeof the hydrolyzednu-
cleotide(e.g.,RhoGEF)or in uencing otherprop-
ertiesrelatedto the nucleotide-bindindFig. 1.12).
ExtracelluladigandscanactvateGTPasesromthe
Rhofamyily. BradykininandTNF stimulates
Cdc42; PDGFE EGE insulin, and bombesinacti-
vatesRacl; LPA andbombesininducesthe stim-
ulusof RhoA.

CHAPTER1. INTRODUCTION

Figurel.11: The cycle of changedy which a
myosinmoleculewalksalonganactin lament.
(Souce: [2], p. 852.)

Downstreansignalingpathways mediatedoy the membersof the Rho family areshavn in Fig.
1.14andFig. 1.13. Thesearenot separateghathwaysbut they cross-talkbetweeneachother (See
e.g.,[18].) WhereasRacand Cdc42stimulatescell motility Rho inducesthe formation of stable

stressbers resultingin aratherstationarycellularbehaior.
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Figure1.12: Mode of activation of the Rho family GTPases.Extracellularsignal(e.g.,the binding
of the proteinthrombin)to atrimeric G protein-linkedseven-transmembrarreceptor(R) induceshe
dissociationof the sulunit (G ) fromthe and sulunitsby the exchangeof the boundGDPto
GTPin the sulunit. Theactivated sulunit relaysthe signalto aneffector(Rho GEF)of the Rho
protein. GEF, Guaninenucleotideexchangefactors; GAP, GTPase-actiating proteins;GDI, GDP
dissociationnhibitor; GDF, GDI dissociatiorfactor Souce: [42]

Figure 1.13: Signal-transductiopathwaysinvolvedin Rho-inducedstress- breassembly Souce:
[10]
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Figure 1.14: Signal-transductiompathways inducedby Rac and Cdc42(shownn in red), which are
thoughtto contrikbute to the formation of actin-containingamellipodiaand lopodia respectiely.
Souce: [10]
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1.2.3 Intermediate laments

'Intermediate laments aretoughanddurableprotein bers foundin the cytoplasmof most,but not
all, animalcells: (Quotedfrom[2], p. 796.) Thenucleususuallysurroundedy a meshvork of IF-s,
which extendsto the plasmamembrane The nuclearernvelopealsounderlaidby an IF network, the
so callednuclearlamina. IF monomersare elongatedbrous proteinsunlike actin andtubulin. 1F
polymersarenonpolarizedwhich distinguisheshemfrom MT-s andF-actin(Fig. 1.15)[77].

1.3 Cell-extracellular matrix interactions

(Theslkeletonof this sectionis basedon [2], Chapter19.)

In animalsthe spacebetweercellsis mainly lled by the extracellularmatrix (ECM), whichis a
meshvork of proteinsandpolysaccharide@-ig. 1.16). ECM is notonly a scafold for cellsbut rather
an actve mediumthat interactswith cells andin uencestheir development,proliferation, motility,
shapeandfunction. We used bronectin, a large glycoproteinin our nuclearmotility experimentsas
acell adhesie agent.Typelll bronectin repeats a characteristienoduleof bronectin (Fig. 1.17).
This modulecontainsthe Arg-Gly-Asp (RGD) sequencewhich canbind to the integrin cell surface
receptors.

Integrinsarethetransmembranknker moleculesdbetweerintracellularactin laments andextra-
cellular matrix proteins(FIG. 1.18andFig. 1.19). Thesemolecularcontactsalsotake partin signal
transductionCellsfrom theadherentypelacking cell-substrateontactswill notsurvive,whichis a
rathercontrolledbehaior asa consequencef the missingsignal.

1.4 Cell migration

Cell locomotionis drivenby actin polymerizationandactomyosincontractions At the leadingedge
of thecell actinpolymerizationpusheghe plasmamembrandorwardin thelamellipodium(Fig. 1.8.
During the outgrawvth of the lamellipodiumthe cell bodywith the nucleususuallystay x edrelatve
to thesubstratelueto thefocal contactsandothercell-matrixjunctions.Boththetransporof thecell

bodyto theleadingedgeandthe consecutre retractionof therearpartof the cell -thetail- is known

to be mediatedby actomyosincontraction. In mostcaseshe abose mentioned3 distinct stepsare
acceptedo make up the cellularlocomotion. Although, in the courseof locomotionthe nucleusis

transportedorwardvia anactomyosirbasedmnachinerynuclearpositioningandfasttranslocatiorof

thenucleuss generallydrivenby anMT-dependensystemg.g.,in buddingyeastor in the oogyte of

someanimals.
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Figure 1.15: A currentmodel of intermediate lament construction. The monomershavn in (A)
pairswith anidenticalmonomerto form adimer(B) in whichthe conseredcentralrod domainsare
alignedin parallelandwoundtogetherinto a coiled-coil. Two dimersthenline up sideby sideto form
anantiparalleltetramerof four polypeptidechains(C). Within eachtetramerthedimersarestaggered
with respecto oneanotheytherebyallowing it to associatavith anothertetramerasshown in (D).
In the nal 10-nmintermediatedlament, tetramersare packed togetherin aropelike array (E). An
electronmicrographof the nal lament is shavn upperleft. (Souce: [2], p. 797.)
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Figure 1.16: The comparatie shapesand sizesof the major extracellularmatrix macromolecules.
Proteinis shavnin greenglycosaminoglycaim red. (Souce: [2], p. 992.)

1.5 Nuclear motility

Intracellulartransportof organellescanbe basicallyactin- or MT-dependentBoth the polymeriza-
tion of actin/MT-s andmolecularmotorscandrive intracellularmotility. Vesiclesandmorecomplex
organellesvith membrandoundarysuchasendoplasmiceticulum,golgi apparatusandthenucleus
[63] areusuallypositioned,alignedandtransportedn the cell in an MT-dependentvay. Although,
kinesinsand cytoplasmicdyneinsarethe maintools of this transportthe positioningof the nucleus
-e.g.,in yeast-needdMT-polymerization.In mitosis,besideghe actionof severalMT motors,orga-
nized MT-polymerizationis alsorequiredto pull apartthe chromosomesSomebacteriacanmove
with an enormousspeedin cells using an actin-polymerization-dvien engine: an actin comettalil
pushedorwardtheseparasites.

Migrating cellstranslocateheir cell bodiesto the leadingedgeby nucleokinesig43]. This pro-
cessds known to becritically MT-dependenf23]. In thedevelopingbraindistinctmodesof neuronal
migrationareknown [56]. In all modesthe nucleusis translocatedlongthe elongatecheuronin a
presumablyMT-dependentvay [52, 53]. In the ventricularzone(VZ) the nuclei of neuronalpro-
genitorcells andradial glial cells oscillatebetweenthe bordersof the VZ 1.20,which is known as
interkineticnuclearmovementandhasimportantrole in the developmentf the brain[54]. This nu-
clearmotility is coupledto thecell cycle. Lissencephalysmoothbrain)is aseriousdiseasein which
themigrationof neurondo thecerebrakortex is inhibited. Theabnormallylow level of theLIS1 pro-
tein causedissencephalyThe similarity betweenLIS1 andNUDF -nuclearmigrationproteinfrom
A. nidulans aworm- suggestshatnucleamigrationandneuronaimigrationarerelated/52].

Two widely studiedsystemsare oocytes and fungi in termsof nuclearmotility. Sustaineds-
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Figurel.17: Thestructureof a bronectin dimer. As shavn schematicallyn (A), thetwo polypeptide
aresimilar but generallynot identical (beingmadefrom the samegenebut from differently spliced
MRNASs). They arejoined by two disul de bondsnearthe carboxylterminus. Eachchainis almost
2500aminoacid residuedong andis foldedinto ve or six rodlike domainsconnectedy e xible

polypeptidesggments.Individual domainsarespecializedor bindingto a particularmoleculeor to a

cell, asindicatedfor threeof thedomains.For simplicity, notall of theknown bindingsitesareshavn

(thereareothercell-binding sites,for example). (B) Electronmicrographsof individual molecules
shadeovedwith platinum:arrowsmarkthe carboxyltermini. (C) Thethree-dimensionaitructureof a

typelll bronectin repeatasdeterminedy nucleamagnetiaesonancstudies It is themaintypeof

repeatingnodulesin bronectin andis alsofoundin mary otherproteins.The Arg-Gly-Asp (RGD)

sequencshaown in partof the majorcell-bindingsite (shavn in bluein [A]). (Souce: [2], p. 986.)

cillations of the nucleusbetweenthe endsof the cell wasfoundto be drivenby MT-polymerization
in ssion yeastbeforemeiotic division [24]. This phenomenonakesplaceon the scaleof minutes.
In this casea bundle of MT-s pushesthe microtuhkule organizingcentey which dragsthe nucleus.
Similarly, positioningthe nucleusby pushingvia MT polymerizationin ssion yeasthasbeenalso
described75]. Therotationof the nucleusvasdescribedn severalcell types[5]. In culturemostof
therotationsoccurin the planeof the culturedish,i.e. in the planeof the attened cell. Rotational
activity wasfoundto be relatedto the cell cycle: it happengreferentiallyin phaseghat surround
mitosis. Interestingly in the rootsof plantsnucleimove in anactin-dependentvay (e.g. [17]), not
by meansf MT-polymerizationor MT motors.

Experimentsn microfabricatedchambershaved that the polimerizationforce of microtutules
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Figurel.18: A possiblearrangemendf someof theintracellularattachmenproteinsthatmediatethe
linkagebetweeranintegrin andactin laments is shovn. (Souce: [2], p. 842.)
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Figure1.19: The sukunit structureof anintegrin cell-surfacematrix receptor Electronmicrographs
of isolatedreceptorsuggesthatthe moleculehasapproximatelythe shapeshovn, with the globular
headprojectingmore than 20 nm from the lipid bilayer By binding to a matrix protein outside
the cell andto the actin cytoskeleton (via the attachmeniroteinstalin and -actinin) inside the
cell, the proteinsenesasa transmembranénker. The and chainsareboth glycosylated(not
shavn) andare held togetherby noncovalentbonds. In the bronectin receptorshonn, the chain
is madeinitially asa single 140,000-daltorpolypeptidechain,which is thencleaved into onesmall
transmembranehainandonelarge extracellularchainthatremainheldtogetheiby adisul de bond;
this extracellularchainis foldedinto four divalent-cation-bindinglomains.The extracellularpart of
the chaincontainsarepeatingcysteine-richregion, whereinterchaindisul de bondingoccurs;the
chainhasamassof about100,000daltons.
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Figure 1.20: a, Schematiadiagramof a sectionthroughthe developingrodentforebrain. b, c, II-

lustrationsof the differentstagesof neocorticaldevelopment. The dorsalforebraingivesrise to the
cerebralcortex. ThelateralganglioniceminencegLGE) andmedialganglioniceminence MGE) of
theventralforebraingeneratéhe neuronf the basalgangliaandthe corticalinterneuronsthe latter
follow tangentiaimigratoryroutesto the cortex (a, arrowns). In the dorsalforebrain(a, boxed area),
neuronalmigrationbeginswhenthe rst cohortof postmitoticneuronsmovesout of the ventricular
zone(VZ) to form the preplate(PP)(b). Subsequentohortsof neurong(pyramidalcells) migrate,
aidedby radial glia, throughthe intermediatezone(lZ) to split the PPinto the outermarginal zone
(MZ) andinnersubplatg SP)(c). CR corticalplate.Souce: [56]
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itself in the absenceof motors(dyneinand kinesin) could positionthe arti cial centrosomen the
middle of the MT astersto the geometriccenterof the chambel{38]. Dynamicinstability of MT-s
enableghe centrosoméo explore the chambergeometry{30]. Theoreticalresultsreinforcethatthe
centrosomeanbedrivenby the pushingforce of polymerizingMT-sin asimpleway [25].

1.5.1 Cell polarization and centrosomesn motile cells

The polarizationof cellsis a poorly understoodphenomenonandit is beingexploredby the tools
of molecularbiology. Polarizationis crucial in numerouscell types. In polarizedcells the spatial
distributionof intracellulamoleculess asymmetricMT-sandcentrosomeareknown to have central
rolein polarization.Thecorrelationbetweerthe positionof centrosomeandpolarizationis far from
trivial. In motile cellsthe directionof migrationandthe positionof centrosomeseemto berelated
in anotyetclearway [80] [21] [57].



Chapter 2
Objectives

Motion of cell componentss dominatedby randompositional uctuations and periodicmovement
onthe scaleof biomolecules Cell motility andshapgormationarebelievedto be directly relatedto
the polymerizationdynamicsof actinandactin-associatethotor proteins. Sophisticatedheoretical
modelsanda numberof ingeniousexperimentshave provided strongevidencethatcell protrusionis
drivenby actin polymerizatione.g.,[51, 1]. Although severalexperimentshave beencarriedoutin
orderto understandhe precisemechanisnof cellularmotility, the detailedprocesss still uncovered,
especiallyonthe nanometescale.

Fluctuationsare consideredo be crucial in termsof the understandingf cellular motility. In
principle,nanometescale uctuationsof cellscanbestudiedby theatomicforcemicroscopd AFM),
andthis techniques almostuniquein this sense.(In somecases,uctuations of biopolymers,such
asF-actin,canbevisualizedalsoby specialoptical microscope$22] beneatithe micronrange.)We
attemptedo probethese uctuations with the AFM. Our purposewasto gaindeepeltinsightinto the
dynamicsof cellsthananopticalmicroscopecouldever provide.

Microscopic uctuationsresultin controlledmacroscopidiological motility. We studieda type
of intracellularmotion, which is mesoscopidn this sence:motility of the cell nucleusshavs both
stochasti@andcontrolledfeatures.

Nuclearmigrationis an essentialispectof a numberof cellular and developmentalprocesses.
Appropriatelocation of the nucleuseven in non-M phasecells can be relevant. For example,in
thetightly pacled pseudostrati ecepithelianucleiof the elongatectells arearrangedo avoid each
other[69]. Migrating culturedcellstranslocateheir cell bodiesto the leadingedgeby nucleokinesis
[43]. In thedevelopingbraindistinctmodesof neuronalmigrationareknown [56]; in theventricular
zonenuclei of neuronalprogenitorcells and radial glial cells oscillate betweenthe bordersof the
zone(1.20). Althoughit hasimportantrole in the developmentof the brain [54], the functionand
mechanisnof this remarkablgphenomenowalledinterkineticnucleamigrationis not clear

Experimentakystemausedto investigatenuclearmotility mentionedabove andin the introduc-
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tion could not reveal the biophysicalmechanisnthat driveslong-termnuclearmigrationin animal
cells. Using a micropatterningechniquecombinedwith time lapsephasecontrastmicroscoly and
subsequenproteinlabelingwe werelooking for this mechanismOur aim wasto quantitatvely de-
scribethe phenomenomwf nucleamigrationin elongatedellsandgive areasonabl@hysicalmodel,
which canexplainthe effectin agreemenivith formerresultsandour experimentalbbsenations.



Chapter 3

Materials and Methods

3.1 Cell cultures:in vitr o ervironment

Most animal cells are adherentwhich meansthat they cansurvive if they are attachedo a solid
surface.Thereareafew exceptionse.g.,redbloodcells. Adherentcellscanbemaintainedn vitro on
numeroussurfacessuchasglassin the appropriateculturemedium. Althougharti cial surfacesthat
areusedto keepcellsin vitro canonly partially mimic the naturalernvironmentof cells,thesecultures
canbereasonablenodelsof tissues.

Cellscanbekeptalive for a few hoursin physiologicalbuffersthataresolutionsof salts.Onthe
long run they needculture mediumand somecomponent®of the blood serumto live and prolifer-
atesufciently. Thesecomponentare proteins,especiallygrownth factors,which arepresenin the
physiologicalervironmentof cellsin tissues. Numerousdifferentculture mediaare knowvn. They
consistof water salts,aminoacids,glucoseandvitamins. Which mediumto choosedepend®nthe
cell type andthe experimentalsetup. We usedDMEM (Dulbeccos Modi ed EagleMedium) with
10 % FCS(FetalCalf Serum)in the AFM experimentandMEM (Minimal EssentiaMedium)with
10 % FCSin the time-lapsephasecontrastexperiments.Mammaliancells need37 C. For a short
time they cansurvive atlowertemperaturege.g.roomtemperature)vithoutary irreversibledamage.
For a practicallyin nite periodof time cells canbe keptin a frozenstateusingliquid nitrogenand
a cryoprotectve agent(e.g. DMSO or glycerol). Transitionfrom 37 Cto-196 C andbackwards
canbe lethal,in mostcasesa numberof cellswill not survive. Thisis calledfreeze-thasr damage.
Interestingly arelatively slow freezingprocessrom 37 C to about-60 is moresuccessfuthana
rapidone.pH of themediumcanbestabilizedin 5% CO atmosphereCO diffusesinto themedium
from theatmosphere.

We usedseveraltypesof cellsin our experiments:3T3 mouse broblast [74], C6 rat glioma([7],
U87 humanglioma[62] immortalizedcell linesandprimary mouse broblasts.

Culturesof C6,U87,and3T3 cellsweregronn in DMEM (Dulbeccos Modi ed EagleMedium,
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GIBCO) or MEM (Minimum EssentiaMedium, SIGMA) supplementeavith 10 % fetal calf serum
(FCS;Gibco),4 mM glutamineand40 g/ml gentamycinin humidi ed air atmosphereontaining
5% CO , at37 C. Primary broblasts wereisolatedfrom the bodiesof 13 day old mouseembryos.
Primaryastroglialcellswerepreparedrom newbornmouseforebrains asit wasdescribegreviously
[44].

3.2 Atomic forcemicroscopy

3.2.1 Fundamentals

Atomic ForceMicroscopy (AFM) is arelatively new techniquehatbelonggo thefamily of scanning
probemicroscope$SPM-s).SPM-semploy amicroscopigprobe which scansoverthe surfacebeing
investigated.Positioningthe probewith 0.01 nm accurag canbe solved by usinga piezoelectric
scannerDifferencedbetweerSPM-semegefrom theinteractionbetweerthe surfaceandthe probe.
An electricalfeedbackcircuit canbe usedto keepthe strengthof the interactionat a constantevel,

which, in turn, makesit possibleto acquirea mapof thesurface.

The rst SPM, inventedand constructedn 1981-82by Binnig and Rohrer[9], wasa scanning
tunnelingmicroscopgSTM). This techniquds capableof the examinationof electricallyconducting
surfaceson an atomicscale. Due to the voltageappliedto the probe,which is a sharpconducting
tip in this case,tunnelingcurrent o ws from the tip to the sampleor vice versa. The tunneling
currentis usuallyan exponentialfunction of the distancebetweenthe tip andthe sample[68] with
a characteristiadistancein the rangeof 0.01 nm. This is the main featureof the techniquethat
makes atomic resolutionpossible. Most biological samplescan hardly be probedby STM dueto
theirinsulatingcharacterAFM solvesthis problemeffectively [8, 48]. Probeof the AFM is asharp
hardtip, which canbeeitheranelectricconductoror aninsulator Thetip is mountedon a cantilever
(spring). A singlecarbonnanotubecanbe eithergrown or attachedo the endof thetip, resultingin
anextremelyhigh aspect-rati@nda smallradiusof cunature(Fig. 3.1).

AFM is aforce sensar Whenthe surfaceunderinvestigationattractsor repelsthe tip, the can-
tileverbendgo or from thesurface.This bendingis thenmeasuredby positionsensitve photodiodes
via thedisplacemenof thelaserbeamre ectedby the backof the cantilever. (Fig. 3.2.)

With this techniquethe cantilever's de ection canbe sensedvith a 0.01 nm resolution. Force
betweenthe sampleandthe tip is determinedaccordingto Hooke's law, if the force constaniof the
cantilever is known. Thermalvibrationsof the cantilever provide aneleganttool to measurats force
constan{46]. Althoughfurthermethodsarealsoavailable,thistechniquas themostpractical. Some
commercialAFM softwarescando the force calibrationwith high precisionautomaticallyusingthe
thermal uctuation method.
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Figure3.1: Scanningelectronmicrographs:anetchedsilicon tip on theright anda carbonnanotube
probeontheleft. (Souce: http://store.veco.conandhttp://cmliris.harvad.edu/.)

Figure3.2: Schematigepresentationf the AFM head.Beamemittedfrom alaserdiodeis re ected
onthebackof the cantilever. With the help of anadjustablemirror thelaserbeamcanbedirectedto
the photodiodes.Bendingof the cantilever is measuredby the detectionof the positionof the laser
spoton the surfaceof the diodes.The photodetectors madeup of 4 segments:not only thebending
but thetorsition of the cantilever canbe measuredaswell.
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Piezoscannersactuatehe cantilever. Whenhigh voltageis appliedto a piezoelectriomaterial, it
elongatesThiseffectis utilizedin thescannerg¢Fig. 3.3). Piezoscannersanpositionthetip attached
to themwith anaccurag in the 0.01 nm range. Dif culties appeamwith distortion, reproducibility
andaccurag of measurementdueto the nonlinearity hysteresisanddrift of the piezoeffect.

Sensitvity andresolutionof AFM is determinedoy distinct parametersthe intrinsic sensitvity
of the opticallever; thermalnoise;andthetip’s radiusof curvature.(See

andreferencesherein.)Bestresolutionthatcanbe achiezed on the surface
of living cellsis in therangeof 10-100nm. Higherresolutionimageswill notrevealmoredetailsdue
to thelow contrastwhichis anoutcomeof the softness.

3.2.2 Imaging and spectroscopy

Theimagingability of AFM is utilized in numerouselds of surfacescienceandsolid statephysics.
AFM alsohasindustrialapplicationse.g.,in semiconductotechnology In biology it is appliedfor
bothimagingandspectroscopipurposes.

Thetwo basicmodesof AFM imagingarecontactmodeandnon-contac{tapping)mode[34]. In
contactmodethetip is in continuouscontactwith the sample,i.e., it is in the repellingzoneof the
vanderWaalsinteraction.On the contrary in tappingmodethetip oscillateswith high frequeng in
the attractve zone(fartherfrom the samplesurface)andhits the surfaceoncein a period. In contact
mode AFM acquiresthe equiforcemap of the surfaceusing an electric feedbackioop that adjusts
the z coordinate(perpendiculadirectionto the surface)of the cantilever so that the force would be
constant.This 3D mapis calledcontactmodetopographiadmage.Feedbaclkarametersanbetuned.
Perfectfeedbackwould resultin a constantde ection of thetip. In de ection modeAFM measures
the de ection of the cantilever, i.e., the error of the feedback.De ection modeimagesusuallygive
bettercontrastthanthe topographiconesdueto the high de ection of the cantilever at the edgeson
the surface.Finite time constanf thefeedbacHKimits the scanningspeed.Generally the frequeng
of thescannings keptconstantwhenthe scannedreachangesscanningspeeds higherin alarger
window. Theoptimalscanningrequeng is determinednainly by the piezoscanneitself. In tapping
modeeitherthe amplitudeor the phaseof the oscillationis keptconstanty feedback.Far from the
samplethe operatoradjuststhe excitationfrequeng (frequeny of the AC on the piezooscillatingit
in the z direction)closeto a resonanpeakof the cantilever. In the proximity of the sampleboththe
amplitudeandphaseof the oscillationis alteredby the interactionbetweenthe tip andthe surface.
Constanforcegradientmapof the surfacecanbeimagedby this methodbecaus¢he eigenfrequenc
of the cantilever is dependenbn the z gradientof thetip-sampleforce. Investigatingsoft biological
samplestapping modeis very useful sinceit is more gentle than the contactmode: deformsor
damageshe samplein alessextent.

Spatialresolutionprovided by optical microscopy of living cells doesnot enableresearcherto
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Figure3.3: Typesof piezoscannersa, thetripod; b, thethermallycompensatedymmetricakcanner
andc, the piezotube. The rst STMs all usedpiezotripodsfor scanning. The piezotripod is an
intuitive way to generatehethreedimensionamovementof atip attachedo its center However, to
geta suitablestability andscanningrange the tripod needsto be fairly large (about5 cm). Its size
andits asymmetricshapemale it very susceptibldgo thermaldrift. The thermaldrift performance
of the symmetricaldesignis muchbetterthanthe simpletripod. However a complicatedassembly
of mary piezo piecesis required. The tube scanneris now widely usedin SPM for its simplicity
andits small size. The outerelectrodeis segmentedn four equalsectorsof 90 degrees. Opposite
sectorsaredrivenby signalsof the samemagnitude but oppositesign. This gives,throughbending,
a two dimensionalmovementon, approximatelya sphere. The inner electrodeis normally driven
by the z signal. It is possible,however, to useonly the outerelectrodedor scanningandfor the z
movement. The main dravback of applyingthe z signalto the outerelectrodess, thatthe applied
voltageis the sum of both the x or y movementand the z-movement. Hencea larger scansize
effectively reduceghe availablerangefor the z control. Piezoscannerstubesandtripods,aremade
of piezoceramicmaterial. Piezomaterialswith a high conversionratio or small distanceetween
the electrodesallowing large scanrangeswith low driving voltages,do have substantiahysteresis
resultingin adeviationfrom linearity by morethan10%. Thesensitvity of the piezoceramicmaterial
(mechanicatlisplacemendividedby driving voltage)increasesvith reducedscanningange whereas
thehysteresiss reduced A carefulselectionof the materialfor the piezoscannersthe designof the
scannersandof the operatingconditionsis necessaryo get optimumperformance.Souce:
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obsere nanometescalemotionandrearrangemerdf cell componentsAFM is anadequateéool for
suchmeasurementd 4, 36,58, 65]. Stressbres (contractilebundlesof actin laments andmyosin-
II) play animportantrole in the control of cell shapeandthe adhesiorof cells to the extracellular
matrixthroughfocalcontacts Thesecharacteristicytoskeletalelement€anbeimagedwith theAFM
dueto their high elasticmodulus[64, 37]. AFM is capablenot only for recordinghigh-resolution
topographieamagesof living cellsbut alsofor measuringheelasticpropertieof themsimultaneously
[45] andinvestigatingcellulardynamicq26, 66.

Positioningthetip overa point of the sample force-distanceurvescanbeacquiredby approach-
ing andremoving the tip from the surface. Thesecurves-alsonamedforce spectra-can be highly
informative in termsof thelocal elasticpropertiesof the sample.Elasticmodulusof the samplecan
becalculatedrom theforcespectran caseof aliving cell, too(e.qg.[45, 33]. Localforcespectroscop
on eachpixel of animagewill provide the elasticmapof thesurface.

Themain eld of applicationof force spectroscopis the studyof intra- or intermoleculatinter-
actionswith pN andsubnanometetresolution(for review see[81]). Amongothers,proteinfolding,
receptominding,antibody-antigemndDNA-proteininteractionscanbe studiedby thistechnique.

3.2.3 Technicaldetails

Scanningepetitvely thesurfaceof a cell time-lapsamagescanberecorded33, 67]. Theanalysisof
subsequeritnagesyieldingamovie is highly informative in termsof thekineticsof the cytoskeleton.
Although fastcellular motility cannot be examinedby the repetitve scanningoroceduredueto the
minute-rangef scanningime, nanometescalefastmotion canbe probedby positioningthetip on
theareaof interest.In this way we couldinvestigateahefastvertical uctuationsof thecells.

A commercialAFM (TopoMetrix Explorer SantaClara, CA) with a tripod piezo scannerand
custom-madeampleheatingcontrol systemand uid chambemwasused(Fig. 3.4 and3.5). Mea-
surementsvere carriedout at 37 C in CO independenmediumcontaining10% fetal calf serum
(GIBCO). We usedsoft silicon nitride cantilevers(Thermomicroscope£;oatedSharpMicrolevers,
Model# MSCT-AUHW, with typicalforceconstan0.01-0.03\/m, 20 nmradiusof curvature).Topo-
graphicandde ectionimageswereacquiredn contactmode.High-resolutionmageswereacquired
at a scanningfrequeny of 4 Hz. Non-destructie low force scanningprovided stablesustained
imagingof living cellsfor 8—10hours.After the AFM experimentellsweremaintainedn thesame
mediumfor 1-2 daysandfoundto be normal. We could not achieve high-resolutionmagingon a
portionof cellsdueto theirincreasedeightor softness.

Consideringhatsmalldetailsof cellularcomponentsanbeobsenredatthebestqualityonshaded
de ection modeimageswe presenbur experimentaldatain thisformat. Topographigmagesprovide
heightinformationbut with poorcontrast.

We measuredhe averagedisplacemenof the contourat the edgesof cells. In themiddle of cells
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Figure3.4: The AFM systemwe used.AFM headon the vibrationisolatedstageon the lower left,
above thisthemonitor-shaving the positionof thetips andthe sample-onthetop of the AFM control
boxes,the heatingcontrol on the top middle, underthis the digital oscilloscopeandthe pc monitor
beside.
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Figure3.5: TopoMetrix AFM headon the home-madédeatcontrolledsampleholdet
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Figure 3.6: Phase contrast light pathways in an upright arrangement. (Souce:
http://wwwolympusmias.com/primer/telsniques/phasecordstphasehtml)

we have chosensomestructureswith a characteristicshapeandthe lateral displacement®f these
structuresveremeasured.The measurementf local height uctuations of cellswasstartedat least
1/2 h after mountingthe sampleinto the uid cell. In this way thermaltransienteffects could be
eliminated.After eachscanthetip waspositionedontothe point of interestwith the sameforceand
feedbackparameterandwe capturedhedcvoltageof thez piezoby adigital oscilloscopdTektronix
TDS 210)for 22.5secwith 100Hz samplingrate.

3.3 Phasecontrast time-lapsemicroscopy

Althoughmostanimalcellscannotbevisualizedby a simpleopticalmicroscopesincethey aretrans-
parent,they canbe studiedby phasecontrastmicroscoly constructedoy Zernike in 1932. Phase
contrastmicroscopeagivescontrastoetweerareaswith differentrefractionindices. Therefractionin-
dex of thecytoplasmis higherthanthatof theculturemedium.Evensomecellularorganellessuchas
the nucleuscanbe distinguishedy this technique.The mainfeatureof a phasecontrastmicroscope
is the specialobjective with a phasering andthe correspondingllumination throughanannularring
(Fig. 3.6). To achieve optimal contrastin caseof sampleregionswith slightly differentrefraction
indicesthe phaseing is manubcturedo causea /4 phaseshift of thedirectbeam.Theinterference
of the direct beamand beamsdiffractedby the cells resultsin bright imageof the cells with dark
background.

On the basisof former videomicroscopesonstructedoy Andras Czirdok and Balazs Hegedus,
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Figure3.7: The automatedime-lapsenversephasecontrastmicroscopesystemwe usedin the cell
motility studiescapablefor taking high resolutionphotosof living cellsfor severaldays.

which proved to be adequatédor the study of cellular locomotion[20, 35] we built an automatic
systemto acquiretime-lapsemages(Fig. 3.7). An OlympusC-4040Zoomdigital cameracontrolled
by a computerhasbeenmountedon the sideport of a LeicaDM IRB invertedmicroscopewith the

useof anoptical couplingconstructedy Ottdo Haimann.The communicatiormoduleof the camera
was madeby David Selmeczi,it combinesthe photopcand gphoto2programs. The focus of the

microscopecanbe automaticallyadjustedoy a computercontrolledsteppemotor manugcturedby

SandorHopp.

A home-madé¢hermostatonstructedy AndrasCzirdk and TamasVicsekwasusedto keepthe
cell culturesat 37 C. 5% CO , 76% nitrogen,19% oxygenatmospherand 100% relatve humid-
ity was maintainedby the applicationof a computercontrolledelectricalvalve, which controlsthe
in- o w of the fresh5% CO2 into the thermostatand openwater tanksinside. Prior to the time-
lapseexperimentscells werepassagedver the micropatternedgurfaceof 35 mm plasticpetri dishes
(Greiner)atadensityof 1-1.5x 10 cell/lcm in MEM with 10%FCS.
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Drugs usedin the inhibitor studies: vinblastine,taxol, sodium-orthwanadate AMP-PNR cy-
tochalasirD, ML-7 werepurchasedrom SIGMA. Drugswereaddedo the culturemediumafter1-d
time-lapseobsenationof thecells.

3.4 Processingand analysisof data fr om time-lapsemicroscopy

Positionof the nuclei, andthe two endsof single cells shaving clearnuclearmigrationwas deter
minedmanuallyin every time-lapseframeusingthe gtrak software constructedy David Selmeczi,
wherefrom and , locationof the nucleus( ) andthetwo ends( ) of theith
cell attime wasde ned. Velocity of the nucleusof theith cell attime wascalculatedas
the net displacemenof the nucleusin a time interval of 30 minutes. The startandthe end of this
interval waschosersymmetrically 15 minutesbeforeandafterthetime moment . Directionof nu-
clearmotility wasdeterminecautomaticallyby leastsquaresnethod.Densityfunctionof thevelocity

distribution in a cell populationwasdeterminedasthenumber of eachoccurentvelocities ,
normalizedby the numberof velocitydata( ). Periodof the periodicnucleamigrationof a certain
cell , wascalculatedrom the functionby measuringhe distancebetweernhe peaks.Accu-
racy of this procedurevas 0.5h. (Fourierspectrumprovided lessaccuratedataof the periodif it
wascloseto thetime periodof obsenation.)

3.5 Immunocytochemistry

At the end of the time-lapseexperimentssampleswere x ed using4% paraformaldehydéen PBS
for 25 minutes,afterwardskeptat4 C in PBScontainingNa-azide. The membrane®f x edcells
werepermeabilizedby treatmentvith Triton X-100 (5 min., 0,1%v/v in PBS).Non-speci cantibody
bindingwasblocked by incubationwith 5 % FCSin PBSatroomtemperaturefor 1 hour. Antibod-
iesto -tubulin (mouse;ExBio, Praha)and -tubulin (rabbit; Sigma)were usedat dilutions of 1 to
1000-5000respectrely. Secondanantibodiedo -tubulin wereCy3(1:3000,Jacksonpr Alexa488
labeledanti-mouselgG-s (1:1000,Molecular Probes). -tubulin was visualisedby 1.5 hour incu-
bationwith biotin-conjugatedanti-rabbitlgG (1:1000, Vector)followed by 1 hour incubationwith
uorescentavidin-TRITC (1:750,Sigma).

Fluorescenimageswereaquiredwith theLeicaDM IRB microscope40x N-planobjectve, mer
cury lampillumination or with anOlympusBX61 confocalmicroscopef0x oil immersionobjective,
1.1 numericaperture.
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3.6 Micr opatternedcell adhesve surfaces

We manufcturedmicropatternedgsubstrate$50] for the phasecontrastcell motility studies. Poly-
dimethyl-siloxang DPMS, Sylgard184 from Dow Corning) micropatternedgtampswerefabricated
by GaborCdics,Laboratoryfor BiomechanicsDepartmenfor MechanicabndProcesg&ngineering,
ETH Zurich with a lithographicprocedurg19]. In our nuclearmigration studieswe usedsimple
stripedpatternswith 20,40 0r 60 m lattice constan{Fig. 3.8).

We applieda protein maskingtechniqueusing poly-I-lysine-poly-ethylene-glycolPLL-PEG),a
moleculerepellingproteins.After patterningthe substratesurfacewith the proteinwe droppedPLL-
PEGsolutionontoit. PLL-PEGadheredo thosesitesonly, wherethe proteinmaskdoesnot cover
the surface. Cells adhereto the surfacevia proteins,which infers that they will not adhereto the
PLL-PEGcoveredregion but to the proteincoveredsites.

Either protein solution (40 g/ml bronectin, 20 g/ml Alexa488 (Molecular Probes)labeled

brinogen) or 50 g/ml FITC labeledpoly-I-lysine (SIGMA) in PBS were placedonto the clean
surfaceof the DPMS stampsfor 30 min. Drop wasremoved andthe surfacewasdriedin air o w.

We placedthe stampcarefully with its patternedacedownsideon the inner side of the bottomof a
35 mm plasticpetridishor aglasscover slip andpushedt gentlyto achieve full contactbetweerthe
stampandthesurface.After 10-20secwe removedthe stamp,andwashedhe surfacewith waterand
HEPESbuffer. The quality of the patternwascontrolledin the uorescentmicroscopgFig. 3.8). We

incubateahe surfacewith 1 mg/ml PLL-PEGin HEPESbuffer for 10 min, removedit, andwashed
the surfacewith PBS.1-1.510 cellsin 2.5 ml minimal essentiamedium(MEM), 10% fetal calf

serum(FCS)werepasseaverthe patternedsubstrate.
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Figure3.8: Fluorescenprotein( bronectin-Alexa488labeled brinogen mixture) patternon the sur
faceof aplasticpetridish: 20 m wide stripes.



Chapter 4

Results

4.1 Nanometerscalecellular uctuations studied by AFM

We investigatedhenanometescaleheight uctuationsof 3T3 broblast cellsby atomicforce micro-
scope(AFM) underphysiologicalconditions. Distinct typesof cellular motility could be examined
by the measuremendf vertical uctuations.

Fig. 4.1displays2 imagesof a movie shaving the slight motility of the rearedgeof a cell with
a 4.5 minutestime shift. This cell wasalmostquiescentduring the experimentwith a highly stable
structureof cytoskeletal bers and moderatdateralmotility. The rearedgeis being pulled by the
stressbres: seethe parallelsetof curved bres anchoredo the edgeof the cell. In the sametime
cell-matrixjunctionsor nonspeci ccontactsadheringthe rearof the cell to the supportwealenand
break.We alsoobseredatypicalretractingtriangularshaped20 m wide contact(imagenotshawn)
of thesamecell at therearedge. The contactwasbroken a few minutesafter recordingthe vertical

uctuations.

Typical vertical uctuations registeredon thesetwo locationsarepresentedn Fig. 4.2. We sup-
posethat the apparendifferencebetweenvertical uctuations originatesin the differentbiological
actuvities of the two regions. While the entire region of the cell shovn in Fig. 4.1 was extremely
stablewith alateralvelocity of about2 nm/s,the edgebesidetheretractingtriangularshapedtontact
movedwith aspeedf aboutll nm/s.

To analyzeheight uctuationswe calculatedhe power spectrumandthe height-heightorrelation
functionwith amaximal =5 stime shift of each height-timecurve:

(4.1)

(4.2)

where (10 ms)is thesamplingtime.

42
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Figure4.1: Shadedle ectionmodeimageswith a4.5minutesdifferenceshaving stableactin-myosin
cablesattherearof aquiescentell. Arrow in thelower left cornerindicateshe directionof motion.
SF:stressbres.

This function can characterizestochasticheight uctuations by giving the averagechangeof
heightasa function of time. Curvesare presentedn Fig. 4.3, the numberof measuredeight-time
curves is indicated. The lateral velocity of eachlocation seemsto correlatewith the saturation
valueof the height-heightcorrelationfunction measuredt thatlocationcon rming our assumption
that height uctuations arerelatedto local biological activity (motility). The startingslopesof the
curves give the speedof fast uctuations. Curvessaturatewith differentcharacteristiqsaturation)
times. Thereis anapparentifferencebetweencurves(a) and(b) in the saturatiorvalue. The char
acteristictime ( 2 s) of curve (a') is approximatelydoublethoseof the othertwo curves. Curve (')
wasregisteredon the middle region (cell body) of the quiescentell. (SeeTable4.1.) Characteristic
time andsaturatiorvaluearerelatedto the averagedurationandamplituderespectrely of anupward
or dovnwardmotion.

Theanalysisof powerspectrgFig. 4.4) of theheight-timecurvesacquiredon eachlocationof this
guiescentell revealedsustainegeriodic uctuationsduringthe experiment(1.5hours).We founda
characteristipeakat4.9 Hz with awidth of 3.5Hz. Theareaof this peakgivesanaverageamplitude
of 1.5 0.4nm. Cellswithout apparenstressbres nearbylack this peak. The origin of the sharp
peaksin thespectrunis electricnoise.

Fig. 4.5 shavs the contoursof a leadingedgeof a motile cell from consecutie images.Notethe
bright spot(S) appearingon the cell surfacecloseto the edgein the middle of the secondmage. It
appearsn lessthan7 minutesanddisappearsoonafter A similar onecanbe obsenedon theupper
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Figure4.2: Typical vertical uctuations measuren quiescentaindmotile cells. Graph(a) and(b)
belongto the quiescent(c) and(d) to the motile cell. We recordeda) on therearedgedisplayedin
Fig. 4.1. (b) wasmeasurean atypical retractingtriangularshapedontact(imagenot shavn) of the
cell attherearedge.This contactto the supportwasbrokenafew minutesafterrecordingthevertical

uctuations. (c) and(d) wereregisteredontheleadingedgeshown in Fig. 4.5andcloseto thatonthe
cell bodyrespectiely.
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Figure 4.3: Averagedheight-heightcorrelationfunctionsof uctuations measurecdn the surface
of the quiescentand the motile cell. Curwes (a, n=10); (b, n=8); (c, n=10) and (d, n=9) are the
correspondingorrelationfunctionsof vertical uctuations shown in Fig. 4.2. Cune (@', n=10)was
registeredon the middle region of the quiescentell. Thereis an apparendifferencebetweenthe
behaior of curvesbelongingto the quiescentandthe motile cell. Saturatiordisappearsn the scale
of severalsecondsn caseof the motile cell. This factindicatesthe presencef vertical motility on
this time scale. Signi cant differencebetweengraph(a) and(b) is attributedto the dynamicsof the
retractingcontactat therearedge.Seethe valueof lateralvelocity of locationsat eachcurve. 50 Hz
noiseon curvescanbeobsened.

Curve Starting r Saturation n Lateral Ve-
Slope value SD locity SD
[nm/s] [nm] [nm/s]
Quiescent a 6.3 0.94 105 0.2 10 23 04
cell
a' 8.4 0.97 17.0 0.2 10 32 05
b 16.7 0.97 28.1 03 8 114 25
Cellin mo- a 20.3 0.998 - 10 53 2.9
tion
b 28.7 0.999 - 9 53 29

Table4.1: Comparisorof the lateralvelocity and parametergharacterizingrertical uctuations of

differentlocationson the quiescentandthe motile cell. Parameter®f the height-heightcorrelation
functionarecalculatednthebasisof curvespresentedh Fig. 4.3. Startingslopeandsaturationvalue
weredetermineduy linear tting in the(0.3s,1 s)and(3 s,5 s) intervalsrespectiely, r: correlation
coefcient of tting, SD: Standardeviation, n: numberof measuredheight-timecurves.
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Figure4.4: Paver spectrumn=10)of height uctuations measureétthelocationshovn in Fig. 4.1.
Thepeakat4.9Hz canbefoundin eachpower spectrunof height uctuationscapturednthesurface
of the quiescentell. The power spectraof height uctuations of cellswithout apparenstressbres
nearbylack this peak.

part of the lastimage. Thesefeaturesseemto be linked to the endsof curved laments. In mary
casegnicrometersizedunidenti ed nodeswerefound on stressbres. They might be large protein
compleesattachedo F-actin.

Fig. 4.2 displaysthe height-timecurvescapturedon the leadingedge(c) andcloseto thaton the
cell body (d). Curvesshav increasedmotility especiallyon the long (several seconds}ime scale.
As a consequenceéhe saturationeffect of the height-heightcorrelationfunction disappear®n this
scale(Fig. 4.3). The speedof fast uctuationsis higher aswell. (SeeTable4.1.) We supposehat
theobseredincreasen vertical uctuationsis anoutcomeof actinpolymerization-depolymerization
processeattheleadingedge.Surprisingly theheight-heightorrelationfunctionshavsahigherlevel
of uctuations fartherfrom the leadingedge. It canbe a resultof actin depolymerizatiorprocesses
well behindthe edgeor anincreasedemporalmotility of this region which hasto follow the edge.

To sumup the resultsof the uctuation measurements;orrelationcould be obsened between
the heigth uctuations andthe lateralmotility of the cells. Fluctuationameasurean leadingedges
appearto be predominantlyrelatedto actin polymerization-depolymerizatioprocessesWe found
fast( 5 Hz) pulsatorybehaior with 1-2 nm amplitudeon a cell with low motility shaving empha-
sizedstructureof stressbres. Myosin driven contractionf stressbres arethoughtto inducethis
pulsation[72]
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Figure4.5: Consecutre shadedle ection modeimagesof aleadingedge.Approximately7 minutes
elapsedetweenimages. Arrow indicatesthe directionof motion. Note the bright spot(S) appear
ing on the cell surfacecloseto the edgein the middle of the secondimage. L: lamellipodium,F:
lopodium. Contourlines (extremeright) display the forward motion of the edge. The standard
deviation of lateral velocity was found to be higherthanin the caseof a lessmobile edgedueto
extensiongyrowing with high speedsuchasthe extensionon thelowerregion of thelastcontourline
correspondingo theright handimage.

4.2 Nuclear motility in elongatedcells

We usedamicropatterningechniqueo forcecellsto form highly elongatedbipolar’ shapeonnarrov
adheste stripesbetweennon-adhesie stripes. This methodproved to be adequateo investigate
nucleamotility by time-lapsemicroscopy for severaldays.

In our nuclearmotility experiments besidedJ87 humanglioma, 3T3 mouse broblast and pri-
mary mouse broblast, we usedthe C6 rat gliomacell line. This cell line is closelyrelatedto the so
calledradialglial cellsthatshav the phenomenowf interkineticnucleamigrationin the developing
brain. Radial-like glial cells could be generatedrom C6 cells[31]. It meanghatour experimental
setupcanbeasimplein vitro modelof cellsin the brainin the stateof interkineticnucleamigration.
(Interkineticnucleamigrationis coupledto thecell cycle: cellsdivide aftereachcompletectycle of
migration,whenthe nucleusreacheshe endof the cell atthe ventricle. This featureis not presenin
our system.)

4.2.1 Phasecontrast movieswith subsequentabeling of microtubulesand cen-
trosomes

We obsenedin severalexperimentghatthenucleusof elongatedellsonthesurfaceof narraw stripes
is motile. This propertyis generafor theinvestigatedells. Withoutcell adhesie stripes cellsarenot
forcedto form anelongatedshapethey canappeain diversecon gurations.Longtermmigrationof
thenucleuswvasobsenedonly in elongatectells,it never happenedhn cellswith variantshapeg$71].
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Wefoundthatthemigratingnucleuscanturnbackattheendof thecell with almostowaiting,and
continuego migratein the oppositedirection. Nuclei areableto make numerousyclesin this way
(Fig. 4.6). (Seedemonstratie movieson
web site.) We call this phenomenomuto-rezersenuclearmigration,which is frequentin C6 glioma
cells and primary mouse broblasts. In broblasts the nucleusturns back usually beforereaching
the end of the elongatedcell. Although the nucleusof 3T3 mouse broblasts was also motile, it
turnedbackrarely at the endof the elongatectells. Nucleusof U87 humanglioma cellswasmuch
lessmotile, which is attributedto their lesselongatedshapesvenon the narrav cell adhesie stripes.
Averageperiodof periodicnucleamotility in C6cells(4.6  1.9hours,27 analyzedcells)waslower
thanthe period of their cell cycle, which is aboutl day In caseof primary mouse broblasts the
averageperiodwasmorethan2 timesshorter:1.8 0.6 hours(6 analyzedtells).

In eachtime-lapseframethe exact position of the nuclei wasidenti ed manually Only single
cells shawving clear nuclearmigration were analyzed. We determinedsomestatisticalparameters
thatcancharacterizgeriodicnuclearmigration. Averagevelocity of migratingnucleiwas29 13

m/h basedon 5 distinct experimentsusing C6 cells. The total numberof analyzedcells was 32.
Averagevelocity of the nuclei shaving periodicmotionin primary mouse broblastswas26 10
m/h analyzingl5 cells.

For furtherstudieswve usedthe C6 cell line. Materialof thecell adhesie stripeshadno signi cant
impactonthemotility: bronectin- brinogen andpoly-I-lysine stripesgave similar results.Distribu-
tion densityfunction of the velocity shavs a peakat 0 anda long tail towardsthe maximalvelocity
measuredn our experimentgFig. 4.8). As a consequencestandardleviation of the velocityis high,
80% of theaveragevelocity. Theratio of the maximalvelocity andaveragevelocity is 6.

At theendof time-lapseaxperimentsve x edthesamplesandlabeledthe centrosomesPosition
of centrosome®eingthe MT organizingcenterswas consideredo be informative in termsof the
polarizationof the cell sincecell polarizationis known to be stronglydependenon the MT system.
Thefactthatin polarized,migratingcells the positionof the centrosomes cell type speci c, i.e., in
somecellsthecentrosomenovesin front of thenucleusjn othercellsit lagsbehindit [80], infersthat
cell polarizationis not simply correlatedwith the positionof the centrosome We foundthatin C6
rat gliomacellsthe centrosomestaysbehindthe migratingnucleus,or besideit betweerthe plasma
membraneandthe nuclearmembrandFig. 4.9). Labelingof MT-s shoved no apparenasymmetry
betweerthe leadingedgeandthetail of cells (Fig. 4.10). MT-s aremainly parallelto the axis of the
cell. Fluorescentmagingof MT-s in the highly elongatedcells wasextremelydif cult dueto their
closepacking.(Fig. 4.11.)
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Figure4.6: Positionof the nucleusin a C6 rat glioma cell (left) andin a primary mouse broblast
(right) during nuclearmigration. Time shift is 1 h betweensubsequernitmagesin caseof the C6 cell
and10 min in caseof the mouse broblast. Notethatthe frequeny of periodicnuclearmigrationis
muchhigherin caseof the broblast. Scalebar: 50 m.
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Figure4.7: Positionof the nucleusasa functionof timein caseof the C6 cell shavnin Fig. 4.6.

4.2.2 Inhibitor studies

We taigetedthe two mainforce generatingytoskeletalelementsactin-andmicrotukule-relatedsys-
temswith speci ¢ drugsto revealtheirrolesin nucleamotility.

MT-s were affectedby vinblastineandtaxol in a concentration-dependentay. Whereagaxol
stabilizesMT-s, vinblastine[11, 32] depolymerizeshem. Both drugsinhibited nuclearmigration
even at low concentrationsTaxol waseffective above 10 nM, vinblastineblocked the migration of
the nucleusat 20 nM. While, in caseof vinblastinecells becamdesselongatedtaxol increasedhe
level of elongationwhichis in consistencevith their oppositempacton MT-s.

MT motors: kinesinsand cytoplasmicdyneinswereinhibitedby 5 M vanadateand 100 M
AMP-PNR respectrely [39, 55]. Vanadatas aninorganicdyneininhibitor, AMP-PNPis an ATP
analoguéboundbut not hydrolyzedby kinesins.They hadno effect on nucleamoaotility.

Actin wasaffectedby the F-actindisruptingcytochalasinD [73], which hadslight effect on the
migration of the nuclei at a concentratiorof 200 nM. Not even 500 nM cytochalasinD blocked
nuclearmigration,it only decreasethe velocity of nuclei. Myosin-1l wasinhibitedby 1 and10 M
ML-7 [4], a speci ¢ MLCK-inhibitor. Surprisingly ML-7 ratherincreasechuclearmotility at high
concentratior{Table4.2).

Cells with migrating nucleuswere polarized: a narrov lamellipodiumat the leadingedgeand
a tail behindthe nucleuscould be obsened (Fig. 4.6). Polarizationof the cell ips asthe nucleus
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Figure4.8: Histogramof the densityfunction of velocity distribution of the nucleusin elongatedC6
cells shawving 'auto-reverse'nuclearmigration. This curve is an averagedunction of 32 cellsfrom
5 distinct experiments.x scale: m/h. It shavs thatthe lower velocitiesare more frequentduring
nuclearmigration, which meanghat the nucleusdoesnot migratewith a constantvelocity. During
thereverseattheendof thecell, it movesslowly, andreachests maximalspeednly for ashorttime
atthemiddleregion of thecell.
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Figure4.9: Fluorescenimagesof centrosometabeledby anti- -tubulin in C6 cellsaftertime-lapse
microscopy. Nucleusof the uppercell migratedto theleft, i.e., its single centrosomestayedat the
rearpartof thenucleuswhichwasgenerain C6 cells. Nucleusof thelower cell did notshov migra-
tion. Its doublecentrosomesvere arrangedowardsthe endsof the elongatectcell. This symmetric
arrangementay inhibit nucleamigration. We foundmotile nucleiwith doublecentrosomedpo. In

this casebothnucleiwerelocalizedat therear/middlepartof the nucleus.

Figure4.10: Microtubulesimagedby confocalmicroscopy in an elongatedC6 cell, which shoved
nuclearmigrationon a 20 m wide stripe. Nucleusmoved to the right, shapeof the cell shavs
polarizationwith a narrawv tail behindthe nucleusanda wider leadingedge.Distribution of MT-sis
not apparentlyasymmetric they mostly run parallelto the axis of the cell. In elongatedcells high
resolutionimagingof MT-swasextremelydif cult dueto their closelypacledstructure.
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Figure 4.11: Fluorescenimageof MT-s in cells from the samesampleindicating that the same
immuno-labelingprocedureandimaging conditionsgive appropriateresolutionin caseof attened
cells.
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Drug Averagenuclearveloc- Averagenuclearveloc- Numberof cells
ity before the addition ity afterthe additionof
of thedrug[ m/h] thedrug[ m/h]

nodrug 29 13 32

20nM vinblastine 34 04 3 03 2

30nM taxol 25 11 8 2 5

200nM cytochalasin 13 4 10 5 4

1 M@0 M)ML-7 17 7 19 5(28) 5(1)

100 M AMP-PNP 31 10 34 8 6

5 M vanadate 30 9 31 11 4

Table4.2: Effect of cytoskeletonaffecting drugson nuclearmigrationin C6 cells. We calculatedhe

averagevelocity of eachmigratingnucleus andthenthe meanvalueof these gures presentedhn the

tablewith standardleviationafterthe symbol.MT disruptingvinblastineandMT stabilizingtaxol

hadrobustinhibitory effect on nuclearmigration. F-actindisruptingcytochalasinD hadslight im-

pactat 200nM. Kinesininhibitor AMP-PNPanddyneininhibitor vanadatelid notin uence nuclear

motility. Myosin-II inhibitor ML-7 did not changenuclearmotility at1 M, andenhancedt at 10
M.

reachegheendof theelongatedtell andstartsbackward.

In the elongatedC6 cells we obsered that the migrating nucleusdid not rotate, its orientation
stayed x during the turn back at the end of the cell, too. In attened C6 cells we found that the
nucleuscouldrotate,whichis consistentvith formerstudiesndicatingnuclearotationto begeneral
in severalcell types[5]. Rotationof the nucleuswasdeterminedoy trackingnucleolithatappearas
darkdotsin phasecontrasimages.



Chapter 5
Discussion

Using differenttechniquesve succeededo probeboth cellular uctuation on the nanometeiscale
andorganizedntracellulardynamicsof the nucleusdrivenby anintriguing molecularmechanism.

5.1 Nanometerscalecellular uctuations

Analysis of height uctuations acquiredat different locationson the cell allowed us to monitor
the motility of cellular componentssensitvely. Both actin-myosinbasedcontractionsand actin
polymerization-basedopodial andlamellipodialprotrusionscanbe examinedby this method. We
found a correlationbetweenthe characteristicef vertical uctuation andorganizediaterallocomo-
tion.

We explain the obsened 5 Hz pulsationof a cell with the periodic contractionsof stressbres.
This type of oscillation cannotbe easily identi ed by othertechniquesdue to its low amplitude.
Although the frequeng of mechanicapulsationof cardiomyogtesis in the samefrequeng range
( 1.25Hz), its amplitudeis 2 ordersof magnitudehigher[26]. Spontaneousscillatorycontractions
of muscle bers with a period of a few secondsare widely known for several years(e.g. [79]).
Theoreticaimodelscanexplain spontaneousscillationundercertainconditions[41]).

Slow pulsationof non-musclecellshasbeenobseredin somecasesMicrotubule depolymeriza-
tion caninducerhythmic actomyosin-basedontractility with a periodof 50 sin broblasts [61]
andoscillatoryactiity in the corticalmicro lament systemof lymphoblastg13]. Shapeoscillations
of leukocytesdrivenby cyclic actin polymerizationhasbeenstudiedby severalgroups[29]. Period
of this processs about 8s.

Cortical tensionof non-musclecells generatedy myosin-Il candrive a changeof shape[59].
Myosin moleculescycle about5 timesin a secondin muscle[2]. Basedon the abose mentioned
facts, we think that a synchronizedoehaior of myosin moleculesin stress bres may causethe
obsenred pulsation. Myosin synchronizatiorhasbeentheoreticallypredictedcloseto the isometric

55
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conditionin highly organizedactin structureg28, 27]. Furtherexperimentsare neededo elucidate
the backgroundf this phenomenonUsingdrugsaffectinga speci ¢ systemof the cytoskeletonwill
helpto distinguishtheir rolesin the nanometescale uctuations of cells.

5.2 Nuclear motility in elongatedcells

We foundthatthe nucleuss motile in ahigh percentagef elongatectulturedcellsonthetime scale
of hours. Useof narrav (20 m) protein/celladheste stripesseparatedy non-adhesie oneson
plasticor glasssurfacewasprovedto be an adequateechniqueto control the cell shape andforce
cellsto acquirehighly elongatedorm.

Cellularlocomotionwasinhibited on the narrav stripes. This facthelpedusto studythe motion
of thenucleiclearlydissectedrom thelocomotionof cells. We arguethatcellscanhardlymigrateon
the narrawv stripessincethe formationof normallamellipodiumat the edgeof the cell is impossible:
thetypically wide leadingedgecannotbe developed.

Periodic(auto-reverse)nuclearmigrationis frequentin C6 glioma cells and primary mouse -
broblasts,andlessfrequentin 3T3 mouse broblasts. The nucleusof U87 humanglioma cells is
muchlessmotile, which is attributedto their lesselongatedshapeeven on the narrav cell adhesre
stripes. Periodof periodic nuclearmotility in C6 cellsis 5 h, which is not in the rangeof their
cell cycle beingapproximatelyl day It meanghatprobablythereis no directrelationshipbetween
cell cycle andperiodicnuclearmigration. In caseof primary mouse broblasts the averageperiodis
approximately? hours. Averagevelocity of periodicnuclearmigrationis similar in both cell types,
i.e., theamplitudeof nuclearmigrationis lower in broblasts. Time-lapseamagesshow thatthe nu-
cleususuallyturnsbackbeforereachingheendof broblast cells;thisresultsin loweramplitudeand
higherfrequeng.

F-actindisruptionby cytochalasinD and myosin-Il inhibition by the myosinlight-chainkinase
(MLCK) inhibitor ML-7 shaws thatthe processs not sensitiely actin-or myosin-dependentyhich
meansthat neitheractin polymerizationnor actomyosinbasedcontractiondrivesthe motion. Cy-
tochalasinD slightly decreasedhe velocity of the nuclei. Nuclearmigrationwas stoppedby low
concentration®f vinblastineor taxol. Theseare speci ¢ microtulule affecting drugs. Vinblastine
causethe depolymerizatiorof MT-s, taxol stabilizesthem. Both drugsinhibit dynamicinstability
of MT-s. MT-dependeninotors: kinesinsanddyneinsareknown to be involvedin the intracellular
transportandin nuclearpositioning,too. We arguethatthey do not have centralrole in the nuclear
migrationstudiedby us. In caseof a basicallyMT motordrivenmotility taxol would not block the
motion sincemotorscanwalk alongtaxol stabilizedMT-s. Inhibition of dyneinby vanadateand
kinesinby the ATP analogueAMP-PNP reinforcedthat cytoplasmicdyneinsandkinesinswere not
crucialin nucleamigration.
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InteractionbetweenMT-s andF-actinis a complex andpoorly understoodeld at this time. We
think thatit shouldbe consideredn nuclearmigration. Both MT andactin systemsareinvolvedin
cell polarizationwhichis thoughtto be a centralproblemin auto-rezersenucleammigration.

The centrosomen all the identi ed C6 cells with migrating nucleuswas behindor besidethe
forward moving nucleusneverin front of it.

Previousexperimentsandtheoreticaconsiderationsdicatecthattubulin polymerization-depoly-
merizationitself in the absenceof MT motorsis able to move the centrosomeanside a chamber
Pushingforceof asinglepolymerizingMT is in therangeof pN-s. [38, 30, 25]. Nuclearmigrationin
yeastcells[75, 24] alsosuggestshatthe polymerizatiorforce of MT-s candrive thenucleusattached
to the microtulule organizingcenter We proposethat the nucleusis driven by the polimerization
forceof MT-s.

Motility of thenucleuss a slow, overdampeanotionin aviscousmedium.Althoughcell plasma
is notahomogenougquid ( brous elementof thecytoskeletonhave asigni cant impactonthedrag
sensedy thenucleus)jt makessenseo consideran effective viscosityof the plasmg6, 15], which
canvary but normallyis in the rangeof 100 Pas. Accordingto the StokesLaw we canestimatethe
forcethatmovesthenucleus:

(5.1)

where istheviscousforce, denoteghe effectiveviscosityonthescaleof thenucleus, isthe
radiusof the nucleusin theliquid, and is the velocity of the nucleusthatwe measuredlt givesa
forcein the 1L00pN range whichmeanghat 100MT-sarepushingthe nucleusforward. Theresult
of the estimationis reasonablesincein a mitotic cell a few thousandf MT-s originatefrom the
centrosomea portion of themcantake partin the pushingof the nucleus.During nuclearmigration
velocity of the nucleusis not constanbut changegeriodically which may be causedy the change
of thedriving force or the effective viscosity

Nuclearmigrationis drivenandcontrolledby a complex systeminvolving cytoskeletalelements
andregulating proteins. On the basisof our experimentswe concludethat the force, which drives
nuclearmigrationin elongateccells, is MT-dependentandit originatesin MT polimerization. We
think thatthe control of the processs relatedto cell polarization.Furtherexperimentsarein progress
to clarify moredetailsof this phenomenon.

In attened C6 cellswe foundthatthe nucleuscanrotate,whichis consistentvith formerstudies
indicating nuclearrotationto be generalin several cell types[5]. Nucleusin thesecellsis discus
shapedit caneasilyrotatein theplaneof thecell. In theelongatedC6 cellswe obseredthatmigrating
nucleusdid not rotate,its orientationstayed x during the turn backat the end of the cell, too. A
possibleexplanationof nuclearmigrationin elongatedcells can be that the nucleusis unableto
rotateinside the tight cell. Nuclei in thesecells are squeezedthey have an oval shape. Nuclear
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rotationin attened cells might be driven by the force of polymerizingMT-s pushingthe nucleus
via the centrosomeln elongatectells similar pushingforce of MT-s would resultin the translation,
i.e., migration of the nucleus. In this case,as the nucleusreacheghe end of the elongatedcell,

the centrosomewould slide on the nuclearmembranemaking a semicirclestill being pushedby

polymerizingMT-s(Fig.5.1). (Similar motionof doubledcentrosomess well known atthebeginning
of mitosis.)

Turn backof the nucleusin primary mouse broblasts beforereachingthe endof the elongated
cell might be causedy aneasiersliding of the centrosomen the nuclearmembraneWe think that
in thesecellsthe centrosomeanbe pushedo the othersideof the nucleusduring the migrationfar
from the endsof the cell. Our obsenationthatthe centrosome&anbe at the front partof the nucleus
in thesecellsduringnucleamigration-in contrastwvith thebehaior of C6 cells-is in agreementvith
this explanation.

Although this simple model ts with our results,further experimentsshould be carriedout to
clarify moredetailsof the phenomenom orderto con rm thevalidity of our explanation.
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Figure5.1: Schematiaepresentationf a simplemodelthatwe proposeto explain auto-rezersenu-
clearmigrationin elongatedtells. Upperdravingsshow therotationof thenucleusn a attenedcell.
Microtubules(MT-s) aredepictedin green,centrosomeén red, nucleoliarerepresentetty dark dots
in thenucleus.Nucleusmight berotatedby the pushingforce of MT-s -shaving dynamicinstability-
dueto their partial alignmentin the aster which resultsin a torque. Partial alignmentof MT-s can
be maintainedby the rotationitself. Suchnuclearrotationin elongatectells (lower dravings)is in-
hibited: the squeezedaval nucleusis unableto rotateinsidethetight cell. Pushingforce of partially
alignedMT-sin the asterwith the centrosomen its centerwill rathertranslatehe nucleusinsidethe
cell. At the endof the cell the centrosomestill being pushedby dynamicMT-s would slide on the
nuclearmembraneaslong asthe nucleusstartsto migratebackward. Althoughthefactthatpolariza-
tion of thecell ips asthe nucleusstartsbackward suggest@a more complex mechanismyve think
that this modelwill be useful,whenestablishingnore sophisticatednodelson the basisof further
experimentainformation.
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Summary

Motion of animalsis a beautifuland comple featureof life, which can be incredibly organized.
Thereis a naturalscienti ¢ needto understandbiologicalmotion. In our cellson thelevel of molec-
ular motorsmotion is ratherstochastiadominatedby uctuations. Cellular motility is betweenthe
organizedmacroscopidehaior of animalsandthe randommotion of microscopicmolecules:cells
shav bothstochasti@andhighly controlledmotility. Thelink betweerrandomandorganizedmotion
is not straightforvard andits mary aspects@reunclear

We attemptedo investigatecellular motility down to the nanometerso provide information of
the uctuations of cells. Fluctuationdriven stochastianotion of the moleculestransformsto orga-
nized/controllednotionin the rangeof micrometers Studyinganintriguing exampleof intracellular
motion -nuclearmigration-we tried to give a betterunderstandingf a type of controlledbiological
motility, which still showns stochastideaturesandin this sencejt is onamesoscopiscale.

We usedculturedanimalcellsin our experiments.Atomic force microscopg AFM) wasapplied
to investigatehe dynamicsof cells at high resolution. In our nuclearmigrationstudiesthe primary
tool was automatedime lapsephasecontrastmicroscoy. A micropatternegrotein surfaceswas
usedto control the cell shape.We employed speci ¢ drugs-inhibitors- to affect somecytoskeletal
elements. Immunog/tochemistryin correlationwith previous time lapsemicroscoly of cells was
appliedto acquireinformationon the molecularbackgroundf the motion.

We shavedthatatomicforcemicroscopy canbesuccessfullytilizedfor measuringhenanometer
scale uctuations of cellsin culture,andwe found that the statisticalanalysisof these uctuations
providesrelevant biological information. Intracellulardynamicscanbe probedby this method,as
well. Thelevel of height uctuationsis higherattheleadingedgethanat theratherquiescentstable
regionsof the cellsdueto actin polymerization.We obsenedfastperiodicmotility on a cell, which
wasattributedto atheoreticallypredictedeffect: synchronizatiorof myosinmoleculesn muscle-like
structureqstressbers) closeto theisometriccondition.

We demonstratedhat nuclearmotility canbe investigatedunderpreciselycontrolledconditions
usingmicropatternesgurfacesandtime lapsemicroscopy, andfoundthatnuclearmigrationin some
cell linesis stronglydependenbn the geometryof cells; furtherfactorshase only moderateeffect on
thephenomenonNuclearmigrationtakesplacein elongatedells,in caseof othercell shapeshenu-
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cleusdoesnot shawv long termmigration.We obseredthatthenucleuscanturn backin theelongated
cell almostimmediatelyafterreachingts end. This auto-resersephenomenois frequentin aglioma
cell line (C6) andprimary mouse broblasts, andlessfrequentin someotherinvestigatectell types.
Using speci ¢ drugswe concludedhat nuclearmigration(a generaleffectin cell biology) is driven
by microtutule polymerization. In C6 cells the centrosomestaysat the rear part of the migrating
nucleus.Whenthe nucleusturnsback,the centrosomes pushedo the othersideof it, maintaining
the laggingposition of the centrosome We proposea simple modelto explain the phenomenorof
auto-reversenuclearmigration. Furtherexperimentsshouldbe carriedout to con rm the validity of
this model.
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