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ABSTRACT

Adhesion proteingnaintaincell-cell interactions, whictarecritical for tissueformation andhe
hierarchical organization @l multicellular organisms, araimong themc¢adherinsarethe major
transmembrane cetlell adhesionproteins in all vertebrate tissueRegulation of cadherin
mediated adhesion at cekll junctions is crucial to our understanding of development and
diseaseThis thesis focusemn the regulation afadherin adhesigmvhich can be influenced by its
extracellular domain interactionggand or antibody bindinggost translational modificationer

inside out signaling from cytoplasmic binding proteins

In this thesis, ntropipettebased adhesion frequency measurements of caethediated,
cell-cell binding kinetics identified a unique kinetic signature #pgtears toeflect both adhesive
(trans) bonds between cadherins on opposing cells and latefahteisactions between cadherins
on the same cell.hese kinetic measurements were used to assess the impact of confinement within
narrow adhesion zonem the assembly of intercellular adhesiddpecifically, a unique kinetic
signature suggested the fation of lateral interactions that were not detected in solution binding
assaysMutations postulated to disrupt lateral cadherin association altered the kinetic signature,
but did not affectcadherinbinding affinity. Perturbed kinetics furtheorrelatedwith altered

cadherinclusteringat cell-cell junctions, wound healing dynamics, and paracellular permeability.

Adhesion frequency measurementsre used to demonstrate tiosteric regulation of
cadherinadhesive functionin this thesis measured kietics of cadherimediated intercellular
adhesion demonstrated quantitatively #etvatingant-E-cadherirmonoclonabntibodies or the

dephosphorylation of a cytoplasmic binding partner, p120 catémreased the homophilic



binding affinity of E-cadherinon Colo 205 cellsFurtherstudiesof Colo 205 cellddemonstrated
that four treatmentswhich similarly altered p120 catenin phosphorylatioesulted in

guantitatively similaenhancemennh E-cadherin affinity.

Using this approach, | furthemvestigated the effect oN-linked and Qlinked
glycosylation orkE-cadherinactivity and function. Results revealed traintraryto the influence
of glycosylation onN-cadherinfunction N-glycosylation of Ecadherin in the EC4 and EC5
domainsegativelyregulated cadherin adhesjday altering bindingkineticsand clustering at cell
cell junctions This suggestghe influence of Nglycosylationdepends on its positiom the

cadherinectodomain

In conclusion this dissertatiordescribes studiesvhich elucidated differeninechanisms
regulating cadherin adhesive functidgtesultsshowedthat cadherirbindingis regulated by its
ectodomain interactionat cell-cell junctions, by glycosylation and by allostericinsideout
signaling.These findingsvere enabled by the adhesion frequency measurements, which enabled
guantitative assessmeuit cadherin binding function, in the native context of the cell membrane

and cytosolic binding partners.
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CHAPTER 1

Introduction

1.1 Overview Of Intercellular Cell Adhesion

Multicellular organisms which are capable of functioning as a unit have a complex organization
of cells that must adhere to form tissues, and continually rearrange to assemble biological barriers
to form distincttissuecompartmentgTakeichi et al. 1994Gumbiner 2005; Niessen et al. 2011)

Cell adhesion moleculese critical to the formation of intercellular contalstgween the billions

of cellsin multicellularorganisns. Hence, understanding mechanisms of-cell adhesion and its

regulationarekeyto understanding fundamental mechanisms in development and disease.

Cell adhesion proteins aggitical to the formation of robust adhesion betweefacent
cellsand the cell and its extracellular matrix (ECMydhesive interactions between the cell and
its surrounding extracellular matrix are mediatadinly throughintegrins (Gumbiner 1995
Intercellular adhesion isnediated byvarious immunoglobuin-type cell adhesion molecules
(CAMs), and junction proteins like cadherins (calcium dependent adhesi@mg), desmosomal
cadherins and nectins, as well as tight junction proteins such as claudins and o¢eladgtck
and Nelson 2008; Chen et al. 2009f these, the cadherin superfamily is essential for the dynamic
regulation of celicell contacts ah the maintenance of tissue barrier integ(itfagafuchi et al.
1987; Takeichi 1991)n embryonic development, cadheric@ntrol boththe separationf cells
into distinct tissue layersand their fusion. Additionally, the shapes of tissues dige cell
rearrangemengsransitions between cell states (epithelial vs mesenchylmad}range migration

of cells extension ofneuronal processes, and the formation of synapsigeen neuronare



regulated by cadherirf&umbiner 2005; Ratheesh and Yap 2010sbkm et al. 2011; Brieher and

Yap 2013; Leckband 2013; Leckband and de Rooij 2014; Lecuit and Yap 2015)

The regulation of celtell adhesion by cadherins and cadh@ssociated proteins, catenins
is the focus of this thesis. This introductory chaptiscusseghe current state of knowledge
regarding the molecular basis of cadherin adhesion, and its regulation by cadherin signaling, by

cytosolic binding proteins, artay the underlying biochemical/biophysical mechanisms involved.

1.2 Cadherins

1.2.1 CadherinStructure

Cadherins are calcium dependent transmembrane adhesion glycoproteins that are the main
components of celtell junctions(Shimoyama et al. 1989 adherins can be divided into six

major subdivisionsclassical(or type |) cadherins, atypicdtype IlI) cadherinsdesmosomal
cadherins, flamingo cadherins, and protocadheasswell as a number of solitary members
(Niessen et al. 2011Yhe most extensively studied cadherin structures are of the type | cadherins
Epithelial (E)- cadherin and Newonal (N)- cadherin. Similarly, the structures of type Il cadherins,
Vascular Endothelial (VE) cadherin(Brasch et al. 2018nd T/H (Heart} cadherin(Ciatto et al.

2010)have also been studied extensively.

The overall structure of classical cadhseriprotein consists of a single transmembrane
polypeptide comprising the extracellular domain, a transmembrane domain, and a cytoplasmic
domain(Leckband and Prakasam 200®Ghe extracellular segment folds into 5 extracellular EC
domains, named ECECS5 fromthe Nterminal (Boggon et al. 2002)Fig 1.1). Eachndividual
EC domain consists of ~110 residubat formseven antp a r a istraeds arrbngethto an

immunoglobulinl i k-sandwich fold (Brasch et al. 2011)Fig 1.1). The single pass
2



transmembraneegmentis an alpha helical domain of 34 amino acids. Finally, the intrinsically
disorderedcytoplasmic domairpinds to cytosolic proteins, mostly catenins that are involved in

actin coupling and the regulation of cadherin adhesion (Fig 1.2).

Calcium ions are indispensable for cadherin activity. The junctions between contiguous
EC domains are rigidified by the chelation of three calcium ions which bimegatively charged
aspartates and glutamatesxD, DRE, or a DXNDNAPXF motifs (Ringwald et al. 1987;
Tomschy et al. 1996)Calcium depletion disrupts the cadherin adhesive function, and the protein
becomes more flexible and protease sensitive. The reported calcium dissociation constant is 49
MM, and extracellular calcium is typically ~1.5m{rakasam et al. 200630 it is essential to

have calcium in experiments investigating cadherins

1.2.2Cadherin Posttranslational modifications

Cadherins are also glycoproteins, with a number dihkkd and Glinked glycosylation sites
along the extracelluladomain(Zhao et al. 2008; Vest&hristensen et al. 2013; Winterhalter et
al. 2013) Glycans comprise about 20% of the molecular weight ofrthiteire proteir{Liwosz et

al. 2006; Winterhalter et al. 2013)he extent of glycosylatio has been characterized fmrth
human Ncadherirand mouse EadherinHowever, little is known regarding the structural details
of the carbohydrates, because crystal structures are of thglyomsylated or deglycosylated

proteins(Boggon et al. 2002 atel et al. 2006; Harrison et al. 2010)

The position and type dajlycans onthe cadherinstructureappear to affect itfunction.
Cadheringeature several Mglycosylation sites along the ectodomain backbone, and glycosylation
is frequently involved inrafficking to the membran@&hao et al. 2008a; Zhao et al. 2008b; Zhou

et al. 2008) Additionally, cadherin hypeglycosylation is a hallmark of sexaltypesof cancer



(Pinho et al. 2009a; Pinho et al. 201Aberrant Ecadheringlycosylation has also bedinked to

morphological diects in Drosophila embryo&hang et al. 2014)The N-glycosylation of N

cadherin was also shown to play a critical ralgulating intercellulajunctions.For example, the
removal of all 8 Nglycosylation siteon the extrackular domainof N-cadherinappeared to
increase the stability of intercellulpmctions(Guo et al. 2009; Langer et al. 201Rpamely, cells
exhibitedreducedcollective motility in a woundhealing assayChemical crosdinking studies
also indicated that removing-§lycosylation sites increased the numbeNeafadherin dimers on

the cellsurface(Guo et al. 2009)

In addition, Qlinked mannosylation of the-Badherin ectodomain appears to affect its
adhesive functiofLommel et al. 2013Winterhalter et al. 2013Mouse embryos deficient in-O
mannosyl transferases were incapable of progressing further than the rsetargéa and
development was arrested before blastocyst formétmmmel et al. 2013)Results obtained with
antibodies tageting cell surface @nannosyl links further suggested that blocking O

mannosylation sites disrupted eeélll cohesion.

1.3 Regulation of etodomain-mediatedcadherin adhesion

1.3.1Adhesive(trans-) dimerization of cadherin ectodomainsvzia EC1 domain interaction

The processed type | cadherin polypeptide begins with an unstructured 10 amino acid sequence at
the Nterminusof EEL. The first four amino acids, ADWVI
cadherins(Ozawa and Kemler 1990; Hdschuh et al. 2001)The first structure of the entire
ectodomain (EC -b) was obtained wittXenopuscleavagestage (G) cadherin(Boggon et al.

2002)(Fig 1.1A). This structure, as well as prior structures @éihinal domain fragments EC1

or ECIEC2 icentifiedthei st r and di me adldesive smtertace plrothestrandidianér, a



side chain fromTrp2 (W2) inserted into a complementary hydrophgiocket on EClof the
opposite protein (Fig 1.1B)rhis is commonly referred to as the adhesive (trans) fist r and
s wa p p e d Amhlytimaéultrécentrifugation and surface plasmon resonance (SPR) quantified
the affinity oftransdimers. Mutating theonservediryptophan 2 to alanine (W2A) reduced the
apparent affinity by 10old, and significantly reduckcell-cell aggregatioifKatsamba et al. 2009;
Harrison et al. 2010)The other amino acids in the flexible strand also play an important role in
the interaction between tryptophan and the hydrophobic pocket. For e.g., mutating aspartate 1 to
alanine (D1A) increases the binding affinity by removing the negative chargaadsdovith the
aspartate sidechain. Also proline to alaninB5A and P6A mutations increase the affinity,
presumably due to increased chain flexibil{gatsamba et al. 2009; Vendome et al. 2011)
Conversely, adding even one amino acid before the As$pdadtth lowers the cadheritians

dimerization affinity(Posy et al. 2008)

1.3.2Homophilic cadherin interactionsinvolving other ectodomains

Most initial experiments concentrated on the trans dimerizatiechanismmediated byhe EC1
domain, andgolutionbindingmeasuremenidid not identifyany othedomaininteractionsBased
on solution binding measuremeyitappeareas if onlytranseC1 dimergormedbetween soluble

ectodomains.

Detection of additional interactions using biophysical approaches

Cadherinbinding interactions werexperimentally evaluated usintige Surface Force Apparatus
(SFA). Thisapproach quantifies the interaction energy between two surfaces as function of the
separationdistance. The SFA technique uses interferometry to medbe absolute distance

between twasurfaes, with £0.1 nm resolutigrand quantifies the normalized force between the



two surfaces using a sensitive foneeasuring spring (£1nN)Leckband, 1995)Surface force
measurements @dhesiorbetween immobilizeé, oriented cadherin monolayers on two apposed
surfaces identifiecbinding at three distinct surface separations (89 82 nm, and 26 nm)
(Sivasankaet al, 1999) When only the outer 2 extracellular domains were used, only 2 bound
states were observed, and a domain 3 deletion mutant did not form the strongest adhesion
corresponding to ectodomain binding at 26nrhis suggestedhat EC3was critical for the
strongestadherincadherinbond detected in these measuremgitgasankaet al, 2001) Of the

other twocadherincadherirbonds one wasonsistent with the strargivap dimer (39nm) aritie

other suggested a possible weaker interaction near the2E@drfacg32nm), whertheadhesion

distancesvere compared with crystal structu{&vasankaet al, 2001; Harrisoret al, 2010)

Discovery of the Xdimer

The measured affinithetweenW2A mutans, which do not form the strand swapped dineas

10-fold lower than the wild type proteirBecause this mutation abolished cell adhesibe,

residual activity suggested the presence of an additional cadherin inter&atigiemolecule
fluorescence resonance energy transfeasuremensuggestdthat before swapping Nerminal

b-strands, Ecadherin monomers first form a nstrands wa p p e d , i nter medi at
c o mp ] whichois retained in the W2A mutaffivasankar et al. 2009; Zhang et al. 2009)

Finally, the crystal structurethe W2A mutah of E-cadherin revealed that thisitial encounter

complex known as théX-dime® farrsed by extensive surface interactions between the base of

the EC1 domain, EG2 interdomain linker region, and the apex of domain EBg 1.3).

Mutating lysine 14d glutamine (K14E) inite X-dimerbinding interfacalid not alter the overall

trans dimerization affinity, relative 8/T cadherin but the association rate constant was slower



(Harrison et al. 2010)These data suggested that theliXer is an initial intermediate in the

reaction coordinate for cadhetmansdimerization (Fig 1.3).

There were severdimitations of these studies. Firsolutionbinding studiesthat
measurd force-independent propges did not consider the fact that adhesion proteins are
influencedby their cellular environmenSecondlythese proteins cannot frealiffuse, andtheir
movements areestricted to diffusion in two dimensions on membraféstd, the fact that the
adhesion protein interactions were affected by other segments of the protein, especially the
potential influence of the cytoplasmic domain wasot considered Fourth the adhesion
measurements wenmade by applying force tprotein bonds Thus the binding parameters
obtained through these measurements were dependent on the force applied during approach or

reproach.

Apart from possible functional perturbations stemming from the use of recombinant
fragments, theoretical models and expentak findings indicate that affinities measured in
solution differ quantitatively from those determined in quasi-tivoensional gaps at adhesive
contacts. The physical and chemical constraints within adhesion zones are also predicted to alter

themolecula mechanism(s) driving protein organizatiiu et al. 2010; Wu et al. 2011)

Micropipette Adhesion Frequency assay: Quantitativentiing measurements at cedlell

contact

In an attempt to study cetlell adhesion im more relevarttvo dimensionatontext involving the
intact proteinand its cellular environmengome studies usedmicropipetteadhesion frequency
(MPA) assayThis techniquemeasureshe intercellulabinding probability as a function of cell

cell contact time.lt has been used swessfully to characterizethe binding affinities and



dissociation rates adeveral membrane protsinincluding selectins, -Cell receptors and other
adhesion protein&Chesla et al. 1998; Long et al. 2001; Zhang et al. 2005; Chien et al. 2008; Jiang

et al.2011; Zarnitsyna and Zhu 2011; Liu et al. 2014)

In the adhesion frequency measurements, two cells are brought into contact repeatedly, and
pulled away after a given contact time. As discussed in detail in Chapter 2 of this thesis, the
measured bindingrpbability is a function of the number of intermembrane bonds. The time
evolution of the binding probability is a function of the binding mechanism and the
association/dissociation rat@Shesla et al. 1998Yhe binding parameters can be estimated from
fits of the binding probability to kinetic models of the proposed binding mechanism. The binding
parameters thus measured are independent of the applied force This approach enables
investigations of binding mechanisms of membrane bound proteins, in thextcarftthe
membrane and cytosolic binding partnerdmportantly, these parameters reflect protein
interactions within confined, pseudo twlomensional gaps of adhesion zones between cell
membraneglLong et al, 2001; Huanget al, 2004; Huanget al, 2007; Zarnitsynat al, 2007;

Chienet al, 2008; Shashikantst al, 2016)

Micropipette measurementsf cadheriamediated intercellular adhesiorevealed a
complex binding mechanism that was inconsistent with the simplelinadiig mechanism (see
Fig 2.6, Chapter 2{Chien et al. 2008 A kinetic model for the trans binding mechanism predicts
a simple exponential rise in binding probability to a limiting, steady state plateau. However, the
kinetic profile for cadherin adhesion occurred discontinuoastyo stagesThat is, there was an
initial increase in binding probabilitypllowed by a lagand then a slowesecond increas® a

final steady statéChien et al. 2008; Langer et al. 2012; Shashikanth et al.) 2046 type of



kinetic profilewas umusual, andhad not been se@mmicropipette measuremerasotheradhesion

proteins(Chesla et al. 1998; Chesla et al. 2000)

Adhesion frequencytsdiesof ECdomain deletiomutantsof the Gcadherin extracellular
domain showed that the fingsindingphase requires EC12 domains. Additionally, the EC3 domain
was required for the lgghase and subsequent second rise to the final, retgreatystatebinding
probability. In cases where thested cadherin lacketie EC3 domainthe kinetics exhibited a
single exponential rise to steady state plateaud the kinetic profileould be described e

equation for a simple liganekceptor interaction (Equation12 Chesla et al., 1998

1.3.3.Proposed lateral interactions between cadherin extracellular doains

The broad questions raised by the different identified cadherin interactions is how they contribute
to adhesion. While the majority of studies discussed so far showed evidence that cadherins can
interact in trans to form adhesive interactions, theas wo clear investigation as to whether
cadherins can form higher order complex&kich could involvelateral associationbetween
cadlerins on the same membea It is known that cadherins form the basolateral and lateral
junctions at cell-cell contacts where thegrganize to formpunct ate cl usters o1
adhesion zong&dams et al. 1998; Adams and Nelson 199Rjper resolution imaging quantified

the numbers and sizes of such cadherin clusters, at a spatial resolutiegDafi®d ruong Quang

et al. 2013 Wu et al. 2015) The latter resultslemonstratedhat cadherins are not randomly
distributed, but assemble into organized clusters ate#ljunctions Although this clustering was
regulated by interactions with the actigtoskeleton Truong Quang et al. 2013he question
remainedas to whether cadheririsat assembléo form intercellular junctionsassociaten the

same way as soluble extracellular domains.



The super resolution imaging, together with theoretical niogledf the cluster size
distributions, identified some mechanisms governing the formation of large clusters of hundreds
of cadherin proteins. However, the SR imaging alone did not establish whether lateral cadherin
interactions also contributed to the f@tion of clusters at intercellular junctions. Prior biophysical
and biochemical studies suggested that cadherins alsdéeft@mal orcis-dimerswith cadherins on
the same membrane. The first biochemical evidence fediisrizationwas based on the
obsevation that dimers of cleavage stage cadhe@itddherin ectodomais immobilized on
beads supportestronger adhesion than did immobilizeec&herirmonomersThe latter finding
suggested thdateral dimerization was one mechanisfrenhancing cadheriadhesive function
(Brieher et al. 1996; Yap et al. 1997; Yap et al. 19@B)stal packing contacts observedmystals
of cadherin EC35 domairs identified a potentiatis-binding interfacegHarrison et al. 2011)n
the crystal structures &C1-5 domains of E, N- andC-cadhems, an ECXkurface opposite the
strandswapinterface interacts whitthe EC2 domain of an adjacenblecule to form a putative

cis-interactionbetweercadherin tranglimers (Fig 1.4).

This putative cisbinding interface washot, however, observed in solution binding
measurements, including surface plasmon resonance, nuclear magnetic resonance, or analytical
ultracentrifugation measurements of EQJor EC15 fragmentsNevertheless, this putative €is
interaction does appear tontribute to the organization of cadherin extracellular domains at model
cell-cell junctions between giant unilamellar vesicles. Furthermomatations within the
postulatectis-interface(V81D/V175D) of Ecadherin appeardd interfere withthe orgarzation
of intercellular junctionsHowever, there is no biophysical evidence supporting the postulate that
cis-interactions contribute to cadherin clustering or that interactions atedelhterfaces under

confinement enhance eisteractions. This issuis addressed in Chapter 3 of this thesis.

10



Lateral interactions affected by Mlycosylation

Crystal structures used to identify the putative-birgling interface were all obtained with
hypoglycosylated proteins. Moreover, the location of Nuglycosylation site in Ncadherin
adjacent to the putative eimnding interface suggested that glycosylation might alteatiherin
binding. Prior adhesion frequency measurements-cadherin and its Mjlycosylation mutants
tested whether cadherin bindi kinetics could be affected. Measurements demonstrated-that N
glycosylation doesot affectthe transbindingaffinity, but instead altered the adhesion frequency
time coursgLanger et al. 2012)Specifically, the kinetics measured with hypoglycosylate
cadherin did not exhibit the lag. Instead, the binding probability rose rapidly to the higher binding
probability. In conjunctionwith prior crosslinking results the kinetics datasupport a binding
mechanism in which initial, ECdependentirans binding is followed by additionallateral
cadherin interactions that enhance bindamgl promote cadherin clusterinthe presence dfl-
glycans localized at three sites in the EEX23 domains oN-cadherirslowthe second step in the
kinetic profile to modulte the junction assembly dynami€hapter 5 explores the hypothesis that

N- and Oglycosylation similarly alter Eadherin binding kinetics.

1.4Inside-out regulation of cadherin adhesion

Cadherins assemble intercellular junctions by forming bdmetsveen ectodomains, and the
sections above concentrated on the regulation of cadherin adhesion through the ectodomain
interactions only. However, they are also connected to the actin cytoskeleton and signaling proteins
through interactions with cytosolproteins. The latter interactions are essential to establishing and
maintaining cadherimediated intercellular adhesions. Specifically, thighly corserved

intracellular tail of classicalacherinassociates with many different cytoplasmic proteins, whic

11



are mai nl vy -c-cmpReaahing®fawdland Kemler 1992; Reynolds et al. 1992;
Piepenhagen and Nelson 199Bjg 1.2). Thesearherin binding partners mediate and regulate
cadherindependent celtell adhesionspecifically by controllingcadherin associatiowith the
actinrmyosin cytoskeletorgnd by regulatings transport and recycling the junctionsThere is

also evidence that catenins may regulate cadherin adhesive function by inside out signaling (Barry
et al., 2014; Shashikanth al., 2015). In addition,atherin and the atenins aresubstrates for
importantkinases and phosphatases that modyad¢einprotein (for example, cadherlreta
catenin)interactionsjn ways thategulae the cadherin adhesive function (REFAlhough not
complete, these examples illustrate a range of mechanisms that potentially regulate the adhesive

function of cadherins.
b - catenin

Cadher i n as sateningtimpartant foriitd transgort to the membrane as well as
stability (Hinck et al.1994) -c#&teninsimultaneously binds to the cytoplasmic domain of cadherin

a n dcat&hin, which in turn binds to#&ctin(Nagafuchi and Takeichi 1989; Guger and Gumbiner

1995) The f or mat i o nAc aotfe-natenidtetithtyempler is éssentidbr linking
cadherinmediated ceilcell adhesion withactin dynamics(Gumbiner and McCrea 1993;
Piepenhagen and Nelson 199B)h e o v er a |l |-cateninrcangisteiuan Bterminhal tél

cont ai n-careginbihdmgsite[Ja central aradillo doman that binds to the cgplasmic

region of cadherin, and C-terminal tail (Barth et al. 1997)Regulatory phosphorylation and
dephosphoryl ati on e v e ndatsninangnacticnd witleboth catdhbreans t a b i
Ucatenin(Kim et al. 2011; Che et al. 2016) Phosphorylation of the cateriindingdomain
(CBD)ofEcadherin stabil i zaenin(Abérle etal.n994; iyapettali 1898) wi t h

Unphosphoryl ated cytopl asmic doma-catenicOnttev er s e |
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ot her hand, p h-aateninbyoSrcykinase at dym 654 flisrupts its binding to E

cadherin cytoplasmic domaf{Roura et al. 1999)
U-catenin

Cadherin is indi-xateh ycraatsesmateninasHieadtin biridingprotdin
that regulates factin by its associmn with the actin regulatoryrptein (Arp 2/3 compleX
responsible for actin filament branchifidagafuchi et al. 1991; Kovacs et al. 2002; Drees et al.
2005) Despite the icateninisaffettedppcacherin mediateddamercellulbr
adhesi on. Recent -catenindis thesmeahanicad t@risiendsensoh a tadherin
junctions and responds to forces across the cadbat@minactin chain. At low tension, the a
catenin is autanhibited, but Iigh tensiontriggers a conformatonal changgto expose a vinculin
binding site, whichrecruits vinculinto cadherin adhesions at the plasma membpaneemura et

al. 2010; Twiss et al. 2012; Barry et al. 2014; Maki et al. 20b@&his contexta -cateninacts as

a force sensor at ceatell junctions.
p120 catenin

p120 catenin, initially recognized as an important Src kinase sub®eateolds et al. 1992)vas
subsequently found to interact with the cytoplasmic domain of cadpé&fcateninspecifically
interacts with93 amino acids inthe juxtamembrane domain (JNIDocated between the
transmembranel o ma i n  aaqatdninbdindiry ddmain of cadherifMiranda et al. 2003;
Hartsock and Nelson 2012; Ishiyama and Ikura 20P2R0 catenin isvell known to affect
cadherin adhesion, by regulating cadherin stability at the plasma membrane. The p120ctn binding
interface of classical cadherins contains an acidic tripeptide ubiquination sequence DEE, which is

encrypted when p120ctn is bouribyis ¢ al., 2003. The downregulationf p120cateninresults
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in cadherininternalization In addition, the interaction between p120 catenin and the cadherin
cytoplasmic domain is regulated by phosphorylation, which reduces the catenin binding affinity,
to trigger cadherin internalization and reduce adhesgkrkumoto et al. 2008)For example,
tyrosine phosphorylation of -Badherin at Y755/756 or \VVEadherin at Y658 disrupts p120
binding (Fukumoto et al. 2008 However, mmerous phosphorylation sites have beEmtified

within both the Nterminal and @erminal domains of p120 catenin, but the functional
consequences of each site are still being detern{iMedginer et al. 2001; Xia et al. 2003n
addition to regulating p120 catenin binding to cadherin, theridinal siteof p120 catenin recruit

the Rho family GTPase activating proteins (RhoGAd)cellcell junctions upon Eadherin

ligation (Anastasiadis et al. 2000; Dohn et al. 2009)

1.5. The Disconnect: How do Cadheain Extracellular Interactions and

Intracellular Response Via Cytoplasmic Domain Correlate?

Section 1.3 described the interactions by which cadherin ectodomains bind and how
conformations, structural perturbations, or posttranslational modifications within the ectodomain
regulate cadhear binding either in solution or between lipid bilayers. The majority of the studies
done did not take the cytoplasmic regulation into consideration. Conversely, in all the regulatory
activities described in section 1.4, it is clear that cadherin mediatedphilic adhesion signals

to its intracellular binding proteins and regulates the process of adhesion and signaling. However,
the most important phenomenon in the regulatiboell adhesions that itrequires the breaking

and réorming of homophilic adesive bonds. Even regulatory processesitikernalization and
trafficking requirethe controlled disruption diomophiliccadherinbonds between neighboring

cells.
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Although much has been learned abousésegnaling pathways, catenins, and cytoskéleta
proteins that affect adhesion, the mechanisms by which they regulate homophilic cadherin binding
on the cell surfacare still unknown. This differs from the regulatiof integrinmediated
adhesion, for which it is known that conformational changeseéneixtracellular domain and
associated changes in clustering and ligand binding affinity are controlled by associated
cytoplasmic proteins such as talin and kindlins in response to signaling events (Hynes, 2002;
Ginsberg et al., 2005; Shattil et al., 201Dhis is due to the lack of experimental systemsdaat
probe changes in cadherin binding activity at-cell junctions. One such experimental system
that enabled us to address this disconnect weadBerin expressing Colo 205 adenocarcinoma
cells that could be specifically activated fordadherin mediated adhesion. This could be achieved
by using activating monoclonal antibodies that seemed to work by triggering-mdidegnaling
through p120 catenin dephosphorylation, and resulting in phenadyffiécences between the
activated and the inactive states of Colo 205 ¢El&trova et al. 2012; Shashikanth et al. 2015;
Maiden et al. 2016)This provided first support to an insidat allosteric regulation model, where
the cadherin cytoplasmic domaimteractions actually affected the ectodomain activity.
Quantitative affinity measurements proved this ingideallosteric regulation hypothesis, which

is the core of chapter 4 of this thesis.
1.6 Questions addressed in this thesis

The goal of the reseezh described in this thesis is tovestigate the regulation of cadherin
homophilic adhesion by both its ectodomain and the cytoplasmic domain, and importantly, to find

the correlation between each other. The questions addressed in this thesis are:
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a) Are cadherin binding affinity and kinetics allosterically modified by its cytoplasmic
domain binding partneiidd-catenin (Chapter 2) and p120 catenin (Chapter 3)?

b) What effect do putative lateral interaction mutants have on the binding, and what are the
functional implications for cefcell adhesion? (Chapter 4) and

c) What is the impact of Nlycosylation and ©@nannosylation of Eadherin on its

interactions at celtell junctions? (Chapter 5)

Results described in this thesis led to the first quantitative derabostthat Ecadherin binding

activity is allosterically regulated by insiaeit signaling by p120 catenin dephosphorylation. The
impact of a putative cimterface was inferred to indeed affect cis interactions between cadherins
and could dictate its fution. Studies with Nylycosylation mutants and -@annosylation
deficient cell lines expressing-&adherin made an unusual discovery that glycosylation can
sometimes be beneficial for adhesion, depending upon its orientation on the cadherin ectodomain,
andthat the kinetic signatures again were strongly correlated with the functional perturbations

observed.
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1.7 Figures

A

Figure 1.1. Crystal Structure of Gcadherin and strand swap dimerization (adapted from
(Boggon 2002) (A) Stereo view of the @adherin ectodomain. Tfpis shown in CPK
representation and colored purple; green spheres, calcium ions; cyan, disulfide bonds; red, O
linked sugars; blue, lnked sugars. Individual cadheritke domains are labeled EC1 through
ECS. (B) Detailed stereo view of the strand dimer interaction. Side chains that make direct contact
with the partner molecule are labeled, and a water molecule that mediates thaspisp
interaction is shown
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Cadherin-Catenin
Cell-Cell Adhesion
Complex

E-cadherin

~180 A

Vinculin

Figure 1.2.Model of the cadheriri catenin cell adhesion complexadapted from (Ishiyama
and lkura 2012)). The cadherifi catenin cellcell adhesion complex consisi§ E-cadherin (PDB
code3Q2V), pl206catenin(PDBc o d e 3 icd&ieXin (PDBb o d e 1| 7datenin@mbBd
codes 1DOW & H6G). -cdtenin could eithatirectly interact with Factin(PDB code 3B63) or
indirectlyvia vinculin(PDB cod€elST6) or other actibindingmoleculegadapted fromshiyama
and lkura 201p
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Figure 1.3 X-dimer interface with residues showing relaxation dispersioNMR highlighted
by stick representation (Li et al. 2013) EC 1- EC2 interface showing the prominent residues
involved in the Xdimer interactionThe green spheres represent bound calcium.
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Figure 1.4. Stereo views of cis interfaces observed in crystal structures wiouse Ecadherin

(adapted from (Harrison 2011)). Interfaces are formed between a concave surface of EC1
(salmon) and a convex surface of EC2 of a partner molecule oriented in parallel Relgens

of EC3 involved in contacts are also shown. Side chains of residues contributing at I€ast 10A
buried surface area to the interface are displayed as sticks. Hydrogen bonds are shown as dashed
lines, calcium ions are shown as green spheres. Rasidich were mutated are represented in
magenta (Chapter 3)
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CHAPTER 2

AdhesionFrequency Measurements Of Cadherin
Kinetics

Subsection 2.3.3s part of an article published in the Journal of Cell Science, and is being
reproduced after obtaining due permission. [RefereBagy AK, Tabdili H, Muhamed |, Wu J,
Shashikanth N Gomez GA, Yap AS, Gottardi CJ, de Rooij J, Wang N et al. 2014a-efjtbain
cytomechanicgole in cadherirdependent adhesion and mechanotransduction. J Cell Sci 127:

17791791]

2.1 Introduction

Measurements of the adhesion frequency between cell pairs were used to quantify the two
dimensional affinities and dissociatioates of classical cadheringlicropipette measurements
have been used to determine the-timensional affinities and dissociation rates of adhesion
protein receptors including cadherins and selectins, in the context of the cell me(iresia et

al. 1998; Chesla et al. 2000; Huang et al. 2007; Chien et al. 2008; Jiang et al. 18Gh&ke
adhesion frequency measurements, cell ageepetitivelybrought into contador defined time
intervals Explicitly, one cellexpressing a protein of interest its surface, is partially aspirated
into a micropipett€Fig 2.1).A red blood cell (RBC}hathas been chemicaliypodified with the
ligand or receptoof interest, is partially aspirated into a second micropipette. The two cells are
then repeatedly bught into contaciat a defined contact area and time interadlithen retracted

If the cells adhere, the RBC defamlightly and recoils upon bond ruptuyras detected from

dynamic imaging during the measuremeifiise measurements quantify thending probability,
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P, which is the number of times bindirfge., deformation of the RBC at withdrawalyents are
observedny) divided by the total number of contact cyc(®l). The contact time between the
two cells is controlledand the time evolution afhe binding probability reflects the protein

densities and the binding mechanism

2.2 Materials and Methods

The process used to prepare cells for adhesion measurements is outlined below and described in

detail in this chapter:

1. Drawing whole blood frorhealthy volunteers and isolation of RBCs from the whole blood.

2. Labeling RBCs with a specific antibody that can bind to protein tags like hexahistidine or
lgG-Fc. These tags are expressed as the end segments of adhesion protein ectodomain, so
they can bindo the antibodies and orient themselves on the RBCs.

3. Quantification of surface densities of adhesion protein receptors on both the labeled RBCs,
and the cell line of interest, which is expressing the desired adhesion protein. This is
accomplished by perforing flow cytometry on stained single cells and quantification
using calibration Kits.

4. Performing test cellRBC micropipette adhesion frequency measurements and obtain
binding frequency data w.r.t. contact time.

5. Qualitative and quantitative analysis oethinding frequency curve including parsing
between two phases of binding (observed with WT cadherins) and fitting data appropriately

to receptoiligand binding equations to obtain equilibrium and kinetic parameters.
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2.2.1 Isolation of Red Blood Cell$rom Whole Human Blood

Human red blood cells were isolated and modified according to the approved Institutional Review
Board at the University of lllinois Urbar@hampaign under protocol # 08669. First, 20mL of
whole blood was drawn from healthy volunteleysnformed consent, by trained phlebotomists at

the Community Blood Services of lllinois (CBSI). This blood was stored and transported in purple
top AVaAWutvaiianless (coated with EDTA to prevent
certified cell culure hood. Red Blood Cells (RBCasjere thenisolated fromthe human whole

blood using Histopaque 1119 (Sigmaldrich, St Louis, MO), follow ng t he manuf ac:
protocol.A 12 ml aliquot of Histopaque 1119 was takiena 50 ml centrifuge tube. Thenrgl
whole blood and 7 ml of 0.9 w/v% NaCl werexed, and slowly transferred to the tube containing
Histopaque. The mixture wagntrifuged aL200 g (rcf)for 20 minutes at room temperature in an
Eppendorf 5810R bendwop centrifuge(Fig 2.2) The supernatanvas discarded as biological
waste, and the remaining cells weeesuspended in gl of 0.9 %w/v NaCl, prior to the addition

of 2 ml of 6 %w/v Dextran to obtain a final concentration of 1.5% wihecells were incubated
at room temperature for 4%inutes, during which they settled to the bottofrthe tube. After
discarding the supernatant, the red blood cells (RBC) were washed twaoendemperature with
0.9w/v% NaCl, and resuspended in 181 EAS45 (2.0 mM Adeninel10.0 mM [extrose, 55.0
mM Mannitol, 50.0 mM NaCl, 10.0 mM glutamine and 20.0 Nd2HPO4 at pH 8.0) The
purified RBC suspension in EAS##asstored at 4°QFig 2.2) and wasused for up to 3nonths

after which the RBGuspensionvastreated with10% bleachfor 15 minand discarde.
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2.2.2 Surface Modification of RBCs with Cadherin Extracellular Domains

Anti-Fc antibodies covalently bound to the RBC surface were used to capture-tdggéd
cadherinectodomains. Antibodies were covalently coupled to the RBEisg thechromium
chloride coupling method(Gold and Fudenberg 1967; Kofler and Wick 197Ejther goat
polyclonal antihuman immunoglobin G (IgG) Fc antibpdSigmaAldrich, St Louis, MO)or
mouse monoclonal ar@X-His antibody (Aviva Systems Biology, San Diego, CA) was used to

capture and orient Fagged or 6XHistidine tagged cadherin ectodomains

A CrCls solution wasserially diluted to concentrations beloW01 w/v% with 0.02 mMsodum
acetate containing 0.85 w/v% NaCl. In ordeo tthemicallyactivate RBCs for the covalent
immobilization of antibody tolgcoproteins on RBCs, 25@ of diluted CrC} solutionwasmixed
with 250 pl of the red bloodcell/antibody mixture and incubatecht room temperature for 5
minutes. The reaction wasopped with 50Q of 6 st o p P8BS with5imM EBTA and 1%
BSA). The cells werghen washed twice with thstop solution.The concentration of Cr¢l
determined the density ahtibodies immobilizedo the surface of the RBCs. Treating RBCs

with different CrCk concentrations achiedéhe desired antibody surfadensity.
2.2.3. Quantification of Cadherin Surface Expression Levels

Flow cytometry measurements quantified the density of sutfaoed cadherin (cadherins/pin
E-cadherin expressing cells were labeled with the primaryEaoéidherin antibody DECMA
(SigmaAldrich, St. Louis, MO), which binds the fifth extracellular repeat domain (EC5) of murine
and human EadherinVestweber and Kmaler 1985; Ozawa et al. 1990)he secondary antibody
was CFL-647 - conjugated antrat IgG (whole antibody, Santa Cruz Biotech, TX). The antibody

labeling was done ihX PBS containing 1 % w/v BSA at pH 7.4. The fluoresceni@nsities of
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labeled cells wremeasured with an LSR Il flow cytometer (BD Bioscienc&ge calibration
curve used to relate the fluorescence intensity to the cadherin surface density was generated with

calibrated Alexa 64Tabeled standard beads (Bangs Laboratories, Fisher&it\N}.3)

2.2.4. Micropipette Measurements of Cell Binding Kinetics

Adhesion frequency measurements quantified the intercellular binding probability as a function of
contact time, by using opposing micropipettes to manipulate interacting cell payr2.1)
(Shashikanth et al. 2016The measured binding probability P(t) is the ratio of the number of
binding events mto the total N cell-cell touches, giNt, and is a function of the number of eell
to-cell bondgChesla et al. 1998bn these measuremisna cadheriexpressing cell and a RBC

with surfacebound, His-taggedor Fctagged)cadherin ectodomains were partially aspirated into
opposing glass micropipettes (FigslA, B). The experimental chamber contained L15 medium
(Invitrogen, Carlsbad, Cpsupplemented with 1 w/v% BSA and 2mM Cg@ind diluted 1:1 with
deionized waterThis hypeosmotic solution keeps the RBCs round&klls were observed with

a 100x oil immersion objective on a Zeiss Axiovert 200 microscope, and images were recorded
with a Manta G201B camera (AVT technologies) interfaced with a high resolution (1080 x 720

pixels), flat screen monitor.

The contact time was manipulated with compui@ntrolled, piezeelectric manipulators
that wereprogrammed to repeatedly bring the teslls into contact for defined intervals. The
visualized contact area was controlled at 6 +  doring a single set of measurements. Binding
events were identified from surface deformations of the RBCs during cell separatibe ol
at bondrupture.Each cell pair was tested for 50 repetitive -celll touches (N= 50), and each
contact time in the figure represents measurements with at least three different c@fig@irt)

The mean and standard deviation of each set of 50 tests wammitked from the Bernoulli
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distribution. The probabilities Rt each time poinshown in the graphs are the average of
measurements with 3 cell pairs, and the error bars indicate the stenaasdfrom the meaaof

the 3 sets of measurements with différeell pairg(Fig 2.5)

2.2.5. Analysis Of Binding Frequency Data

Micropipette data format

A

The data originally obtained from the micropipette experiment was asee$ @ and 6006
corresponded to adhesive or rathesive celtell contactsrespectivelyThree setef datawere

taken foreach time pointwith 50 celicell touches per cell paiFirst, for each data set, the binding
probability wascalculated by dividing the observedmber ofadhesion events by the total number

of cell-cell contacts.The total probability of observing adhesion can be represented as the sum of
the probability offorming oneor more bondsTo represent that mathematically irsienplified
manner, it is defined dsPo, where Ris the probability of formingerobonds. From theange of
binding probabilities used in the experiments (0 < P < 0.8), it can be inferred timaimber of

bondsformedis small, and likely single digitsChesla et al. 1998)

The Poisson probability function closely matches the fulltsmh to the master equation
under these conditior{€hesla et al. 1998With this assumption, the number of bonds formed in
the contact site for each time ee#ll contact time is sampled, and therefore, the number of
observed adhesion events followBa@sson distribution centered on the mean number of bonds in
the contact area. This results in a mathematical expression that relates the average number of bonds
in the contact area <n> to the binding probability BgHesla et al. 1998 he initial bindng step
due totrans(adhesive) cadherin bond formation can be described by a simple receptigafiv)

(L) binding reaction
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Reaction 2.1

Where the binding and dissociation rateskareandkos, respectively. The analytical expression

for the timedependent, binding probability P (t) for the above reaction is:

||-< .o—[]zlljg=%L

r [ T .' Equation 2.1

Here m_ and ni are the receptor and ligand surface densities (cadherifjsrthe two cells, A

is the contact area (LAn Kzp is the twedimensional binding affinity (uf), and ks is the
dissociatiorrate (s'). Thevalues of thdigandsurfacedensities and contaareas (cadherins/|in

were known Thus, the twedimensional affinity kp and off rate ks for trans-binding were
estimated from fits of Equatidhl to the data corresponding to the first binding &tépat is, the

rise to P1(Chien et al. 2008; Langet al. 2012; Tabdili et al. 2012; Shashikanth et al. 2015)
Estimation of variation in the data

To estimate the standard deviation of the data for error analysis, the binding probability was first
assumed to follow a binomial functiomecauseach contaatycle generated a one or a zero. The
variance of a binomial distribution depends on the number of trial@matite mean probability
(Equation2.2). This standard deviation was used to determine the weighting factor for the least

squares regressiarsed toestimate the receptdigand binding parameters
" OnNp N Equation 2.2

Weighted nonlinear least squares regression
To determine the beit parameters for the firstadherincadherinbinding phasgChapter 1,

Section 1.3.2)the data were fit to the kinetic model for simple recepgand binding (Equation
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2.1), usingveighted nordinear leassquares regression. The Alamear regression was performed
in OriginPro10.0(OriginLab, Northampton, MAusing their nodinear analysis tool. Equation
2.1, the simplebinding mechanism, was programmed as a user equation in tHan@anleast
squares analysisol. Thebinding probabilities at different time pointgereentered. Because of
the spreadn the variation, a weighted nelinear least squares regression was performed, using
the calculatedrariancegiven by Equation 2.ZEach data poinvasweighted by the inverse of its
variance, so it thegreatest weiglstweregiven to the data points witheHeast variabilityThe
best fit kineticparameters were calculateasing the nodinear analysistool, the weighting
factors, and thenput of Equation 2.1After thus estimating thparameter&a and ks, a lack of
fit test was usetbr validation ofthe model fit to the given data.
Parsing the two phases of adhesion frequency time courses
To determine the kinetic data that were described by the medalseda nonlinear lack of fit
test for a system with repeated observatigNeill 1988) The testutilizes the multiple
measurements at each time point, eoshpareshe intrinsic variability in the data to the residuals
between the data and the proposexiel(Equation 2.2)The test statistic follows andistribution
(Equation 2.3

The null hypothesis for this test is that the model describes the data, so the calculated
statistic exceeds the criticaialue when the model is no longer valid. For each experiment, the
kinetic parameters for the first phase were estimated usingimear leastsquares regression,
followed by testing for lack of fit usg the statistic in Equation2to determine if those time
points wereassociated witlthe first phase. The parameters reported for the first phase are those

for themaximumnumber of pointsvhich could fall under the critical-#alue.
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For this test statistic, n is the number of distinct time points observas,time numbe of
observations at each time point, means the average value of observations at timegbeiattq
the model prediction at time point i, refers to each individual measurement, anthé\tctal

number of observations.
2.3 Results Example of Classial Cadherins

2.3.1 Classical Cadherin Binding Kinetics is Biphasic

The binding time course of the binding probabititgasuredetweerchicken Ncadherin
extracelluladomains was characterized using the micropipetteesion frequency assdior the
testcell surface,N-cadherin was expressed in CHOK4lls, and a construct of the-¢ddherin
extracellular region attached to an Fc tag was immobilized on a RBC. The binding probability
curveexhibited two phases: Firsan initial, fast rise (2 s) to a pleeau that lasted ~8s, and then
a second rise to a final binding probap (5-20 s) (Fig 2.5 This signature is consistently
observed with most classical cadherins studiggithelial (E} cadherin, Neural (N)cadherin and
Cleavage stage (€yadherin(Chien et al. 2008; Langer et al. 2012; Shashikanth et al. ZDié)
two dimensional affinity and off rates were determined from-Ineear least squares fits of the
data to the receptdigand binding model in Equation 2.1. Parsing the second phaseHfeofinst
phase was done using thedst as described above.
2.3.2 Test i ng -catdnia oniEpabHennaffindye of U

As described in Chapter 1, classicat&lherin adhesive junctions compriseadtiherin,

and its cytosolic binding partners, caten The cadherin is linked to the actin cytoskeletal
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framewor k \wadataninbiads taecytaplasmic binding domain of cadherin, and the actin

bindi ng-cman @tneinn i 4 t he mo-tageeiruandactifGumbiner §0®5) b et we e

Based orantibody binding studieand domain mapping f -caénin, Yonemura et al.
(Yonemura et al. 201Q)ostulated thafiorce triggers the exposure of a cryptic vincubmding
s i t ecaténim that in turn recruits vinculin and actin to cadherin junctidhe latter findings
suggest thaa -catenin functions as a mechanotransducer. Relevant to this, further studies showed
thatU-catenin regulates cadheninediated adhesions in different mechanical con(®dsy et al.
2014; Kim et al. 2015) However, he i nf | u e n-catenin ooh catlherimediated
mechanotransduction cousdso involveinsideout modulation of cadherin bindirgffinity and

cadherinmediated ceitell adhesion.

To test whethea -catenin allosterically altered the cadherin binding affinityerformed
micropipette measuremerttsquantifyt h e e f -tateminton the intridsic twdimensionak-
cadherin affinity, in the native context of the cell membrane, by comparing the affinities of E
cadherin expressed on Madine Darby Canine KidMyCK) cells. MDCK cells in which WT
U-catenin was knocked down (KD) by expressing a short hairpin shRNA. These cells were then

rescued with GFP a g g e d -catenin §MDCHKrescued cells).

In these measurements, an MDCK cell expressingduatjth Ecadlerin was repetitively
brought into contact with a red blood cell (RBC) that was modified with orierveablBerinFc.
Fig 2.7 shows the bindingrpbability Pas a function of contact time between the modifieth&
Fc RBCs and either MDCK KD or MDCK Resalieells. The twestage kinetic profile observed
with both cell types is similar to previously reported cadhbnmling kinetic§Fig 2.6)(Chien et

al. 2008; Tabdili et al. 20124 fast rise to an initial plateau at PD.51 (MDCK KD) is followed
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by a 24 s lag and a slower rise to a steadgte probability at PR0.8 afterD20s. The density of
E-cadFc on the RBCs was 29 cadherinsfiiand the Ecadherin densities on the MDCK Rescued
and MDCK KD cells were 40 and 44 cadherinsfumespectively, as determined by flow
cytometry(Barry et al. 2014)The besffit, two-dimensional affinity and dissociation rate for E
cadherin on MDCK Rescued cells were (1.82+0.23) %im? and 0.86+0.15 ! (meant s.e.m.),
respect i vcaténiy KD c8lIs, théabedit affinity and dissociation rate were (1.29+0.17)
x104um? and 1.2+0.18' . The affinitiesappeardifferent, but the difference is insignificaat
the 95% conf i deThese redultssugddsth(aatenlth anegligille effect on

the cadherin affinity.
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2.4 Figures

(e
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s )
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E-Cad-His6

Figure 2.1. lllustration of the micropipette configuration used in binding probability
measurements.(a) A test cell (for exampleMDCK cells) expressing fullength cadherin is
aspirated into the left micropipette, and a Red Blood Cell (RBC) ectopically modified \@i#tttE

Hiss (or E-CadFc) is aspirated into the right micropipette (see illustratiob)). The cells are
repetitively brought into contact for a defingahe interval(and contact area) arsgparatedvith
computercontrolled piezoelectric manipulators. Adhesion events are quantified from visible RBC
deformations and recoil upon bond failuhe.the left micropipette, cells can be replaced with a
modified RBC, as in the right pipette, in order to quantify binding between ectodomains only.
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Figure 2.2 Isolation of red blood cells (RBCs)Whole blood was mixed with a gradiemker
(Histopaque 1118) and centrifuged to yield the components of blood as shown to the left. Only the
RBCs were preserved. The rest was treated with 10% bleach for 10 min and discarded. After two
washes with 0.9% NaCl, the RBCs were finally suspendédiyitinrocyte storage Buffer EA&b,

as shown in the right image, and stored at 4 °C.
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36 10 Enter channel value Data incomplete
371 Enter channel value Data incomplete
38| 12 Enter channel value Data incomplete
39 13 Enter channel value Data incomplete
40 | 14 Enter channel value Data incomplete
41| 18 Enter channel value Data incomplete 1000 . . . . y
42| 16 Enter channel value Data incomplete 10 100 1000 10000 100000 1000000
43 17 Enter channel value Data incomplete
Calibration Line Analysis (O]
HaCaT surface area 1133.54 um2 Date 3/9/2016
Sample Channel MESF Difference Density Round off
Ctrl Hacat 1 83 6207 0 0
Ctrl Hacat 2 84 6287 0 0
0.5 ul AK23 569 48643 42456 37.45435
1.0 ul AK23 571 48825 42638 37.61491 37.73643
1.5uL AK23 581 49740 43553 38.42211
2.0uL AK 23 569 48643 42456 37.45435
Density= Difference/surface area
For Anti-Fc tagged antibodies, Density = 2* difference/surface area
Method: Primary Dsg3 binding antibody AK23
Secondary antibody labeling goat Anti-mouse Alexa 647 IgG

Figure 2.3: Calibration and quantification of the surface density of cadherins, using flow
cytometry. The calibration curve is obtained by plotting thedian intensity determined with

five, standard fluorescent bead populations, each with a known amount of embedde@4Xlexa
fluorophore. The excel sheet template is provided by the calibration bead company, Bangs
Laboratories Inc. The molecules of equerd soluble liorochrome (MESF) values are
approximately the number of antibodies, which can be converted into surface density
(cadherins/area) by dividing MESF by the estimated surface area of the cell or bead used for the
analysis.
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Figure 2.4 Cadherin-mediatedbinding probability versus contact timeobtained from

repetitive cell-cell touchesbetween Ecadherin expressing MDCK cells and Ecad-Fc

labeled RBCs Each point in this graph represents an average binding probataitity ¢f the

number otbinding events gito the total N cell-cell toucheyobtained from at least 50 (N

cell-cell touches. There are three such points obtained for each contact time (typically at 0.5, 1,
2,3,4,5,7,10, 12, 15, 20 (and if required) 30 and 40 s). Thestfieof points depicting the
whole curve are colored distinctly for spotting the variation in probability distribution for each
contact time.
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Figure 2.5 Binding probability versus contact time with model fit. This plot indicates the
binding probabiliy measured between RBCs labeled witE&d Fc, in the presence of 19A11 Fab
fragments. Each data point is the average of the three independent determinations of the binding
probability (P) for each contact time, and the error bar is the standard ethrerroéan (Equation

2.2). The first rise to the first plateau, corresponding to trans dimerization (see Chapter 1) is fitted,
by nonlinear, least squares regression, to the model (solid black line) (Equation 2.1), in order to
obtain the best fit binding pameters Kp and k.
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Figure 2.6. Binding probability versus contact time measured between CHO cells expressing
human N-Cadherin and RBCs modified with mouse Ncad-Fc (adapted from Matthew
Langer- PhD thesis 2012)in this figure, Binding probability versus contact time between CHO
cell expressing wild type human-Gad and a RBC modified with-BadFc is shown as an
example. There is an initial rise in the first 2s, followed by a lag for ~5s, and then a secorsg increa
in the binding probability. The first phase is dodransbinding between cadherin ectodomains,
and the data are fit to the model to obtain the binding parametgrsuild k). The dotted lines

are the 95% confidendetervals for the model paramedehus obtained. The possible mechanism
underlying the second rise in probability is discussed in Chapter 4.
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Figure 2.7 U-catenin does not significantly alter the cadherin binding kineticsThe data show

the binding probability versus céltell contact time measured between RBCs modified with E
cadFc and -dHEAMKDU cel | s ( bl ac k -catepin Resceed cellso(whiteM D C K
squares). The solid line is the nonlinear least squaresHugurtion 2.10 data for the first binding

step meauredwith MDCK Rescued cells, with befit parameters given in thgection 2.3 of the

text The dotted line is the fit to data obtained with MDCK KD cells, with-ieparameters given

in the text. The dashed line indicates the limiting binding prdibalfi2 determined with both

MDCK Rescued and MDCK KD cells. Control data (white circles) were measured between
MDCK Rescued cells and RBCs modified with amtiman 1gG (Fc) antibody without bound E

cadFc.
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CHAPTER 3
Allosteric regulation of cadherin adhesion

This chapter has been reformatted from its published version in the Journal of Biological
Chemistry (JBC). [Referenc8hashikanth N Petrova YI, Park S, Chekan J, Maiden S, Spano M,
Ha T, Gumbiner BM, Leckband DE. 2015. Allosteric Regulation-&@dtlherin Adhesion. J Biol

Chem 290: 217421761.

3.1 Introduction

Intercellular interactions are not static, and many critical biological processes such as collective
migration (Ciesiolka et al. 2004; Weber et al. 201#) endothelial barrier disruption during
leukocyte extravasatiofWessel et al. 2014kquire dynamic cadherin regulation for facile cell
detachment and reorganization. Adhesion strength is a functicoaufiterin affinity and surface
expression, whiclis under transcriptional control and modulated by trafficking and endocytosis
(Gumbiner 2005) Mechanical factors such as the stiffness of the cell cortex or increased
cytoskeletal interactions can influence adhesion strdiigthns and Calderwood 2007 akhing

et al. 2010; Maitre et al. 2012Additional evidence suggests that insalé signaling may also
allosterically regulate fadherin adhesive activifpono et al. 1999; Zhong et al. 1999; Gumbiner
2005; Chen et al. 2009; Petrova et al. 2012)

Inside-out/outsidein signaling typically involves allosteric coupling between binding sites
and distal effector sites on opposite sides of the meml§hokagh et al. 2014)Thus,altered
cadherin binding caused by perturbations at sites away from the hdimdoiding site would
evince the allosteric regulation of cadherin adheskmr.example, ytoplasmic perturbations alter

both integrin adhesion and clusterifig et al. 2001; Voruglensen et al. 2003; Luo et al. 2004)
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Although cadherins are transmerabe proteins, studies of cadherin binding mechanisms have
largely focused on active recombinant extracellular don{&hapiro and Weis 2009)

Circumstantial evidence for the allosteric regulation of cadherins includes the modulation
of cadherin adhesioopon association with other membrane proteins, such as protocadherins
(Chen and Gumbiner 2006; Chen et al. 2009; Emond et al. .2@ddifionally, point mutations
and antibody binding at epitopes away from thdéeNninal bindingsite abrogated adhesion
(Ozawa et al. 1990; Berx et al. 1998; Prakasam et al. 2@@&)versely, the binding site mutation
W2A altered epitope exposure in an ectodomain region near the mer(isanieet al. 2007.)

E-cadherin specific monoclonal antibodies (mAbs) were recehthyvn to activate the-E
cadherinmediated aggregation of Colo 205 céPetrova et al. 2012 o0lo 205 cells express-E
cadherin but do not aggregate unless treated with trypsin or the kinase inhibitor staurosporine
(Aono et al. 1999) The activating arttodies triggered Colo 205 aggregation and tight cell
compaction, and also decreased the phosphorylation of p120 catenin, a cytoplasmic protein that
binds the cadherin cytodomaifShapiro and Weis 2009)Conversely, the expression of a
phosphorylation degient p120 catenin mutant constitutively stimulated Colo 205 cell aggregation
(Petrova et al. 2012)

The strengthening of cadhennediated intercellular adhesion has been attributed to
several mechanisms including GTPase actifigibuchi et al. 1999; ku 2004; Waschke et al.
2004; Kardash et al. 2010; Daneshjou et al. 20éBhanced cadhertytoskeletal interactions
(Nagafuchi et al. 1994; Nelson 2008; Maitre et al. 2012; Thomas et al. 2013; Barry et al. 2014)
cadherin catch bondRakshit et al2012) cadherin clusteringyap et al. 1997; Wu et al. 2011,
Hong et al. 2013)and altered cortical tensiofManning et al. 2010; Maitre et al. 2012)

Demonstrating that Colo 205 aggregation was caused by the allosteric regulaticadifetin
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requireddemonstrating that specific perturbations, which do not affect the binding site directly,
caused quantitative changes in thedglherin affinity.

In this chapter, micropipettatercellular adhesion frequency measuremgdiesla et al.
1998)were used taguantify the binding kinetics and tadimensional affinity of fullength E
cadherin expressed on Colo 205 cells. The results demonstrated that four different treatments that
altered p120 catenin phosphorylation had quantitatively similar effects orcéherinmediated
binding kinetics of Colo 205 cells, increasing thedtlherin binding affinity ~3 fold. Super
resolution imaging confirmed that these treatments did not alter the size distributiecadbfetin
clusters, at the resolution of the measnents. These results thus provide direct biophysical

evidence for the allosteric regulation cicBdherin adhesive function.

3.2 Materials and Methods

Note: The Red Blood Cell isolation, labeling, and the entire micropipette procedure and analysis

is detailed in Chapter 2 dedicated for this purpose.
3.2.1 PlasmidsCell Lines andAntibodies

All cell lines used were from the American Type Culture Collection (Manassas, VA). Cells were
cultured in Dulbeccods Mini mum fetalddviee sdtend i u m
(FBS) (Life Technologies, Carlsbad, CA) in a 5% C&mosphere at 37°C. The activating
antibody 19A11 (Whole and Fab fragments) and the neutral antibody 76D5 (Whole and Fab
fragments), as well as the generation of Colo 205 cells infegteenouse p120 catenin retroviral
constructs were described previou@Petrova 2012)Inhibitory antibody rat uvomorulin anr-

cadherin IgG (DECMAL clone) was purchased fraBigmaAldrich, St Louis, MO.
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3.2.2 Retroviral Constructs

Note: Tre celllines with these constructs wesbtained from Dr. Yuliya Petrova with Prof Barry

Gumbiner(Petrova et al. 2012)

Retroviral constructs including pLZRS Neo (empty vector), mouse p120 catenin isoform 3A wild
type and 6 S (Iretoh¥tAl 2002t Xated. 2006)were a generous gift from Albert
Reynolds (Vanderbilt University). The 6S, TYA
S312A and T916A mutations. Virus production was described previuostgn et al. 2002; Xia

et al. 2006) Colo 205 cellsvere infected with respective retroviruses by spinoculationwelb

tissue culture plates at 1800g for 2h at 33°C, and selected with Img/ml Neomycin for 10 days.
Mock-treated cells were infected with retrovirus containing the empty vector (Neo), gadtedb

to the same selection protocol as the other lines. Mouse p120 catenin expression levels were
estimated by Western blot analysis (not shown), using mousegpt2{fic mAb 8D1XWu et al.

1998) (from Albert Reynolds). Immunofluorescence imaging wasel with cells stained with
human Ecadherin extracellular domaspecific IgG2b mAb 27D2, together with mouse p120
cateninspecific IgG2a mAb 8D11. As secondary, gaatrmouse 1gG2kAlexa488 (A21141)

and lgG2aAlexa546 (A21133) (both from Invitrogen) weused. Immunofluoresace images

were acquired using BX1 fluorescent microsco®lympus), LUCPlanFL N 20x objective lens,

digital CCD Camer&£1060010B (Hamanasu) and SlideBook 5.0 Software (Intelligent Imaging

Innovations, Inc.).
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3.2.3 Treatment Of Red Blood CellsWith E-Cadherin Ectodomains And With Anti-E-

Cadherin Antibodies

C-terminal Fetagged or hexahistidiragged Ecadherin ectodomains were bound and oriented
on RBCs modified with, respectively, afic or antihexahistidine antibody. Whethe E
cadherinmodified RBCs were treated with afticadherin antibodies, excess cadherin was first
removed, by centrifuging the modified RBCs, followed by resuspension?inc@Gataining PBS.
Then 19A11 mAb or its Fab fragments, 76D5 Fab, or DECM#AAD, each at 2ug/mL, was

incubated with the RBC cell suspension at 4 °C for 45 min.

3.2.4 Quantification Of Cadherin Surface Expression Levels

Flow cytometry measurements quantified the cadherin densities on cell surfaoe$ (Ehien et

al. 2008) E-cadhein expressing cells were labeled with the primary,-Brtadherin antibody
DECMA-1 (SigmaAldrich, St. Louis, MO). DECMAL recognizes both the canine and human E
cadherin used in these studig3zawa et al. 1990)The secondary antibody was fluoreseein
isothiocyanate (FITGronjugated arnrat IgG (whole molecule, Sigmaldrich, St. Louis, MO).
The antibody labeling was doneRBS containing 1w/v% BSA at pH 7.4. Calcium was omitted
at this step, in order to prevent cell aggregation. The fluoresperogties of labeled cells were
measured with an LSR Il flow cytometer (BD Biosciencdd$)e calibration curve for the
fluorescence intensity was generated with calibrated Héb€led standard beads (Bangs Lab,

Fishers, IN).

3.2.5 Treatmentof Colo 205 Cells With Activating Antibodies, Staurosporineor Licl

For studies with Staurosporine treated cells, Colo 205 cells were incubated with DMEM containing

7nM Staurosporine (in DMSO) for 4 hours, at 37 °C in 5%.Cese cells were then collected
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by vigorous pipetting, and washed with PBS containing BSA and 2n¥) &tdeast 3 times before
use in kinetic measurements.

Colo 205 cells were treated with either activating or neutral antibody. Additionally, we
compared results obtained with the whole antjbwdrsus the Fab fragment. Antibodies were
incubated overnight with Colo 205 cells in DMEM, at a final concentratiopugfr2L. One hour
before the measurements, the cells were gently triturated, collected and washed twice with PBS
containing 1 w/v% BSA ah2mM CaCi. The same antibody used for overnight incubation was
then readded to the washed cells at a final concentration §/BhL, in order to insure that
antibody remained bound to the cadherin ectodomains. These cells were gently agitated on a rocke
at 4°C for 45 min before use.

Colo 205 cells were incubated with 60 mM LiCl cantag DMEM for 2.5 hours (37°C,

5% CQOy). After treatment, the cells were gently trypsinized with TrypLE for less than 2min,
collected and resuspended in DMEM containing BD0iCl, and allowed to recover under gentle
agitation at room temperature for 1 hr.

Colo 205 cells were also stably transfected with wild type mouse p120 catenin (mp120ctn)
or its variants (6 S, A A; mouse p120 WT or Newector)(Petrova 2012)only the aherent Colo
205 cells were used. p120ctn expression was verified by immunostaining, which required adherent
cells (Fig 4A). Thus, we did not use floating Colo 205 cells, because their p120ctn expression
could not be verified. Nevertheless, our kinetitaddid not detect any differences in the two
dimensional affinities or the kinetic signatures measured with the floating or adherent cells (data
not shown). The adherent Colo 205 cells were harvested with TrypLE, which does not affect

cadherin surface exgssion levels, as verified by quantitative flow cytometry.
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3.2.5 Western Blotting

This work was done by Yuliya Petrova and Stept
of Virginia, Charlottesville Virginia, USA.

Cells were collected in 1% triton-X00 with 50 mM Tris pH 7.4, 150 mM NaCl, 2 mM EDTA,
Complete mini protease inhibitors EDTfee (Roche Life Science), and PhosSTOP phosphatase
inhibitor (Roche Life Science). Cells were incubated orfacelO min, andhen vortexed 5%

break up cell clumps. Insoluble material was pelleted at 10,000 x g at 4°C in a tabletop centrifuge.
The supernatant was collected and boiled for 5 min in-BID® sample buffer. Samples were run

on a 6% SDSAGE gel and transferred td”&DF membrane for 3 hours at 60 V. The membrane
was blocked for 30 min with 5% milk/PBST (phosphate buffered saline with Tween 20) and
incubated with primary antibodies overnight at 4°C. After washing, the membrane was incubated
with secondary antibody fat5 min at room temperature. The blot was washed 3x in PBST, and
then imaged on a ECOR Odyssey.

Primary antibodies included rabbit adilta 1 catenin (p120catenin) monoclonal (Abcam,
ab92514) [1:2000], mouse apinosphoT310 pl20catenin monoclonalnfkigift from Albert
Reynolds) [1:1000], mouse atrcadherin clone 36 monoclonal (BD Biosciences) [1:5000], and
mouse antl}tubulin DM1A monoclonal (Pierce, 62204) [1:2500]. Secondary antibodies used
include IRDye goat antnouse 800CW and goat andéiblit 680RD (LFCOR) [1:10000].

3.2.6 Super ResolutionStructured lllumination Microscopy (SIM)

Colo 205 cells were immunostained with an Alexa-&#&led, neutral 76D5 Fab fragment, at a
ratio of 2:1 (Dye: Antibody). The antibody was incubated with théscati 37°C at a final
concentration of @g/mL. After the 45 min incubation, and just before imaging, the cells were

washed three times with pheredd free medium, and imaged using a Zeiss ELYRA 700
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microscope with 64>6il immersion lens. The images wereopessed using the Structured

lllumination module of the Zeiss software to obtain the sugsolved images.
3.2.7 3DSuper-Resolution Imaging(STORM)

Setup and experiments

The details of th&TORMsetup were describgaeviously(Rust et al. 2006; Huargt al. 2008)
Briefly, we used a microscope (Olympus-TA with Olympus 100X NA 1.4 SaPo oil immersion
objective) with red (647nm, 100mW, Crystalaser, DLLAOD-AL-O) and violet lasers (405nm,
10mW, SpectraPhysics, Excelsor). The lasers were combinedgthmichroic mirrorsand
expanded 7.5X with beam expander. The expanded and collimated beamdivemted to dotal
internal reflection (TIR) lens, which focuses the beams at the back focal plane in the microscope,
with an angle slightly smaller tharetiotal internal reflectance angle. This reduced the background
while illuminating several hundred nm along theaxas. A dichroic mirror $emrock
FF408/504/581/667/76Ri01-25X36) reflected the laser lines to the objective. The emission
signalswerecollected bythe samebjective, pasag through an emission filter (Semrock FFO1
594/73025) and two additional notch filters (Semrock NFEE8/64725X5.0 and NFOB68U-

25), and finally imaged on a 512x512 Andor EMCCD camera (DV887BZSAndor Tech). Fo

3D imaging, a cylindrical lens with a 2m focal length (S8X81000.0UV-SLMF-520-820, CVI
Melles Griot) was inserted in the emission paihgenerate astigmatisiuang et al. 2008)
Because image acquisition requires tens of minutes, it was essewmiaiect for horizontal and
vertical drift. The zdrift was fixed by pairing the PI piezubjective (P721.10) and ASI CRISP
(Applied Scientific Instrumentation CRISP system). The horizontal drift was corrected later by

data analysis. A home written pragn (C++) controlled data acquisition. The data analysis
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algorithm was provided by Xiaowei ZhuariBust et al. 2006and modified for 3D imaging
(Huang et al. 2008)

Cluster analysis

E-cadherin clusters in STORM imagesre analyzed using the DensBpsedSpatial Clustering

of Applications with Noiseapproach DPBSCAN (Daszykowski et al. 2002)Based on previous

reports of super resolution imaging of cadherin and other praféioeng Quang et al. 2013a;

Wu et al. 2015a)we fixed two parameters requiréat cluster allocation and analysis. First, the

mi ni mum di stance between two points in a clust
(40 nm, in this case). Second, the mini mum nu
20. Fromthe resulting cluster analysis and cluster allocation, we obtained the 1) total number of
clusters and total number of spots in clusters on individual cellsa@jeterand number of points

in individual clusters; 3) area of individual cells; 4) centerdinates of individual cells. Here the

cl| usdiareeted ii s defined as twice the average dist

every point in the cluster, and can be considered to be the average diameter of a cluster.

3.3 Results

3.3.1. Activating, But Not Neutral Antibody, Increases Cadherin TransDimerization

Affinity

The present studies used the monoclonal antibody (mAb) 19A11, which antibody binds a
discontinuous epitope between extracellular domains one and two (EC1 and EC2) ef the E
cadherin ectodomain (EE3). It significantly enhanced Colo 205 aggregation and tight cell
compaction, and adhesion te@adherin surfaces in fluid shear asséiystrovaet al. 2012)

Controls used the neutral antibody 76D5, which did not significaritgr £olo 205 cell
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aggregation or MDCK cell adhesion to substrates coated witadged ectodomains {EadFc),
in fluid shear assay®etrovaet al.2012)

Adhesion frequency measureme(@hen et al. 2008evealed antibodinduced changes
in the twadimensional affinities of Eadherin on Colo 205 cells. Fig 1C compares the binding
probabilityd the number of binding events normalized by the number ofce#licontactd
measured between Colo 205 cells and Red Blood Cells (RBCs) modified with oriented,Eean
CadFc, with or without treatment with the activating 19A11 mAb.

The binding probability measured with untreated Colo 205 cells rapidly increased to an
initial plateau at P1 ~ 0.3, and then graltjuincreased to ~0.4 over ~20s (Fig)3.Ih sharp
contrast, treatment with 19A11 mAb altered the kinetics qualitatively and quantitatively. The
binding probability rapidly increased to a higher initial plateau at P1 ~ 0.5. This was followed by
a short 25 second lag, and then a further ineeto a final, steady state plateau at-FR28 within
20s (Fig 3.1 There was no further chge, at least up to ~30s (Fig B.Prior Western blots and
determinations of cadherin surface expression levels by quantitative flow cytometry showed that
treatment with either activating or neutral antibody did not statistically akemdherin expression
on Colo 205 cells, and was 44 + 4 cadhering/jmoth cases.

ECl-dependentrans dimerizationwas analysed as described before using the reeeptor

ligand bindng model

06 p QR @ adL p QuRQ o Equation 3.1

Here, m and nx are the receptor and ligand surface densities (#/pmthe two cells, Ais the
contact area (uR), Kzp is the twedimensional binding affinity (uR), and ke is the off rate (3).

The ligand densities and contact areagr(# are knownThe twedimensional affinity kp and
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off-rate ks for trans-dimerization were then estimated from fits of Equation 1 to the data
corresponding to the firstransbinding sepd that is, the rise to P(Chien et al. 2008; Langer et
al. 2012.

To fit the data, the kinetic dateas parsetetween the initial binding step (rise to P1) and
the subsequent rise to P2, using tioerlinear lackof-fit F-test(Chapter 2)In this studytrans
binding, as modeled by Equati8ii, described the rise to P1, but not the subsequent increase to
P2 at times t > ~16. The dissociation rate and tvdomensionatrans-binding affinity were then
determined by fitting Equation 1 toghmaximum number of points in each data set that did not
fail the lackof-fit test. The resulting weighted, nonlinear least squares (OriginLab 9.0,
Northampton, MA bestfit parameters are given in Tal8el.

Data fits showed that the 19A11 mAb treatmeoteased the twdimensional affinity of
E-cadherin on Colo 205 cells ~3 fold, relative to the untreated control. Thetlesifor binding
between ECadFc modified RBCs and Colo 205 cells and was (1.6+0.3)%u00?, and ki was
1.0 + 0.2 . With untreated cells, the bef#tK .o was (0.7+0.1) x 16 um? and ks was 1.5 + 0.4
st. The apparent difference in#kfor antibodytreated Colo 205 cells is insignificant at the 95%
confidence level (N=18, p=0.2). Statistical significance is definephglues < 0.05. However,
the difference betweenk6s i s statistically significant (p-

The enhanced affinity of Eadherin on Colo 205 cells was not due to cadherin cross
linking by whole antibody. Measurements with the Fab fragment ofLl1%asted whether the
enhanced affinity could be due to cadherin ciodsng by the whole 19A11 mAbFig 1D).
Treatment with the 19A11 Fab gave quantitatively similar reguigplementary data in Appendix
A): namely, the bedit values for Kp and ki were (2.1 + 0.3) x T6pum? and 0.9 + 0.2°§

respectively. The latter values are statistically similar to those measured after treatment with the
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whole antibody (for Kp, p=0.19, N=18; for &, p = 0.7, N=18). The be#t parameters are
summarized in Tabld.1.

In controls, the Fab fragment of the neutral antibody 76D5, which did not induce Colo 205
aggregation, had a small effect on the kinetics, relative to untreated Colo 20%ig83I2) The
amplitude of the first plateau P1 increased slightly, and there was a slow, small further increase
that slightly exceeded the binding probability of untreated Colo 205 cellssati2 fitted values
for Kzp and ks were (1.2 + 0.2) x IOum? and 1.3 + 0.3 3, respectively (Tabl8.1). These values
are statistically similar to the untreated Colo 205 cells (p=0.06 foaKd p=0.7 for k). Kop is
statistically different from the value measured after treatment with the 19A11 Fab (p=0.02).
Reasllts obtained with the whole 76D5 mAb were similar to untreated Colo 205 cells @rable
3.3.2 Antibodies Do Not Significantly Affect The Affinity Of Recombinant E-Cadherin

Ectodomains Or AdhesionCompetentE-Cadherin On MCF7 Cells

It was investigatedvhetherthe activating or neutral antibodies altered the kinetics of adhesion
competent Ecadherin extracellular domains. Bulkydycans on EC2 and EC3 appeared to alter
the second binding step (P2), without affecting,kand the change was attributedatteredcis
interactiongLanger et al. 2012 The neutral antibody 76D5 binds near the #d8nction, and
could similarly perturb the kinetics in ways that might not be obvious in cell aggregation studies.
In the absence and presence of 19A11 or 76B¥sFthe kinetics were statistically similar to
control measurements in the absence of antibody3BjgBestfit values for kp and kg for the
trans-dimerization of untreated-EadFc ectodomains were (2.7 + 0.4) x40m? and 1.1 + 0.3

s?, respectiely (Table3.1). After treatment with activating 19A11 mAb, the fitted parameters
were (3.0 +0.4) x I6um?and 0.9 + 0.2°8for Kop and ks, respectively. Similarly, after treatment

with the neutral 76D5 Fab, the fitted values fap nd ks« were (2.9 + 0.4) x IHum? and 1.0 +
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0.2 st. For all three, pairwise comparisons, the affinities were statistically similar (p > 0.5), as
were the offrates (p > 0.7). These results confirm that the antibodies do not altiertsieinding
parametersor the overall twestage binding kinetics of adhesioompetent Ecadherin
ectodomains.

Unlike Colo 205 cells, MCF7 cells express constitutively activea@herin and exhibit
robust cell cohesion. Treatment with 19A11 antibody did not enhance the affiratjhesion
competent Ecadherin on MCF7 cell$~(g 3.4). The twedimensional Ecadherin binding affinity
was (3.3 + 0.4) x 1Hum? Following 19A11 Fab treatment, the affinity was (4.1 + 0.5) ¥ 10
um?. The fitted valuesvere not statistically differat from those of untreated cells, at the 95%
confidence level (p = 0.2). Therkvalues of 1.2 + 0.4 and 0.9 + 0.Z! were similar for the
treated and untreated MCF cells, respectively (p = 0.4). By contrast, treatment with the inhibitory
antibody DECMA1 reduced Kp to (0.5+0.1) x 1¢ um?, which is slightly lower than the value

measured with untreated Colo 205 cellalfle3.1).
3.3.3Colo 205 Treatment With Staurosporine Increases Th&-Cadherin Affinity

The broaespectrum kinase inhibitor staurosporine was shown to activate Colo 205 cell
aggregation and p120 catenin dephosphoryld#damo et al. 1999; Petrowt al 2012) Here, the
binding kinetics of staurosporisteeated Colo 205 celld{g 3.5 was quantitatively similar to
19A11 Fabktreated cells: namely,J§ increased twofold to (1.5 + 0.2) x #im? (p=0.02), but the
dissociation rate of 0.9 + 0.2 svas statistically similar to untreated cells (p=0.19) (T&ul. In
controls, staurosporine had no effect on binding betwedbaddc-modified RBCs, and

confirmed that the kinase inhibitor does not affect the ectodomains directly or alter the RBCs.
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3.34 Lithium Chloride (Licl) Decreases P120 Phosphorylation And Increasds-Cadherin

Affinity On Colo 205 Cells

Different kinases, includingl ycogen Synt has3é)Kirregsud al3fe @3 Kn
phosphorylation of p120 catenin at various siteshenprotein (Xia, 2004). Treatment with the
GSK-3b inhibitor LiCl (Stambolicet al.1996; Hedgepethat al.1997) significantly increased Colo
205 cell aggregation and compaction, relative to control Na@ted cells, which remained
rounded and dispersefFig 3.6. Western blots confirmed that LiCl treatment resulted in
pl20catenin dephosphorylatioRig 3.6. Further Western blots with phosphpecific mAb to
residue T310 of p120catenin (Xéd al.2004 Petrovaet al.2012)p one of eight major residues
known to be phosphorylatgXia et al.2003p revealed decreased overall phosphorylation at that
site.

LiCl treatment of Colo 205 cells increased thedelherin affinity, relative to controls. As
with staurosporindgreated cells, the initial binding probabjl P1 increased to an initial plateau,
followed by a short lag, and an increase to a higher, steady state probabifitg B.8)( The fitted
K2p was similar to that of 19A11 Fabeated cells (2.0 + 0.3) x f@um?, and the dissociation rate
was unaltezd at 1.2 + 08! (Table 3.1), relative to untreated cells. Western blots and flow
cytometry measurements confirmed that LICl treatment did not significantly altedlierin
expression levelsHg 3.5. Thus GSK3 specifically phosphorylates p120ctn,datihe p120ctn

phosphorylation status allosterically alters thedgherin affinity, on Colo 205 cells.
3.3.5p120ctn Dephosphorylation Enhances Thd-Cadherin Affinity On Colo 205 Cells

Kinetics measurements with Colo 205 cells expressing pl2pbbsphorylation mutants

confirmed the causal relationship between p120ctn phosphorylatibB-eadherin affinity. Fig
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3.8 shows the binding kinetics of Colo 205 cells stably expressing either WT mouse p120ctn
(mp120ctn) or a muksite Nterminal phosphgtation mutant 6 S, A A, in which serineand
threonine phosphorylation sites were mutated to alanine. Immunofluorescence imaging confirmed
that heterologous wild type mp120ctn localizedirttercellular junctions (Fig 3)7 Negative
controls used cell:fected with the Neo vector. Colo 205 expression of the AASATmp120ctn
mutant altered both the magnitude of the binding probability P1 and the qualitative shape of the
time course, relative to cells expressing either WT mpl120ctn or the Neo vegjod)(
Importantly, model fits of data for the initial, trabhsding stepFig 3.8 Table3.1) showed a more
than threefold increase inKto (2.3 + 0.3) x 1 um? by cells expressing the 6 SATA mutant,
relative to Kp of (0.7 + 0.1)x 10* um? for cells transfected with the Neo vectdhere was a
greater than twofold increase relative to the KL.1 + 0.1)x 10* um? determined with Colo 205
cells expressing WT mouse p120ctn (p <0.001).

The values of § were statistically the same, withirrer, for all three conditions (p > 0.3
in all cases). These results demonstrated that p120ctn dephosphorylation increaseatitiezif
affinity on Colo 205 cells, and confirms that the affinity changes are due to allosteric regulation of
E-cadherin binthg by both p120ctaependent, insideut signaling and by activating antibodies.
The nearly identical kinetic effects of all four treatments is also compelling evidence that both the
activating antibody and p120ctn dephosphorylation alter tHoadBerin #Hinity by the same
mechanism.

3.3.6The E-Cadherin Mutant L175D Does Not Alter TheTrans Binding Affinity.

Cadherin clustering appears to involve both the extracellular and cytoplasmic d{Bnehe et
al. 1996; Yap et al. 199 Hong et al. 2013Wu et al. 201k So it was essential to knolaow

disrupting a putativeis interaction(Harrison et al. 2011)etween extracellular domains affected
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the fitted kinetic parametersinceif cis dimerization between the ectodomains enhanced the
affinity, then its disruption would lower 1%. Kinetics measured with RBCs modified with
ectodomains of either the WT or L175D mutahbwed thatn contrast to WT miadherin, the
kinetics of the mutant exhibited a single exponential rise to a limiting pla@epler 4, Figh.2).

The amplitudes of P1 for the mutant and WT proteins were the same, at the same cadherin
surface density. There was a subtle, slow increase at longer contact times, but disrupting the
putativecis interaction between ectodomains essdly eliminated the second kinetic step. This
result is consistent with the previous attribution of the second kinetic rise (to PRyabdadherin
interactions(Langer et al. 2012)The fitted Kp and ks« values for translimerization were
statistcally the same for both proteins, in agreement with measured solution binding affinities
(Harrison et al. 2011 hus, altering the observed lateral ectodomain interaction mediated by L175
did not affect theérans-binding affinity of Ecadherin.

3.3.7Supe Resolution Imaging d E-Cadherin Distributions on Colo 205 Cells

To further test the possibility that the alteregtdtliherin affinities were due to differences in
clustering, Ecadherin clustersvere imagedon unmodified Colo 205 cells, Colo 205 cells
expressing the p120ctn 6 SATA mutant, and cells expressing WT p120ctn, using both Structured
lllumination Microscopy (SIM) and Stochastic Optical Reconstruction Microscopy (STORM).
SIM images of Ecadherin onlive cells at 37 °C revealed punctatec&dherin clusters at a
resolution of ~130 nm on all three indicated Colo 205tgpks (Fig 3.9A-iii). The latter images

were obtained, after directly stainingcBdherin with the neutral 76D5 Fab labeled witlexs

Fluor 568. The use of labeled Fab fragments eliminated the possibility of antibodyirtkossg

and SIM imaging of live cells eliminated fixation artifacts. Visual comparisons of the three images

showed that there was no apparent difference in it@dBerin clusters on individual live cells, at
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the ~130nm resolution of SIM, despite significant differences in cell aggregation-eaahErin
affinity.

The threedimensional STORM images of fixed cells stained with whole primary and
secondary antibodiesere qualitatively similar to the SIM imagdsig 3.9B i-v). At a resolution
of ~20nm, the expression of the p120ctn 6 4, A mutant did not alter the size distribution of E
cadherin clusters, relative to unmodified cells or cells expressing WT plZigti3.10. E-
cadherin clusters were distributed uniformly over the cell surfdégs 3.10, and their size
distributions were similar on all three cell types, with the most probable cluster size (mode of the
distribution) being ~100nm in all casdsd 3.10A and B. In control images of cells incubated
with secondary antibody only, the number of clusters was much IéwgeB(10C), and the mode

of the distribution was ~70nnfrig 3.10A and 3.1)1

3.4 Discussion

Kinetic studies together with biochemical treatments provide direct biophysical evidence for the
allosteric regulation of fadherin binding, both by activating antibodies and by inside
signaling modulated by the phosphorylation status of p120ctn. abiligy of micropipette
measurements to quantify changes in ectodomain binding due to perturbations away frem the N
terminal binding site uniguely enabled the quantitative demonstration of the allosteric regulation
of E-cadherin.

Receptor accumulation egll-cell contacts (changes incrand n&) would not account for
the increased affities. According to the model @fuation3.1), this would require a ~3 fold
increase in the overall cadherin density in the contact area. The sparse cadherin distributions on
both cells exclude significant accumulation, within the 20sec-cedlll contact time. This

conclusion is supported by experimental measurementsaadNerin accumulation at smaller
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intercellular contacts, where a ~3 fold increase in the loeahdherindensity required 15 min
(Thoumine et al. 2005)The latter timescale is 60 times greater than that of these adhesion
frequency measurements. Thus, cadherin accumulation through diffusion and kinetic trapping
could not explain the affinity differences. Tleegesults support the postulate that treatments
triggered Colo 205 aggregation by allosterically regulating the cadbewing affinity. The
precise allosteric mechanism is presently not known, but could involve induced conformational
changes, altered nigurational entropyltoh and Sasai 2010; Motlagh et al. 2Q1#g activation

of cisdimerization, or a combination of these mechanisms.

Increased cadherin clustering could alter the measured affinity by constraining cadherins
near ligands on the oppagi cell. In adhesion frequency measurements of selectin dimers, for
example, ligand binding by the first selectin constrained the second, and thereby enhanced binding
to the second ligan(Zhang et al. 2013)The thermodynamics of multivalent cooperatiwitgs
addressed previousliiMammen et al. 199 Kitov and Bundle 2003)and recent simulations
demonstrated sudtis-trans cooperativity within adhesion zones between model cell membranes
(Wu et al. 201Q)

In these studies, perturbing a postulatesdimerization interface between extracellular
domains did not, however, alter th@ans binding affinity. The kpd s of WT and L 175
Cadherin were the same, even though L175D reduces the sizes of cadherin clusters larger than
20nm(Wu et al. 2015a)

Although the L175D mutant targeted extracellular domain interactions, antibody binding
and/or pl120ctn dephosphorylation could also impact transmembrane or cytoplasmic domain
associationgOzawa and Kemler 1998; Yap et al. 1998; Huber et al. 1999; Hong 2014,

Truong Quang et al. 2013ajhere were no observed differences in clusters on treated versus
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untreated Colo 205 cells, so that any dimerization changes would be below the resolution of
STORM. Nevertheless, altered dimerization and/or changes imsictrcadherin affinities in
response to the treatments described in this study would necessarily require allosteric regulation,
to account for these findings.

Consistent with an allosteric mechanism, none of the four treatments that activated Colo
205 aggegation involved the fadherintransbinding interface directly, and all generated
quantitatively similar changes in cadherin binding kinetics. The activating antibody 19A11 binds
a discontinuous epitope at the E€junction(Petrovaet al.2012) and hcreased Ko. Antibody
binding altered neither the cadherin surface densities nor thstage kinetics of adhesion
competent ectodomains. These results are consistent with the allosteric activation of the adhesive
function of Ecadherin on Colo 205 csll

The 19A11 antibody also altered pl120ctn phosphorylation, by otitsidegnaling
(Petroveet al.2012) Staurosporine, Lithium Chloride treatment or the expression of the mp120ctn
6S,TA A mutant similarly reduced p120ctn phosphorylat{®etrovaet al.2012), and all three
generated quantitatively similar kinetic changes as 19A11 antibody binding. The LiCl treatment
shows that this allosteric regulation ofcBdherin activity requires a signaling pathway, which
involvesGSKk3 b as a r e g ulingphogphorytation.p 120 cat en

All four treatments increased thedadherin affinities on Colo 205 cells®fold, but they
did not alter k. Analysis of variations (ANOVA) confirmed that the apparent differencesgin k
values obtained with 19Altteated cells (Tlale 3.1) are not statistically significant, at the 95%
confidence level. Thus, all four treatments investigated appear to acticatth&rin by the same

mechanism, which enhances thed&flherin association rate.
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Activating antibodies did not enhance tladfinity of adhesiorcompetent, soluble
extracellular domains. This result indicates that the isolated fragment assumes the fully active
conformation, which can be regulated at the cell surface, by cytoplasmic binding partners.
Depending on the expressedndses and their activation states, distributions of pl20ctn
phosphorylation states within a cell could generate distributions of active and inactive cell surface
cadherins, such that activating antibodies cotudther increase adhesion and p120ctn
dephogphorylation, as observed with A431 cdlPetrovaet al.2012) A high level of constitutive
E-cadherin activity would explain the small effect of 19A11 mAb on MCF7 cells. The possibility
that other factors could regulate p120 phosphorylation lévahsl the relative Ecadherin
adhesive activity in different cell lindsremains to be explored.

The activation of cell aggregation coincident with this mode&t@d increase in affinity
IS not surprising because aggregate size is not thermodynamically lezh&motl does not scale
with either affinity or adhesion energy. The onset of aggregation indicates that the intercellular
adhesion energy exceeds the threshold ambient (background) thermal @ghenggr 1989)
Importantly, the kinetic measurements quaadifbinding affinitie® not adhesion energies. Our
results leave open the possibility that factors, in addition to cadherin affinity modulation, could
augment Colo 205 cohesion, such as signaling by activatedderin ligation, receptor
accumulation or dpskeletal remodeling.

The neutral Fab 76D5, which did not induce Colo 205 aggregé®einovaet al.2012)
modestly altered the dissociation ratg.kHowever, the antibodies were classified based on
gualitative cell aggregation or shear flow ass@Betrova 2012) and the small kinetic change

induced by 76 D5 mAb may not cause detectable differences in cell adhesion or aggregation.
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Evidence for the allosteric regulation of cadherin adhesion is currently based on functional
data. Although structures nfigreveal the basis of-Eadherin regulation, increasing experimental
evidence exposed the limitations of classical, strudtased models of allosterKern and
Zuiderweg 2003; Itoh and Sasai 2010; Law et al. 2014; Motlagh et al..2@lig)often unctar
how different conformations are functionally
(Cooper and Dryden 1984; Motlagh et al. 2Qered conformational dynamics and associated
entropic changes could also perturb binding, without clmanghe average protein structure.
Indeed structural fluctuations and their suppression appear to influence cadherin interactions at
cell surfacegSotomayor and Schulten 2008; Wu et al. 2010; Wu et al. 20hi}, structures can
suppord but not prové allostery. Within this current view, functional data are necessary and
sufficient evidence for allosteric regulation.

In summary, adhesion frequency measurements enabled the unique, quantitative
demonstration of allosteric regulation of homophilic.c&lhem binding by p120ctn
phosphorylation status. Fig 3.1Ristrates a postulated mechanism, based on the available data.
Here, the initially low Ecadherin Kp results in low binding probabilitie$(g 3.12A). Activating
antibody allosterically alters the toyplasmic domain, resulting in p120ctn-pleosphorylation by
outsidein signaling(Petrova 2012§Fig 3.12B). Insideout signaling then increases the cadherin
affinity, which increases the measured -@@ll binding probability Fig 3.12Q. The antibodies
could also allosterically influence the binding site directly. The activating antibody had no
detectable effect on isolated cadherin ectodomains, as expected, if the fragments adopt a

constitutively activate conformation.
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Allosteric regulation is an effient mechanism for propagating signals through large
cadherin structures. Intriguingly, the large number of cadherin superfamily members whose
cytoplasmic domains and binding partners are kinase targets suggests that allosteric regulation
may be a morea@nmon mechanism than previously thought, with important consequences for

morphogenesis and the controlled regulation of tissue functions.
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3.5 Figuresand Tables
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Figure 3.1. Activating antibody 19A11 enhanceghe binding kinetics of E-cadherin on Colo

205 cells Binding probability versus contact time between RBiZplayingorientedcanineE-

CadFc (23 or 28 cadherimah?) andColo 205cells (40 cadherinsin®) with (black squares) or
without (grey squares) treatment witihole 19A11 monoclonal antibodyThe initial plateau, P1,

lag, and steady state plateau P2 are shown for the kinetic time course measured with 19A11
antibodytreated Colo 205 cellsControls (white squares) were done with RBCs without
immobilized ECadFc. The solidand dashed lines are the Horear least squares fits of data for

the firstkinetic stepto Eq. 3.1 The besfit parameters are given in the text and summarized in

Table3.1.
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Figure 3.2. Neutral antibody does not affect Colo 205-Eadherin Kinetics. Binding probability
versus the contact time between RBCs modified with orient€adec (12 cadheringim?) and
Colo 205cells (40 cadherinsim?) treated witlFab fragments ddithe the activating 19A1{black
squarespr neutral 76D5 antibodfgray squares)Controls were done with RBCs without bound
cadherin extracellular domains (white squar€lg solid and dashed lines are the-finear least
squares fits of data for the firsinetic stepto Eq.1. The besfit parameters are given in the text
and summarized in Tabg1.
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Figure 3.3 Activating 19A11 antibody does not alter homophilic binding kinetics of
adhesioncompetent Ecadherin. Binding probability versus contact time between RBCs
modified with adhesiorcompetentE-CadFc (19 cadheringin?) treated withFab fragments of

either 19A11(black squares) or neutral 76D5 (grey squar€shtrols were with RBCs without
immobilized ECadFc (white squarespr with RBCs with immobilized ECadFc without
antibody (white circle). The solid, dashed, and dotted lines are nonlinear least squares fits of data
corresponding to thérst kinetic step toEq. 3.1, with best fit parameters given in tiext and
summarized in Tabld.1.
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Figure 3.4 Activating 19A11 antibody does not alter homophilic binding kinetics of
adhesioncompetent Ecadherin in MCF 7 cells. Binding probability versus the contact time
between RBCs modified withanineE-CadFc (35 cadheringim?) andadhesion competer-
cadherin on MCF7 cells (10 cadherms?) with (black squares) or withougraysquares) 19A11
Fab.White squares indicate measurements with inhibitory;Esathdherin DECMAL antibody
(white circle$. Thelines indicatenonlinear least squares fits of the initial trdmsding step tdeq.
3.1, with 19A11 Fab golid line), without antibody (light dasheline), or with DECMAL1
inhibitory antibody (dark broken line). Thkestfit parametersare givenin the text and
summarized in Tabld.1.
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Figure 3.5. Lithium chloride inhibits p120 catenin phosphorylation(A) Colo 205 cells after a

2hr incubation with LiCl, relative to NaCl contrdB) Western blot using the phosphospecific
anti-p120 catenin antibody targeting pT310 of after Colo 205 treatment with LiCl, relative to NaCl
control. Tubulin was used as a loadoantrol. Ecadherin surface expression was unaffected.
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Figure 3.6 Inhibiting p120 phosphorylation increases Ecadherin affinity. Binding
probability versus contact time between RBCs modified with immobilized, orier@abiEc (23
cadheringim?) andColo 205cells (40 cadherinsin?) treatedwith Staurosporine (black squares)
or LiCl (grey diamonds)telative to NaClreated control cells (white square€pntrols(white
circles) usedRBCs without immobilized ECadFc. The lines through the data aneeighted,
nonlinear least squares fitsig. 3.1, with bestfit parameters given in the text and summarized in
Table3.1.
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