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ABSTRACT

Many cellular activities rely on interactions between cells and the extracellular matrix
(ECM) and these attachments are mediated by the integrin family of transmembrane
receptors. Talin, a cgplasmic adapter protein, activates integrin by binding to the
cytoplasmic tails and ultimately couples integrin to the actin cytoskeleton. Once the
adhesion has formed, talin can act as a mechanosensitive signalling hub and recruit
additional proteins ira forcedependent manner.

KANK proteins, via direct interaction with talin and with the kinesin KIF21A, mediate the
connection of these integribased adhesions with dynamic microtubules. A complex of
proteins termed the cortical microtubule stabilisingneplex (CMSC) is recruited upon
talin-KANK interaction which stabilises microtubules in the vicinity of adhesions. The
talin-KANK connection results in mechanosensitive crosstalk between the actin and
microtubule cytoskeletons, contributes to microtubule laoty, and provides a
mechanism for turnover of adhesions during cell migration.

In this thesis, a combination of structural, biochemical and biophysical approaches were
used to broaden our understanding of KANK proteins. With a recurring focus on
identifying similarities and differences between the four mammalian KANK isoforms,
particularly within specific domains, we discover some key isofgpetific differences

in terms of the ankyrin repeat domaimscluding dimeric propensity that is unique to
KANK4characterise a novel interaction between the KN and ankyrin repeat domains of
KANKs and narrow down on the required binding surface on the KN domain, and identify
a novelinteraction between DYNLL2 ama intrinsically disordered region in KANKZ1.
Additionally, as part of this work, twaovel crystal structures of KANK ankyrin repeat
domains were solved and solution NMRta providing structural information for
DYNLL2 was collectddltimately,the workin this thesisexplores some novel properties

of KANK and provides the foundations for an array of further study into this family of
proteins, allowing the deduction of their structures and functiansither related to

their role as linkers between actin filaments and microtubules or potentially in other

unrelated andyet undiscovered cellular contexts.
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CHAPTER INTRODUCTION
1.1 Cell adhesion

Cell adhesion is the tightly controlled process by which cells can form dynamic
attachments with each other and with the surrounding extracellular matrix. This process
allows cells of multicellular orgamis to detect biological signals and translate them

into appropriate biological outputs, dictating the cellular activity.

Specific transmembrane proteins at the cell surface, cell adhesion molecules (CAMSs),
are required for the formation of different adhe® structures. CAMs can be divided
into four major families: selectins, cadherins and immunoglobulin superfamily, which
are all primarily involved in cetell adhesion, and integrins which are primarily involved

in cellextracellular matrixadhesion (Figre 1.1). The rangeof structures formed by
these CAMs contributes to a range of signal transduction pathways with links to an
extensive list of cellular processes, including tissue development, cell polarity and cell

migration(Gumbiner, 1996)

Disruption of cell adhesion can have a broad range of consequences, with loss of tight
regulation resulting in a variety of disease phenotypes. This most notably includes
cancer, wlere cancer progression and dysregulated epithehiasenchymal transition

can be driven by the loss aflhesion regulationcausing abnormal cell migratigwitz,

2008; Desgrosellier & Cheresh, 2010; Hamidi & Ivaska, 20183r pathological states
linked to aberrant cell adhesion include rheumatoid arthritis, associated with the
migration of dendritic cells as part of the immune respe (Worbset al, 2017) and

YSdzNR LI G KA Sa Ay Ot diRiklse@& WehrdsttnS20M2)S ND& RA & S|

Additionally, a variety of pathogens have been identified which target adhesion sites by
mimicking components of adhesive structures, enabling their invasion into the host cell.
Examples include th8higella flexnelinvasion, IpaAlzardet al, 2006) ard Chlamydia

caviaeeffector protein, TarRWhitewoodet al, 2018)
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Integrin Selectin Cadherin Ig superfamily
(al1bB3) (P-selectin) (E-cadherin) (N-cAM)

Plasma
membrane

Ca2+ binding

Ig domains

ECM ' B Lectin
domain

Carbohydrate

Heterophilic Homophilic
interactions interactions

Figurel.1: The four major families of cell adhesion molecules.

Integrins, selectins, cadherins and the immunoglobulin superfapriyeins are the major CAMs and
allow for the formation of different adhesive structureBhese can be further grouped by whether they
form heterophilic or homophiliinteractions.

1.1.1Celkcell adhesion

Selectins are heterophilic CAMs which mediate transientaalladhesiondetween
leukocytes and endothelial cells or platelets via binding to carbohydrates on the surface
of another cell. The three members of the seladimily are kselectin, expressed on
leukocytes, Eelectin, expressed on endothelial cells, andelectin, expressed on
leukocytes and platelets. Each of the selectins possessed-dépeendent lectin domain

at the Nterminus, highly conserved betweespecies, which is responsible for
carbohydrate binding. The most welharacterised function of selectins is their role in
leukocyte extravasation: the process by which leukocytes migrate towards the site of
infection(Muller, 2013) Selectins bind their ligands with very fast on and off réden
etal,1995F Syl of Ay3a GKS AYAGALFE OF LJGdz2NE 27F |
a blood vessel wall in the direction of the blood flowda S5 f SOGAY Aa Ay @2
NREffAYIES | ff 20Al ares sere it sHatrjteddtsiaBhesioss addt 2 &
spreads, ultimately facilitating diapedeglseyet al, 2007)
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Cadherins are homophilic CAMs involved in the formation ofosdlladhesive structures
including adherens junctions and desmosomes. Like selectins, caslaésmfunction in

a calciumadependent manner and all members of the cadherin superfamily share an
extracellular C#-binding domain. Based on sequence similarity, several subfamilies of
cadherins exist, including classical, desmosomal and gratinerins(Hulpiau & van

Roy, 200). Type | and type Il classical cadherins were named according to the tissues in
which they were initially identified and includec&dherin (first identified in epithelial
tissue), Ncadherin (first identified in neural tissue), and-¥&tlherin (firstidentified in
vascular epithelial tissue) though expression is not limited to these tiqSagtoet al,

2012) Desmosomal cadherins, comprising desmogleins and desmocollinsjraegijyr
expressed on epithelial cells and cardiac muscle ¢&lsvalczyk & Green, 2013)
Adherens junctions, where classical cadherins mediate the adhesion, are formed via
linking cytoskeletal actin. This is facilitated Hyethigh affinity, 1:1 interaction of
cytoplasmic cadherin with-catenin which, in turn, forms a weakaffinity bond with
h-catenin (Hartsock & Nelson, 2008)This complex can interact with the actin
cytoskeleton, directly through -catenin itself or indirectly via actibinding proteins

such as vinculiiSeddikiet al, 2018) These adhesions are dynamic, mechanosensitive
structures that respond to environmental changes, including forckerdately,
desmosomes, the junction formed by desmosomal cadherins, link adjoining cells via
intermediate  filaments. Here, intracellular desmoplakin directly links

desmogleins/desmocollins to the intermediate filame(Belvaet al, 2009)

The immunoglobulin superfamily (IgSF) proteins are the most diverse group of CAMs,
but all members possess at least one immunogloblii@ extracdular domain: two
antiparalleli -sheets stabilised by the presence of a disulphide bridig@sk & Chothia,
1982; loergeret al, 1999) Unlike selectins and cadherins, IgSF proteins function in a
calciumindependent manner and have a more diverse range of liggrtiey can be
involved in both homophilic and heterophilic modes of binding, the latter of which
occurs less frequently but typical ligands include carbohydrates and intgganslay,
2003) The range of proteins belonging to the IgSF of course have quite diverse roles,

and many review articles cover theg®f note, these include the roles of IgSF proteins
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in neuronal development, inflammation, and metaseas [ Sa KOK&ay aQll 9 {
Goliaset al, 2011; Wai Wongt al, 2012)

1.2 Integrinmediatedcellextracellular matrix adhesions

1.2.1The extracellular matrix

The extracellular matrix (ECM) is a complex,-oeltular scaffold which is present in all
tissues to provide structural and biochemical support for the surrounding cells. ECM
components are seeted by cells and generally consist of water, proteoglycans and
fibrous proteins including elastins, fibronectins, laminins and collagens, the latter of
which are typically the most abundar{Theochariset al, 2016) While all these
components are usually present, the dynamic surrounding microenvironment leads to
unique, tissuespecific ECM compositions and topology, and this is determined during
embryonic developmentRozario & DeSimone, 2010n addition to the physical
scaffold provided by the B, anchoring cells in precise locations or providing a
platform along which they can migrate, they also have vital roles in regulating a plethora
of major cellular activitincluding tissue development, proliferation and wound healing

in addition to migraéion. The reliance upon the ECM to regulate myeadentiakellular
processes means that disruption can lead to a range of disease stdles ismost
commonlya result of the consequent disruption to adhesion itself, but conditions
including angiogerss and fibrosigan alsooccur due to changes in ECM composition

(Vong & Kalluri, 2011; Liakoelial, 2018)

1.2.2 Celtextracellular matrix adhesions

In order to allow highly coordinated directional movemgand for adhesion itsel€ells

need to adhere to and detach from the ECM in perfect synchrony: as the cell crawls
forward along the ECM via adhesion formation at the front, adhesions underneath the
cell body and at the rear of the cell undergo tightly regulated disassembly. The
directional migration of a cell thus requires coordination of cytoskeletal rearrangement

and cellular polarity, a highly complex process allowing the force generation required to

drive dynamic remodelling of adhesions connecting the cell to the ECM.

A rang of integrinbased ceklextracellular matrix adhesion complexes are discussed in

further detail inSectionl.4.
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1.3Integrin

1.3.1Integrins overview

Whilst the concept of a cell being adherent to the substratum had been recognised for
many yeargAbercranbie, 1961) integrins, as the receptors mediating links between

the cell and the ECM, were first characterised in the decades (asnkunet al, 1986)

and have since been widely, continually researched. Integrins engage in bidirectional
AAAYLFE T AYTY & réleysholthe Seyfsthg and response to the extracellular
environment via extracellular integrin ligands triggering large conformational changes
(Duet al, 1991; Mehrbodet al, 2013F ¢ K S NB -2adzi&EA yagAAIR/S € £ Ay 3 |
sensing of intracellular ligands, resulting in binding of talin and kindlin toi the

cytoplasmic tail and activation of the integi(i8heret al, 2012)

1.3.2Integrin structure

¢CKS AYUSIANARY TFlLYAfe 27F LINE (efergdimeriOo2efa A & 0
adzNF I OS | RKSaA2y NS OS VIR 2vbEnibs havy beenSdedied 6 NI
which form noncovalent links in different combinations to generate 24 integrin

heterodimers(Hynes, 1992)
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The2AA Yy G SIANRY KSGOSNRRAYSNE GKIF (G -Fg RMegmNBMitsRTREEEF SNB Y
can be categorised by their target extracellular ligands. Based on figureHyoes, 2002

¢ K S| ¥ Rsubunits difer in size, at ~1000 residues and ~750 residues respectively

(Luoet al, 2007) While each subunit generally consists of a similar overall structare
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large ectodomain, a single transmembrane domain and a short cytoplasmic tail domain

¢ the specific domainsary (Figurel.3b). TheectodoY' | Ay 2 F Gditinitd + NH S
O2y il Aya SAGKSNI F2dzNJ 2NJ FALDS &dzoR2 ¥l Ay a
ddzodzyAlia O2yidl Aya &S dBohaikivdichRsehymolbg6us toxhg Of dzl
h.l R2 Yl A ysubfnrf(Camikell & Humphries, 201 Mypically  (-&uBunit is
considered to be more flexibl€Xie et al, 2010) Eachsubunit possesses a highly
conserved transmembrane domaitypically consisting of a single helix, linking to a

short cytoplasmic tailThe exception to this is4 wherein thecytoplasmic domairis

much larger(Suzuki & Naitoh, 199@nd facilitates its preference for interacting with

the intermediate filament network in contrast to other-chains which preferentially

interact with the actin networ{Mercurioet al, 2001) Thecytoplasmidails appear to

be extremelyflexible and extended when there is no ligand bound, enabling their ability

to form hub interactions(Wegener & Campbell, 200&nd, for both subunits, e
cytoplasmic tails can bind a range of proteins. Of note,i tieytoplasmic tail contains

two NPx¥ike motifs (AsrProx-Tyr), crucial for binding ligands containing
phosphotyrosinebinding (PTB) domains which induce integrativaation (Calderwood

et al, 2002; Uhliket al, 2005) Ultimately, this results in huge protein complexes
coalescing onto the cytoplasmic tails to givise to large signalling complexes upon

integrin activation.

This intricate structure facilitates the characteristic bidirectional signalling ability of
integrins wherein signals that regulate countless crucial cellular activities can be

transmitted acoss the plasma membrane.

1.3.3Integrin activation

The concept of integrin activation has been discussed for decades, with the initial
publication observing regulation of integrins via conformational changes being
published in 199@Freingeret al, 1990 Ly 0 SANA Yy a Ol y -2 &h ¢ OF N
G2dz0-RRRKRS a2yt tAYyI YSOKekiAavYyddA IISINSZTY > a )
cytoplasmic signals, will be discussed.

Integrins have three major conformations: a bent, closed (autbibdd) form, an

extended form with the headpiece of the ectodomain still closed, and an extended form
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Figurel.3: Integrin activation states.
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Autoinhibition of integrins is maintained via an electrostatic interaction between the

two cytoplasmic tails: for example, b 3 integrin, Arg995 in thé llb tail binds

Asp723 in the 3 tail (Figure 1.8) (Anthis & Campbell, 2011YThis crucial salt bridge

maintains the lowaffinity state, holding the legs of each subunit togethamda
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preventing their separatio(Hughe<t al, 1996; Vinogradovet al, 2002; Kinet al, 2009;
Lauet al, 2009)

The process of activation, relieving autoinhibition, causesreste structural changes

in integrin conformation resulting in the extended, open conformation wherein the
ectodomains are subject to largeale reorganisatioifYeet al, 2012)and both the
transmembrane regions and cytoplasmic tail domains are further sepaf&iedet al,
2003) This relief of integrin autoinhibition and driving of tail separation is induced by
Ay GSNI Ol A 2 y-&to@aSniiaaal $nd the\héail domain of the adaptor protein
talin (see section 1.5)Calderwoocet al, 1999) The crystal structure of the region of
talin containing a PFBke domain interacting with the cytoplasmic tail of integrihd
(PDB ID: 3G9MAnthiset al, 2009) indicates that, in addition to this talimediated
activation breaking the salt bridge between the two cytoplasmic tails, an alternate salt
bridge is formed via a conserved basic residue in talin. Thus, with some involvement of
the FERM domatnontaining protein kindlin as a eactivator (Moser et al, 2008;
Calderwoodet al, 2013) active talin is able to relieve integrin autoinhibition and drive
conversion to the active edormation, exposing surfaces containing cryptic binding sites
for further integrin ligands, including ECM componefitsarburger & Calderwood,
2009)

1.3.4The consensus integrin adhesome

Despite the structural and functional differences in integrin adhesion complexes (IACs)
that can form, the composition of the majority of these structuce®rlap significantly.

The integrin adhesomethe total network of structural and signalling components
involved in the regulation of cedixtracellular matrix adhesionspntains greater than

200 proteins and, of these, a consensus integrin adhesome gir@eins have been
identified to form the core of the integrin adhesion machin€fjhomson, 1992; Hton

et al, 2015) With the crucial roles played by integrin adhesome components in tissue
organisation and cellular activity, mutations in these key proteins are involved in various
disease states, with 32 of the 60 core consensus integrin adhesontensanvolved in

development and progression of cang®vinogradKatzet al, 2014).
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1.4 Integrin adhesion complexes

Within cells, a variety of adhesion complexes have been identified. These complexes can
vary in protein composition, morphology and cellular location and form in response to
the specific cellular requirements for exampe, whether the cell is forming ceiell
adhesions or forming cedixtracellular matrix adhesions for cell migratidgmtegrins are
crucial for sensing the dynamic biophysical and biochemical properties of the
extracellular environment which can differgsificantly between tissues. To allow the
highly coordinated, directional movement required for efficient cell migration, for
example, the dynamic progression of adhesive structures formed is crucial. Here, some

of the more widely studied types of IACslwi briefly introducedqFigure 1.4)

Adhesion Mature focal adhesions Adhesion
disassembly at Podosomes and fibrillar adhesions assembly at the
the trailing edge Regulated adhesion turnover leading edge

v

Retraction

<= Fibrillar adhesion <> Nascent adhesion

Podosome @ Focal complex | | - 7|

. |
<@l Focal adhesion Lamellipodium  Filopodium

Figurel.4: Integrin adhesion complexes

Nascent adhesions form within thenhellipodium at the leading edge of the cell and either rapidly
disassemble or maturito focal complexes. Focal complexes further mature into more stable focal
adhesions or into fibrillar adhesions, and these structures are localised more centrally within the cell.
Podosomes also form within this region. At the trailing edge, the disdsyarhintegrinbased adhesions
allows for retraction at the rear, facilitating forward migration of the cell.

1.4.1Nascent adhesions

Nascent adhesions are small, rounded, transient structures which form at the leading
edge of a migrating ce(ZaideiBaret al, 2003) caused by rapid actin polymerisation
that drives protrusion at the lamellipodiurfTheriot & Mitchison, 1991; Webeét al,
2002; Pontiet al, 2004) These structures have been shown to gsnhsf integrin and

talin at the core, with involvement of other signalling proteins including focal adhesion
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kinase (FAK) and p130G&scenteManzanares & Horwitz, 2011; Changedel, 2015)
Although the majority of these rapidly disassemiffearsonset al, 2010) nascent
adhesions can mature into larger, more stable adhesive structures including focal
complexes and focal adhesions. This maturation relies on mechanical (Gfce®t al,

2008; Haret al, 2019)

1.4.2Focal complexes and focal adhesions

While nascent adhesions themselves form independently of mechanical cues,
maturation and focal complex formation has been shown to be highly dependent on
contractile force generated from crosslinkingy actin by myosin I{Choiet al, 2008)

Focal complexes share the ddte morphology of nascent adhesiongwever, focal
complexes are larger with a diameter of >fh and are localised further towards the
backof the lamellipodium. As increased mechanical force is experienced by the cell, the
transient focal complex matures further into a focal adhesion (FAarger, more
elongated structure with increased stabil{fxndersoret al, 2014) FAs are located close
behind the leading edge, typically at the ends of actin bundles or stress fibres, and
contain a broader range of proteins than NAs and focal complexes. These components
have been proposed to oagise into an integrin signalling layarcluding FAK and
paxillin in addition to integrin itselfan intermediate forcdgransduction layeincluding

talin and vinculinand an actirregulatory layerincluding zyxin, vasodilatetimulated

phosphoprotein YASP) antl-actinin(Figure 1.5\Kanchanawongt al, 2010) This
- 140

-120 Cell edge
<—
-100

Actin stress fibre

_
£ 8o Actin regulatory layer
N =
Force transduction layer
-40
Integrin signalling layer
-20 Plasma membrane
Integrin extracellular domain
-0 g ECM
Il @ ¢ = ¢ @ ¢ N e
Integrin o, FAK Paxillin Talin  Vinculin  Zyxin VASP  a-Actinin Actin

Figurel.5: The nanoscale architecture of focal adhesiq@@nchanawong et al, 2010)

Thesignalling components of focal adhesions can be organised into distinct functional layers. The integrin
signalling layer is located at the membrane and the force transduction layer, where talin is the key
mechanosensitive component that helps to recruitther adhesion proteins, allows attachment to
cytoskeletal actin.
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nanoscale organisation and the mechanosensitive components of FAs allow response to
force, translating and integrating mechanical forces into intracellular signals which can

dictate cellulamactivity (Liuet al, 2015)

1.4.3Fibrillar adhesions

Fibrillar adhesions are specialised structurefibroblastswhichhave been reported to
develop from mature FAand are more actively involved in ECM organisation due to
their role in promotingfibronectin remodelling(Zamiret al, 2000; Sottile & Hocking,
2002) This subsequently drives deposition of other components of the ECM including
collagens and fibrillifMcDonaldet al, 1982; Sabatieet al, 2009; BarbePérezet al,
2020) Located more centrally in the migrating cell, these adhesions are even larger,
ranging n length from ~110 >m, and vary from FAs in their protein composition.
Characteristically, fibrillar adhesions dominantly contain integrin isofdrnp i m X
otherwise known as the fibronectin receptor, and contain tensin and zZysatzet al,
2000; Rinkovet al, 2000)

1.4.4Podosomes

Podosomes are ddtke structures, often clustered behind the leading edge of the cell,
which contain many of the typical proteins associated with-ggltrix adhesion but have
distinct structural and functional differees compared to other integrin adhesion
complexes(Linder & Kopp, 2005; Murphy & Courtneidge, 2018)ost notably,
podosomes contain a unique actirich core comprised of filamentous actin and other
actinrassociated proteins, around which the adhesion proteins localise. Podosomes can
form in a variety of cell types but are most prominently found in cells derived from
monocytes including macrophages, dendritic cells and osteoclasts. In addition to
adhesion, it has been suggested that the primary role of podosomes is to assist with
ECM degradation via recruitment of specific protead@srgstaller & Gimona, 20Q9n
osteoclasts, specialised migratory cells found in the bone, podosomes play a key role in
facilitating tightly regulated bone resorption, forming a sealing zone whicimeethe

area of resorption(Luxenburget al, 2007; Geblingeet al, 2010; Takitet al, 2018)

1.4.5Reticular adhesions
Reticular adhesions are a newly characterised, distinct class of adhesion complex which

form during interphase and persist throughout mitosis, allowing the attachment
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between the cell and the extracellular matrix to be maintained during the crucial steps

of cell rounding, spreading and cytokinesis. These structures differ to other IACs:
mediatedby' @i p AY(iSINAyaszZ NBGOAOdZ I NJ I RKSaA2ya
integrin adhesome (see Section 1.3.3), algle to form independently of talin and
filamentous actin, and proteomic analysis highlights an enrichment in-tsiidihg
proteins (Locket al, 2018) Many of the proteins identified overlap with the clathrin
interactome, indicating that reticular adhesions possess a unique composition of both
IAC and clathrimediated endocytosisomponents, with greater similarity to the latter

whichalso forms independently of talifLocket al, 2019)

1.5Talin

Talins are ~270 kDa mechanosensitive adaptor pnsté@ivolved in integrimediated
adhesions and were first discovered in adhesion plaques in fibrob(Bstsidge &
Connell, 1983)Key to celECM adhesions, talin directly linksegrin with cytoskeletal
actin, the basis of nascent adhesions, and facilitates the recruitment of additional
proteins which allow the adhesion to stabilifi€¢lapholz & Brown, 2017Additionally,

talin has been shown to determine the geometry of focal adhesfbnget al, 2015)and
undergoes tightly regulated, foredependent conformational changes that dictate

which ligands are able to bind at which tirf¥anet al, 2015; Goulet al, 2018)

1.5.1Talin structure

The two talin isoforms, talinl and talin2, are encoded by separate géesetar &
McCann, 2005hut have 76% sequence identity and the same dmstructure
(Debrancet al, 2009; Gough & Goult, 2018)his consists of a naranonical linear FERM

(4.1 protein, ezrin, radixin, moesin) domain {F8)(Elliott et al, 2010)connected, via a
fAY1ISNE G2 | NRBR Rmid buytes Q(RIRIB)NRNoAV&IY &G Mo
terminal dimerisation domain (D alderwoockt al, 2013; Goulet al, 2013b)(Figure

1.6a). Thé&-ERM domain,therwise known as the head, is considered fe@monical due

to its composition of four subdomains arranged in a linear conformation as opposed to
the classical FERM domain which contains three subdomains arranged in a compact
cloverleaflike conformation.This FERM domain of talin contains the integrotivating
PTBlike domain in the F3 region, termed integithimding site 1 (IBS1), in addition to
binding sites for PBPRAP1 and RIA{&oultet al, 2010; Yangt al, 2014; Zhet al, 2017)
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In addition to various furthemembraneassociated ligands. The series dfelix (R2,

R3, R4 and R8) andhglix (R1, R5, R6, R7, R9, R10, R11, R12, R13) bundles which
comprise the 13 regions of the rod domain of talin can behave like individual
mechanochemical switché&oultet al, 2018) stretching and unfolding at specific levels

of applied mechanical force. The rod domain contains binding sites for many talin ligands
(Figure 1.6B)ncluding two actirbinding sites(ABS) ABS2 spanning from 8 and

ABS3 at R1BD, in addition to 11 vindin-binding sites and three RIABInding sites.
Within the rod domain, the RR8 fold has the greatest number of known ligands, with

R8 in its folded state being particularly active as a scaffold. Folded R8 has binding sites
for some of the most weltategorised talin ligands including actin, RIAM and DLC1
(Hemmingset al, 1996; Liet al, 2011; Goultet al, 2013b; Zadsarchenkoet al, 2016;
Gough & Goult, 2018)This is interesting due to the very particular structure of this
region: while the rest of talin adopts a linear arrangement when fully unfolded, R8 is
held out of this path as a result of being inserted iati@op that emerges and terminates
inR7 (Figure 1.64¥ingraset al, 2010) R7, in addition tdeing part of ABS2, contains a
binding site for the microtubul@associated adapter protein KANK. The t&ANK
interaction allows microtubules to target adhesion sites and stimulate adhesion
turnover (Bouchetet al, 2016; Suret al, 2016a) This is discussed in further detail in

Sections 1.71.8.

MNW%@E@%%%%%E
_— R1 R2 R3 R4 RS R6 R9 R10 R11l R12 R13
Rod DD

R7 RS
FERM

B FO F1 F2 F3 R1 R2 R3 R4 RS R6 R7 R8 R9 R10 R11 R12 R13 DD
Autoinhibition
B-integrin IBS1 IBS2
Actin ABSL ABS2 (aps2 (a3 )
Vinculin ( I I ]
KANK 1-4 E
RIAM - . an [
RAP QD
Pr2
DLC1/paxillin § ! &
FAK/Gal13/TIAM1 -
Calpain cleavage site * * *

Figurel.6: Talin structure and ligands.

(A) Talin consists of a naanonical FERM domain linked to a rod domain comprised of a series of helical
bundles (RR13). At the @erminus is a single helix, the dimerigen domain (DD). (B) A summary of the
binding sites of some of the most weharacterised talin ligand®ased on figure fronGough & Goult,
2018



INTRODUCTION 14

1.5.2Talin autoinhibition and activation

Like integrin, talin exists in an autoinhibited conformation prior to activation. The
autoinhibited, cytosolic talin has a globular conformation which primarily occurs via an
interaction between F3 of the FERM domain and R9 of th€@aailtet al, 2009b) This
compact structure is facilitated by the formation of a talin homodir{Molony et al,
1987; Goultet al, 2013a) formed via the dimerisation domain (DD) at the very C
terminal helix(Gingraset al, 2008) The crystal strcture of the complex between F2F3
and R9 (PDB ID: 4F{6onget al, 2012) and the reent crycEM structure of the
autoinhibited form of talin(Deddenet al, 2019)have provide atomic detail of this
primary autoinhibitory interface and confirmed the key role of a particular residue,
Glul770 (in murine talinl R9), in mediating autoinhibition via a buried salt bridge with
Lys318 of F3Figure 1.7) Mutations to Glul770 have beeshown to impair the
autoinhibitory interaction (Goult et al, 2009b) and these mutants, particularly a
Glul770Aamutant in talinl, have allowed detailed analysis of talin uncoupled from the
upstream signalling pathways in a range of biological systguppet al, 2010) For
example, the equivalent mutation iDrosophilanelanogasteresults in various defects
due to adhesions of greater maturity and stabil(iBlliset al, 2013)and impaired wound

healing has been observed in mouse modelaageet al, 2018)

R9 and integrin bind to the sze site on F3, indicating that the autoinhibitory interaction

of talin and its integrin binding are mutually exclusi@@oult et al, 2009b)and that
integrin activation by talin cannot occur until its autoinhibition has been relieved. The
mechanisms involved in activating talin addiving its localisation to the plasma
membrane are not yet fully understood, though interactions with various ligands appear
to be involved. The most wetlategorised talin activator is Rajriteracting adapter
molecule (RIAMjHanet al, 2006; Leet al, 2009, 2013)though interactions with PIP2
(Goksoyet al, 2008a)and @& 13 switch region ZSchiemetet al, 2016)have also been

shown to have roles in the relief of talin autoinhibition.
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Figurel.7: Talin autoinhibition.

F3 of the FERM domain and R9 of the rod are the primary interacting domains in talin autoinhibition. K318
and E1770 are the primary residues required for this interaction to tékeepvia the formation of a key
buried salt bridge. Crystal structure adapted from PDB ID: 46@fget al, 2012)

1.5.3Talin as a mechanosensitive signalling hub

The central role of talin in cell adhesion, driving integrin activation and coupling the
active integrin to the cytoskeleton, is largely facilitated by its mechanosensitive
properties. Actomyosin force is applied and acts on the talin rod upon coupling to
cytoskeletal actin, and the linear arrangement of the rod, with the exception of RS,
creates a force transmission pathway that can withstand and respond to this tension
(Yaoet al, 2016) 11 vinculirbinding sites have been identified in nine of the
subdomains of the rodGingraset al, 2005)and, although cryptic and buried within a
helical core under a lack of tension, are exposed in response to sequential unfolding of
the rod domain under mechanical force. Vinculin binding to talin promotes maturation
into more stable adhesive structures. While vinculin is only able to bind to urdoddiea,

other talin ligands are only able to bind to folded talin. A vsélidied example of this is
RIAM: where RIAM binding to talin is required for talin activation, this interaction is not
required for adhesion maturation. For R3, the least stablhefrod subdomains due to

a threonine belt in its hydrophobic co(&oultet al, 2013b) a relatively small amount

of mechanical force (~5 pN) is sufficient to drive RIBdnd, folded R3 to an unfolded
conformation (Yanet al, 2015) causing RIAM to dissociate and exposing the cryptic
vinculin binding site(Yaoet al, 2014) Thus, talin behaves as a mechanosensitive
signalling hub(Goult et al, 2018)where, as individual subdomains of the talin rod
respond and unfold at specific levels of tension, this resembles a sefies
mechanochemical switches that dictate which ligands can bind at any particular time

according to the requirements of the cell.
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1.6 Microtubules in cell adhesion and migration

1.6.1Microtubules

In mammals, the major tracks for vesicular transport are microtesuhese are highly
dynamic structures with hollow, tubkke morphology and an outer diameter of ~25 nm.
Microtubules have key roles in a range of cellular processes including mitosis, wherein
the microtubule network is r@rganised and facilitates thaientation of chromosomes

for the separation of daughter cells in anaphase, in addition maintenance of cellular
structure and integrity and transportation of cargdhe primary component of
microtubules is tubulin, a heterodimer comprisedhefandi -tubulin subunits, which
polymerises and arranges into long hetadtail arrays to form protofilaments. 13 of
these protofilaments assemble laterally to form the cylindrical structure of one

microtubule.

Microtubules are intrinsically polar structures with twabructurally and functionally
distinct endsg¢ a minus end at the freé -subunit which grows slowly, and a rapidly
growing plus end at the exposedsubunit ¢ and this polarity facilitates directional
movement. The polymerisation tdibulin dimersallowsmicrotubulesto grow (rescue),
such as their depolymerisation causescrotubulesto shrink (catastrophe). A tubulin
dimer, GThbound at thel -subunit, is added to a growing microtubule aisdollowed

by hydrolysis of the GTP to GDP. Microtubule growthasifitinue in the presence of a
high concentration of GFBound tubulin, which can continue to be added and retain a
GTRcap at the growing end. If, however, GTP hydrolysis occurs more rapidly than the
addition of new subunits, this will result in a GB&und tubulin dimer at the end of the
microtubule. This will lead to disassembly of the more weakbund terminal
heterodimers, resulting in shrinkage9 N&A O 1 a $y1992; How@rd &lBtySan, 2009)
(Figure 1.8). Microtiules stochastically switch between rescue and catastrophe in rapid
cycles as part of a phenomenon referred to as dynamic instakfiitigchison &

Kirschner, 1984)

The minus ends of microtubules earanchored in and stabilised by microtubule
organising centres (MTOCSs), typically the centrosome and the Golgi in mammalian cells.
MTOCs contain-tubulin which nucleates new microtubul¢Baoletti & Phong, 2007)

In many mammalian cells, secretory trafficking thus occurs most widely towards the plus
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ends. Preferentially, in migrating cells, the plus eqdand thus trafficg are directed

towardsthe leading edge of the cglschmorazeret al, 2003)

Microtubule structure and function is regulated by microtubalgsociated proteins
(MAPs), of which several groups exist. The two predominant types of motor are kinesins
which transport cargo along microtubules in a plus -ein@cted manner and dyneins

which travel in the opposite direction towards the minus end.
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Figurel1.8: The dynamic instability of microtubules.

Microtubules exhibit dynamic instability, a process allowing them to grow via polymerisation of 1
(rescue) and shrink via the depolymerisation of tubulin (catastrophe). This activity is driven
KERNRf&@aAa 27F { KsSburld oftatubalif degeidinmer In thekpsesence of GBBunc
tubulin, microtubules will continue to grow as a result of maintaining a GTP cap.-dasmng tubulin ir
absent, GDRubulin will dissociate from the microtubule. Figure adapted frAkhmanova & Steinmet
2015

1.6.2Microtubulemediated focal adhesion turnover

While actin is widely considered to be the primary cytoskeletal element associated with
cellular adhesion, microtubules have been identified as associated with directional
migration for many yeargVasiliewet al, 1970)and have more recently emerged as key
regulators of adhesions. A proteomibased study has shwn enrichment of
microtubule-associated components at active integrin complei@gronet al, 2015)
supporting the observation that there is a dependence upon activation state, with a
preference for active integrin and more mature adhesions, for ctaks between

dynamic microtubules and FAldottaet al, 2010)
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In contrast to the direct coupling of actin to FAs, microtubules instead associate with cell
membrane sites in proximity to FAs. Microtubules have varieAsssociated roles,
including local regulation of signalling molecules such as Rho GTPase, with many
functions serving to regulate FA dynamics via the role of microtubules in adhesion
disassembly(Stehbens & Wittmann, 2012)For example, by their involvement in
clathrinrdependent and clathrinndependent microtubulenediated endocytos vital

for integrin recyclinglCaswell & Norman, 2006n addition to servingas tracks for
delivery of exocytic carrie(Stehbenst al, 2014) microtubules arerucialfor adhesion

turnover ¢ an essential aspect of cellular migration.

Forefficientforward migration of a cell across the ECM, spatial and temporal regulation
of adhesion disassembly beneath the cell body and at the rear of the cetjugedto
facilitate appropriate respongeto extracellular signals. While there are likely many
components involved in the complex process of turnover, knowledge of the role played
by dynamic microtubules in adhesion turnover has increased in prominence and

research focus in recent years.

Individual microtubules have been shown to repeatedly target FAs, first observed using
live cell microscopy to investigate migrating goldfish fibroblgdKsverinaet al, 1998)
and this repetitive targeting correlates to promotiaf FA turnover(Kaverinaet al,
1999) Compared to elsewhere in the cell, a seven times higher probability of

microtubule catastrophes has been observed in the vicinity of(Efmovet al, 2008)

Various proteins have been identified to be involved in the attachment and stabilisation
of microtubules in the vicinity of FAs. Notably, this includes microtubule plus end
tracking proteins (+TIPs), which are highly conserved, specialised MAPs thatalbecif
accumulate at the growing plus ends of microtubules. +TIPs have significant roles in
many cellular processes, where they can perform both structural and signalling roles
(Akhmanova & Steinmetz, 200&xamples of +TIPs include adenomatous polyposis coli
protein (APC)Matsumoto et al, 2010) actin crosslinikg family protein 7 (ACF7)
(Kodamaet al, 2003) and cytoplasmic linkesissociated proteins (CLASP1(®)mori-
Kiyosueet al, 2005; Drabelet al, 2006; Stehbenst al, 2014)which are recruited to
microtubule tips by proteins from the end binding protein (EB) family. EB1 and EB3

jointly function to regulate microtubule dynamics by supressing catastrophe and
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promoting growth, and potentially act to counteract the functions of factors that
destabilise microtubule@Komarovaet al, 2009) Conversely, EB2 does not seem to have

a direct role in dictating dynamic instability wficrotubules but, importantly, has been
shownto recruit mitogenactivated protein kinase kinase kinase kinase (MAP4K4), a
microtubule-dependent disassembly factor of FAs. The knockout of MAP4K4 causes the

stabilisation of microtubules and causes defaatsell migrationYueet al, 2014)

APC, ACF7 and the CLASPs function to guide growing microtubules to the cell periphery
in the vicinity of FAs, where the cortical microtubule stabilising complex anchors the

microtubule plus end in the cell cortex.

1.6.3The cortical microtubule stabilisicgmplex

Microtubules target to and interact with FAs via a cortical microtubule stabilising
complex (CMSC), comprised of a network of scaffolding proteins that capture
microtubules in the vicinity of adhesions and ultimately prevent their depolymerisation
and their overgrowth(van derVaartet al, 2013; Boucheet al, 2016) Microtubules,
CLASPBound at the tips and anchored in the vicinity of FAs, can serve as tracks for
transporting exocytic, Rahgositive vesicle¢Grigorievet al, 2007) Membrane type 1
matrix metalloprotease (MT-MMP) is delivered to the cell membrane as a result of
secretory trafficking of these vesicles, allowing the degradation & EGmponents
(Wang & McNiven, 2012 his can lead to detachment of integrins from the ECM, no
longer allowing contractile force to be withstood, ultimately leading to FA turnover

(Stehbenst al, 2014; Akhmanova & Noordstra, 2017)

CLASPs at the tip of the growing microtubule can interact with the cell cortex in the
LINEaAaSyOS 27F [ [ psitd 3,45 trisphdasphatk(P)dnterRéifig prptein.

CKAA AYUSN)IOGA2Y o0SGeSSy /[!'{ta FTYR [[p]
activity (Lansbergeret al, 2006) Prominent components of the CSMC inclutie

adapter proteins liprid m | YR M ALENROK F2NXY KSGSNRRAYSNE
repeats and are involved in synaptic \as exocytosigAspertiet al, 2009; Astreet al,

2014) ELKS family proteins which are predominantly coiled coil structures that do not
directly interact with microtubules but are required for vesicle trafficking in exocytosis
(Lansbergeret al, 2006; Held & Kaeser, 201&nd KIF21A which is a kined that

inhibits microtubule polymerisation and depolymerisation at the cell cofiean der
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Vaartet al, 2013) Each of these proteins are known to have other roles in addition to
their involvement in the CMSC. For exampfaijnh  LINR G SAy a Ay G SNI O
(Koet al, 2003)and these are integral components of the cytomatrix at the active zone
(CAZ), the site at whialeurotransmitters undergo exocytosis at a neuronal junction in

a Ca&*-dependent manner(Gundelfinger & Fejtova, 2012Further, various CMSC
components have been observed to concentrate at podoso(feeszynski & Sanes,
2013F ¢ A (- Bnd CIABBontaining complexes shown to promote the delivery of
acetylcholine receptoecontaining vesicles at neuromuscular junctigksshiet al, 2005;

Basuet al, 2015) Moreover,liprin-h m Kl & 06SSy ARSYUAFASR | &
driving endothelial cell polarity via its role in the internalisation of fibronectin and

0 dzNy 2 3SNJ 2 F(MangetiaEZDMNR Yy h pi m

The CMSC sbserved as distinct patelike clusters at the cell cortex which are often
enriched at the leading edge of a migrating cell and are localised in very close proximity
to, but do not overlap with, FAQ ansbergeret al, 2006; van der Vaast al, 2013,
Bouchet & Akhmanova, 2017)

In various studies, it has been demonstrated that crosstalk between FAs and the CMSC
issignifol yi® C2NJ SEIYLX ST [[p] YR /[!{ta KI
to have important roles in FA turnover and ECM degradation, with targeted delivery of
MMPs to the vicinity of FAs being promoted by the stabilisation of microtubule tracks

by CLASRStehbenset al, 2014) which we can now also attribute to the action of the
CMSC as a whole.

More recently, KANKrpteins have been identified as essential forEMSC crosstalk,

providing the link between the actin and microtubule cytoskeletal networks. In addition
to directly binding both liprin M I YR YL CHmM! |y R LJ NI AOALJ .
components athe cell corteXFigure 1.9fvan der Vaaret al, 2013) KANK proti&is also
directly bind to the rod domain of talitBouchetet al, 2016; Suret al, 2016a) This is

discussed in furthedetail in section 18.3.
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Figure1.9: The cortical microtubule stabilising complex.

The cortical microtubule stabilising complex is comprised of a range of proteins which act to
microtubules in proximity to adhesions. Upon binding of KiMidKliprind m%~ / a{/ O2 YLJ
9[Y{=Z [[pl FYR /['{t& IINBE NBONHzA GSRX dzf GAYI

1.7 KANK proteins

1.7.1An introduction to KANK proteins

The human KANK1 gen&ANK] was originally identified as a potential tumou
suppressor gene for renal cell carcinoma, hence its given nkiagef/ ankyrin repeat
containing protein)Sarkaret al, 2002) and is napped to chromosome 9 at p24. Two
types of KANK1 protein have been identified as a result of alternative first exons of the
KANKIgene: KANK A& (GKS GakK2NIE ARRPUKI yat sRAE SLI
an additional 158 residues at thetBrminus. While KANE was the initially identified

form in renal cell carcinoma cell lines, it was also shown to express in a broadafange
tissues and cell lines, seemingly with Hevel, nonspecific expression. KANK
alternatively, exhibits much more tisstgpecific expression with notably increased
levels in heart and kidney tissues. Interestingly, KANKpression was reduced in nya

renal cancer cell lines, leading to a hypothesis of its involvement in oncogéWésng

et al, 2005) Reduced expression of KANIKas also more recently been linked to driving
progression in other cancer types, including gastric cafiCienet al, 2017)and lung

caner (Gu & Zhang, 2018)herein upregulation of th& ANKIyene has been shown to
AYKAOAG LINPIAINBaaA2yd | SYOSTF2NIKE aY! bYmE

In mammals, there are 4 isoforms (KANKANK4) that comprise the KANK family of
proteins (Zhuet al, 2008) Each of these proteins contains a characteristieihinal

Y2UAF 0aGYb R®ivdomajhsaivards e dedtr§,Rind 5 ankyrin repeats
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Oal y1 @NRY NB LIS Helimings2 with all g éhése degionsityi§iGally linked by
unstructured regiongKakinumaet al, 2009)(Figure 1.10)While the KN domain and the
ankyrin repeat domain of each KANK is highly conserved between isoforms and species,
the more central unstructured and coilexbil regions show greater variability.
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Figure1.10: The KANK family of proteins.
Domain structure of the four human KANK proteins. KN = KN motif, CC = coiled coil region, ANK = ankyrin
repeats.

1.7.2KANK proteins in disease

In addition to their role in inhibiting cancer progsesn, KANKs have been linked to a
variety of pathologies. The genomic deletion of tK&ANKlgene in humans, at
chromosome position 9p24.8nd thus deleting both splice varianis associated with
neurodevelopmental disorders including a form of congendgaiebral palsy that is
characterised by intellectual disability and quadriplegia (cerebral palsy with spastic
guadriplegia, type 2). While this was originally hypothesised as a maternal imprinting
inheritance pattern(Lereret al, 2005) a further study indicates that there may be
additionalcomplexity and raises the possibility of random monoallelic expression or that
aberrations in just one of the two different transcripts of tk&ANKlgene could be

causing the neurodevelopental disease phenotypd¥anzoet al, 2013)

Further, variousliseasecausing point mutations in KANKs have been identified (Figure
1.11). A homozygous missense mutation in tKRANK2gene in humans resulting in
Ala670Val has been linked to palmoplantar keratoderma and woolly hair, characteristic
symptoms of Naxos a@hCarvajal syndromg®Ramotet al, 2014) Moreover, recessive
mutations in KANK1, KANK2 and KANK4 have been identified to cause arstgigtaht

form of nephrotic syndrome, the most common primary glomerular disease in children
which results in engtage kidney disease and requsrdialysis or a kidney transplant

(Geeet al, 2013) The mutations identified result in Glu454Lys in KANK1, Ser181Gly and
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Ser6&8Phe in KANK2, and Tyr801His in KA(G&ket al, 2015) This study higtdghts
that KANK proteins are involved in podocyte function and nephrotic syndrome
pathogenesis, roles that are evolutionarily conserved in humans, cultured human

podocytes D.melanogasteiand zebrafish.
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Figurel.11: Diseasecausing mutations in KANK.
Positions of diseaseausing point mutations in KANKs. A670V in KANK2 and Y801H in KANK4, present

within the ankyrin repeat domain of the respective isoform that they are associated avitrof particular

interest. Data fromRamot et al, 2014ndGee et al, 2015

1.8 KANK links focal adhesions to cortical microtubules

1.8.1KANK proteins and the cytoskeleton

For several years, the involvement of KANK proteins in the regulation of the actin and
microtubule cytoskeletonsds been observed. An orthologue of KANKC.irelegans
VAB19, was the subject of the earliest of some of this work. VAB19 functions, in
conjunction with integrin INAIPAT3, as a regulator of basement membrane gap
formation(lharaet al, 2011) an activity observed during development to facilitate tissue
remodelling, cell migration and tumour invasidisrivastavaet al, 2007; Clay &
Sherwood, 2015)It was found that, while VAB19 was not required for attachment
structures to assemble, it was required for the localisation of attachment structures to
muscleadjacent epidermal regions during development and plays a crucial role in the
regulation of epidermal actifDinget al, 2003) In the same study, mutants &AB19
were shown to ultimately result in an embryonic lethal phenotype as a result of aberrant
actin cytoskeletal organisation and defective muscle attachment to the epidermis. EPS
8, a PTB domaicontaining and actibinding adaptor protein irC. eleganscolocalises

with and binds directly to the ankyrin repeat domain of VAB19, and it was suggested

that this could be facilitating epidermal actin organisat{@inget al, 2008)

TheD. rerioKANK3 homologue, Nuniiinding protein (NBP), was found to be essential

in embryonic development, particularly during gastrulatiand neurulation where the
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protein is likely involved in the crucial role of establishing and maintaining cell polarity.
NBP interacts with the PTB domain of Numb via a NGGY sequence that is required for
Numb binding and is highly conserved amongst thgonitg of KANK proteinfBoggetti

et al, 2012) The NGGY sequence is in accordance with the canonical NXXY maotif that is
found in many sequences known to bind PTB dom@iihdiket al, 2005. NBP was shown

to have nonredundant function, with its deficiency causing serious consequences for

embryonic development that result in lethality within 48 ho(Boggettiet al, 2012)

InD. melanogasterdKANK is the sole KANK orthologue. dKANK localises predominantly
to sites of attachment between muscles and tendons. Similar to the aforementioned
roles ofC. elegangnd D. rerioKANK proteins in embryonic development AMNK has

been suggested to have a role . melanogasterdevelopment, particularly in
neurogenesigHonget al, 2013). A direct interaction between dKANK and end binding
protein 1 (EB1) has been identified, an interaction which occurs via a SxIP motif in dKANK
which, interestingly, is not evolutionarily wealbnserved(Clohiseyet al, 2014) This
interaction is essential for the localisation of dKANK to microtubule plus ends. In
contrast to the role of KANK in other the other species mentioned, knockdown of dKANK
does not cause severe developmental defects and is compatible wi(lClddiseet al,

2014). However, dKANK knockdown has been shown to cause impaired function of
cardiac nephrocyte¢Geeet al, 2015)and disrupted neural phenotypes have been

identified as a result of dKANK using R($&ppet al, 2008)

Studies in mammalian cells have highlighted the role of KANK proteins in the regulation
of both actin and microtubule cytoskeletal architecture. Typically, the PI3 kiAkse
signalling pathway, stimulated by insulin and growth factors such as epideroatigr
factor, regulates various cellular functions including migration, growth and division
(Engelmaret al, 2006; Hopkin®t al, 2020) KANK has been indicated to negatively
regulate actin stress fibre formation by inhibiting the activatidntlte small GTPase
RhoA, essential for stress fibre formation and for cell migration, resulting from the
binding of KANK to 13-3 proteins during PI3 kinaskkt signalling. This interaction
between KANK and 133 occurs as a result of phosphorylationaofe or both of two
14-3-3-binding motifs(RXRXX(S/Ti)) KANK by Aktwith an indication that the site at
Serl67 in KANR is dominantKakinumaet al, 2008) This is consistent with the
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significantly reduced actin stress fibre formation observed in murine NIH3T3 cells
expressing each KANK family prot&huet al, 2008) Additionally, KANK1 directly binds

to insulin receptor substrate p53 (IRSp5@kibiting the interaction between IRSp53
and active Rac(Royet al, 2009) This subsequently inhibits downstream Racl activity,
including Ractependent development of lamellipodia, but does not affect filopodia
formation which relies on Cdc43citaet al, 2008) Further, overexpression of KANK1 in
NIH3T3 cells in this study inhibited both instihduced membrane ruffling and
integrinrdependent spreading on fibronectin and the outgrowth of neuriteduced by
IRSp53Royet al, 2009) It is important to note that many of the studies in mammalian
cells mentioned here focused on the KASKorm of KANK1 which does not include the
first 158 residues, thus excluding the KN domain. It would be interesting to repeat the
work and approachessed in these studies to investigate whether the roles of KANK
(full-length KANK1) and KANK2, KANK3 and KANK4 in these systems are identical or

display differences.

1.8.2The role of KANK proteins in the cortical microtubule stabilising complex

As discussedrtefly insection 1.6.3, KANBroteins have been increasingly highlighted
in recent years to play integral roles in the cortical microtubule stabilising complex
(CMSC). The first of the three codHedils towards the centre of KANK1 has been shown
to binddirectly to liprid  Mvan der Vaaret al, 2013) which then forms &eterodimer

with liprinh Mm@ § MLIKA Y 0SSy 20aSNBSR G2 | 23a20Al
KANK2 and binds via itstBfminus(Luoet al, 2016) In addition to the involvement of

the coiledcoil domain of KANK, the ankyrin repeat domain is also involved: the ankyrin
repeat domain recruits KIF21(Kakinuma & Kiyama, 2009 kinesir4, to the CMSC
where it serves to inhibit microtubule catastrophe and suppress growtheatell edge
(Figure 1.12Jvan der Vaartt al, 2013) The ankyrirepeat domain of KANK2 has also
since been identified to interact with KIF21A via residues that are conserved between
the two isoforms, while the corresponding residues in KANK3 and KANK4 include
variations which appear to prevent their bindifi@/enget al, 2018; Gucet al, 2018)
Notably, heterozygous missense mutations in KIRZGish relieve its audinhibtionare

linked to congenital fibrosis of the extraocular muscles types 1 (CFEOM1), a genetic

disorder with an autosomal dominant inheritance patte(hleidary et al, 2008)
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CFEOMaAssociated mutations in KIF21A were shown to enhance KANK1 translocation
to the membrane and induce altetians in microtubule dynamics, potentially a key
element that drives the pathogenesis of CFEOMAan der Vaaret al, 2013; Kakinuma

& Kiyama, 2009)

KIF21A peptide

Figurel.12: KIF21A interacts with the ankyrin repeat domain of KANK1.

A KIF21A peptide spanning 22 residues (purple) is sufficient for binding to the ankyrin repeats c
(grey) and to the ankyrin repémof KANK2 (not pictured). A helical conformation is adopted b
peptide upon binding. Crystal structure adapted from PDB ID: $®BtJet al, 2018)

1.8.3KANK proteins interact with talin to allon-EMSC crosstalk

Alongside the central role of KANKs within the CMSC, it has been discovered in recent
years that KANK proteins are linked with Ffssa direct interactiomwith talin. For this
interaction, an invariant leucinaspartic acid motif (Linotif) (Alam et al, 2014;
Zacharchenket al, 2016)within the KN domain oéach mammaliatKANK binds to the

rod domainR7of talin (Bouchetet al, 2016; Suret al, 2016a; Yt al, 2019) and it is

likely that KANKSs of other species will also exhibit this property (see section Tiddl).
binding occurs via helix addition, a binding madeerein the KANK KN domain packs
against the 5helix bundle that comprises RGoultet al, 2018) Where R7 isncluded
within actinbinding site 2 (ABS2, f&8) in talin, factin binding to the talin rod has been
shown to be interrupted by KANK binding to talin, causing subsequent suppression of
force transmission across the adhesion and ultimately resulting redaction in cell
migration speed due to adhesion slidiff§unet al, 2016a) Following the binding of
KANK1 to talinl within raintegrinbased adhesion, further CMSC components (see
sections 1.6.3 and 1.8.2) are recruited and cluster around th@BBAchetet al, 2016)

In support of this model, KANK proteins and other CMSC protemsontinuously
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observed to localise at the periphery of FAs and not the FA (@wachetet al, 2016;
Rafiget al, 2019; Stubletal=  H 1 m ¢ Tet dl, ROSF) RO A |

Normal CMSC Perturbed CMSC

Cell edge Cell edge

@) Rapid microtubule growth == Slow microtubule growth

Figure1l.13: CMSC perturbation causes defective microtubotganisation.
A representation of the pattern of microtubule growth observed in HelLa cells and in cells where th
is perturbed. Adapted frorBouchet et al, 2016

Diswuption of the KANK1alinl interaction in HeLa cells causes perturbed organisation
of microtubule plus ends at the cell periphegymicrotubule plus end growth occurs
more rapidly and becomes less perpendicular to the cell edge in orientation compared
to normal conditions (Figure 1.13). A single point mutation in murine talinl, Gly1404Leu
(Figure 1.14), was sufficient to induce this perturbation of CMSC macromolecular
assembly and thus microtubule dynamics and organisation at the cell periphery in

proximityto FAs, without interfering with FA formatidBouchetet al, 2016)

G1404 [,y

"4 < &_

W1630  gqgaq 48 F45 D42

Figurel.14: Structural model of the interaction between talin R7 and KANK1(Bbuchet et al, 2016)
Trp1630 and Tyr1389 (blue), two bulky residues, appear to hold two talinl R7 helices apart to ¢
the binding surface for the KANK KN domain (green). Glu1404 creates a hydrophobic pocket whi
Tyr48 of the KN domain toodk

More recently, it has been shown that KANK1 and KANK2 localise around podosomes in

addition to FAs. This same study also suggests that the coupling by KANKs of
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microtubules to integrin adhesiorsboth podosomes and FAs, in this cademits the

ability of GEFH1, a microtubuleassociated RRGEF known for many years to mediate
crosstalk between the actin and microtubule cytoskeletofisrendelet al, 2002) to
release from microtubulegRafiget al, 2019) Thissuppression of GEHA1 release and

thus its activation causes low RIBTP levels and low activity of Rassociated coiled

coil containing kinases (ROCKS), resulting in low levels of myosin IIA filaments and
therefore limited actomyosin contractility in primity to the adhesiong a condition

that restricts FA growth(Seetharaman & EtienAlanneville, 2019) This hasbeen
proposed as a negative feedback loop which prevents excessive actonnydsoed

forces at adhesion sitgRafiget al, 2019)

Collectively, these studies highlight thdANKproteins havevarious essentialoles in
linking fo@l adhesiongo the cortical microtubule netwik by directly binding to the
core adhesion protein, talin, and the microtubedapturing kinesird, KIF21Ain
addition to also causing downstream effects in signalling pathways that impact
actomyosin contractility at adhesion sitesltibhately, KANK proteins are key for
mediating the attachment and crogalk between two core cytoskeletal elements: actin

filaments and microtubules (Figure 1.15).

Plasma membrane

ECM

Figurel.15: KANK proteins directly facilitate crosstalk between focal adhesions and the CMSC.

The cortical microtubule stabilising complex (CMSC, purple) assembles around the periphery of the
integrin-based adhesion upon a direct interaction betwedie KANK KN domain and talinl rod domain

R7. KIF21A binds to the ankyrin repeats of KANK and stabilises microtubules in the vicinity of adhesions.
Figure not to scale.
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1.9 Project aims
Broadly, this project aims to further the understanding of KAkKeins, including their
structure and functionn addition toidentifying and characterising some novel ligands.

This is discussed across three distinct chapters:

1. Further characterisation of the ankyrin repeat domain of KANKgskyrin repeat
domains genmlly function as important mediators of proteprotein
interactions. While the interaction with KIF21A is known, other ligands of the
ankyrin repeat domain of KANK have yet to be identified. This chapter explores
striking, previously uncharacterised @ifences between the ankyrin repeat
domains of each mammalian KANK isoform and also aims to further understand
some disease€ausing point mutations which exist within this domain.

2. Investigation of an interdomain KANK complethe ankyrin repeat domain and
KN domain of KANK are both highly conserved structures which already have
some key known functions, most notably including allowing their ability to
provide a link between the actin and microtubule networks. This chapter
identifies an interaction between #se two KANK domains, likely a regulatory
mechanism, and the binding surface on the KN domain is investigated. Further,
the affinity of this interaction amongst all four isoforms of KANK and some
diseasecausing point mutationgs compared.

3. Identifyinganovel ligand for the large intrinsically disordered region in KANK1
LC8 family proteins, wetlategorised hub proteins, are known to interact with
disordered regions of proteins and promote their transition into secondary
structure elements. In this chaptethe interaction between the LC8 protein
DYNLL2 and a L@ognition motif discovered within the intrinsically ordered
region of KANK1 is identified using NMR titrations and triple resonance

experiments.
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CHAPTER RtATERIALS & METHODS

Methods used throughout this work can also be foun#iranet al, 2021¢ see Appendix
2.

2.1 Materials

2.1.1Reagents and equipment

Table2.1: List of reagents, equipment and software used.

All reagents were obtained from Fisherbrand, Melford, Promega or Sfgdrach unless listed here.

Reagent/Equipment Source

13C (>99%) glucose Cambridge Isotope Laboratorie
15N (>98%) NI Cambridge Isotope Laboratorie
Autoclave Prestige Medical
Centrifuge (benchtop) Eppendorf

Centrifuge Beckman

Dry block thermostat GrantInstruments
Micropipettes Gilson

N50 NanoPhotometer IMPLEN

Soniprep 150 sonicator MSE
Spectrophotometer Varian

Weighing scales VWR International
Oligonucleotides Integrated DNA technologies
QIAprep miniprep kit QIAGEN

QIAquick geéxtraction kit QIAGEN

3Prime thermal cycler Techne

AKTA Start GE Healthcare
UNICORN start 1.1 software GE Healthcare
HisTrap FF 5 ml column GE Healthcare

HiTrap Q HP 5 ml column GE Healthcare

HiTrap SP HP 5 ml column GE Healthcare
Superdex 20@olumn GE Healthcare
CLARIOstar plate reader BMG LABTECH
Prism8 software GraphPad

600 MHz Avance Ill spectrometer with CryoPrg Bruker

J715 spectropolarimeter JASCO

JCSG Plus crystallisation screen Molecular Dimensions
mosquito® LCP TTPLabtech

Viscotek VE 3580 RI detector Malvern Panalytical
Viscotek SE®IALS 9 Malvern Panalytical
OmniSEC software Malvern Panalytical
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2.1.2Buffers and media

Table2.2: List of buffers and media usedxcept where otherwise stated.

All buffers were prepared at room temperature using Milultrapure water and pH was adjusted using

HCI and NaOH, where applicable.

buffer

Name Components pH
Nickel buffer A 20 mM tris, 500 mM NaCl, 20 mM imidazole 8.0
Nickel buffer B 20 mM tris, 500 mM NacCl, 500 mM imidazole 8.0
Q buffer A 20 mM tris, 50 mM NacCl 8.0
Q buffer B 20 mM tris, 1 M NaCl 8.0
S buffer A 20 mM phosphate (NaiRQ,, NaHPQ), 50 mM 6.5
NacCl
S buffer B 20 mM phosphate (Nai®Q, NaeHPQ), 1 MNaCl | 6.5
Phosphatebuffered 100 mM NaHPQ, 18 mM KiEPQ, 137 mM NaCl,| 7.4
saline (PBS) 27 mM KCI
Phosphate/citrate 100 mM sodium citrate/phosphate, 300 mM 3or
buffer sodium sulphate, 5 MM DTT 7.5
NMR buffer 20 mM phosphate (NaiRQ,, NaHPQ), 50 mM 6.5
NaCl, 2 mM DTT
2M9 minimal media | Per L: 12.5 g NEHPQ.?H,0, 7.5 g KHPQ 7.2
solution A
2M9 minimal media | Per L solution A: 4.0 &C (>99%°C)) glucose, -
solution B 10.0 ml BME Vitamins (100x), 2.0 ml Mg&M),
0.1 ml CaG1M), 1.0 g'®N (>986*°N)) NHCI,
diluted in 10.0 ml water
SDSPAGE sample 1875mMTrid / £ LI c dy X H: -
buffer mercaptoethanol, 0.005% bromophenol blue, 11
glycerol
SDSPAGE running | 50 mM MOPS, 50 mM Tris, 0.1% SDS, 1 mM E| 7.7
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2.1.3Plasmids

Table2.3: List of plasmidconstructs used.

For further details for each plasmid, if applicable, see relechapter.

TOPO

Protein Gene Uniprot AC| Species | Vector Domain(s) Residues Source

KANK1 ANK | KANK1 | Q14678 Human PEF151 | Ankyrin repeats 10781328 Subcloned
TOPO

KANK2 ANK | KANK2 | Q63Z2Y3 Human PEF151 | Ankyrin repeats 583832 GeneArt, Invitrogen
TOPO

KANK2 ANK | KANK2 | Q63Z2Y3 Human pPEF151 | Ankyrin repeats 583832 SDM of KANK2 ANK

A670V TOPO

KANK3 ANK | KANK3 | Q9Z1P7 Mouse PEF151 | Ankyrin repeats 524773 GeneArt,Invitrogen
TOPO

KANK4 ANK | KANK4 | Q6P9J5 Mouse PEF151 | Ankyrin repeats 7551002 Subcloned
TOPO

KANK4 ANK | KANK4 | Q6P9J5 Mouse pEF151 | Ankyrin repeats 7551002 SDM of KANK4 ANK

Y801H TOPO

mCerkKN KANK1 | Q14678 Human pEF151 | KN domain 1-78 Subcloned fromAkhmanova group
TOPO construct

mVenANK | KANK1 | Q14678 Human PEF151 | Ankyrin repeats 10781352 Subcloned from Akhmanova group
TOPO construct

Mini-KANK | KANK1 | Q14678 Human pEF151 | KN domain and ankyrir) 30-73,; GeneArt, Invitrogen
TOPO repeats 10781328

Talinl R7R8 | TInl P26039 Mouse pEF151 | R7R8 1357-1580 Dr Ben Goult
TOPO

DYNLL2 DYNLL2 | Q96FJ2 Human pPETF151 | FulHength 1-89 GeneAtrt, Invitrogen
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2.2 General molecular biology

2.2.1Generating chemically competdat colusing the calcium chloride method

. [HMO5900 2NJ 51 mni OSffta 6SNB aidNBI 1SR 2
overnight. A starter culture was set up by inoculating 5 mL LB with an isolated colony
FYR F3AGFIGAY3 +d oTte/ 2@0SNYAIKiI® m B[ 27F
YR AyOdzml GSR | i o7 suntl QDpsrdacfiedd.6d@nidelthisicefla A Y
density wasachieved the E. coliculture was placed on ice for 10 minutes prior to
OSYGNATFdzAFGA2Y G onnn NLI | { EncelitellstasNI m n
resuspended in 10 mL ice cold calcigiyicerol buffer (0.1 M CaCl2, 10% glycerol) and

L F OSR 2y AOS F2NJ mp YAydziSaed ¢KS OSyudNR
repeated, and the resultinge. colipellet was resuspended in 1 mL icddccaalcium

3t @OSNRPf o0dzZFFSNY YSSLIAYy3I [ff YFOGSNRAEFEa |

flash frozen in liquid nitrogen, and stored-gtn ¢ / @

2.2.2DNA transformations

Throughout this work, two strains &. coliare used: DH10E. colfor molecular cloning
and DNA amplification andBL21(DE3)E.coli for protein expression. For all
transformations, the DNA used was from a ~90 >hg/stock resulting from

minipreparation (QIAGEN).

A 40 >L aliquot of chemically competenE. coliwas thawed on ice. df each
transformation, 2>L of DNA was added to the cells and incubated on ice for 30 minutes.
A heatshock step was performed at 42 for 90 seconds, followed by immediately
placing the cells back on ice for a further 2 minutes. For the recovery stepetls were
incubated at 3@C for 1 hour in 206-L LB before being plated onto a LB agar plate

containing appropriate antibiotic(s) and incubated atg3®dvernight.

2.3 Molecular cloning

2.3.1Restriction enzyme digest method

Restriction enzyme digest followed hgdtion of the generated sticky ends is a classic
approach to molecular cloning. We use this method primarily for subcloning regions of
interest, often from mammalian vectors or genomic DNA, into vectors for expression in

BL21(DEJ. coli



MATERIALS & METHODS 34

For biochemicahlnd structural analysis, we predominantly ube expression vector
PETF151TOPO. This vectencodesa 6xHistag followed by a TEV cleavage sitel also
encodes ampicillin resistanc&@he base vector contains a multiple cloning site with

BamHINotl, EcoRI and Xhol restriction sites

2.3.1.10ligonucleotide design

Forward and reverse oligonucleotides for the polymerase chain reaction (PCR) were
RSaA3IySR dzaAy3a GKS 5b! &aSldzsSyo0S 2F (GKS N
into the pET151 plasmidh d IS OU2NE VD . 240K 2f A32ydz0f S23GA
~1520 base pairs (bp) of the desired insert, introduce the suitable restriction site that

is compatible with the restriction sites within the multiple cloning site of the vector,
contain ~6070% guanidine/cytosine content, and terminate with a guanidine or
Ceidz2aAiAysS d GKS pQ SyRd ¢KSasS LI NI YSGSNE
the oligonucleotide. Table 2.4 shows the oligonucleotides designed for pET

151 KANK1 ankyrrepeas and pETL51 KANK4 ankyrrepeats. Oligonucleotides

were purchased from Integrated DNA Technologies.

Table2.4: Oligonucleotide design for restriction enyzyntimsed molecular cloning.

Construct Restriction | Oligonucleotides Notes
enzymes
pETF151 BamHI F:TT GGATCC Subcloning from
KANK1ANK GAAATCAGAGAGAGG mammalian
Xhol R:CTCGAGTCA vector to
TTTTGCAAAGTTGACATGGGC | expression vector
pPETF151 BamHI F:AA GGATCC Subcloning from
KANK4ANK CTGAGGGCTGAGAGATATAAACI mammalian
Xhol R:.CTCGAGTCA TGAGTGGGCCCG( vector to
expression vector

2.3.1.2Polymerase chain reaction
All polymerase chain reactions (PCR) had a final reaction volume>af & shown in

table 2.5 below and were performedsing High Fidelity DNA Polymerase (Roche).
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Table2.5: General PCR reactianixture using Expand High Fidelity DNA polymerase (Roche)

Component Volume Final concentration
10x reaction buffer p L 1X
Template DNA L H Y3k >|
Forward oligonucleotide (IDT, 10 mM) M L HNnNn >a
Reverse oligonucleotide (IDT, 10 mM) M L Hnn >a
dNTPs mix M L 100 mM each
Polymerase ndp 25U
Nucleaseree water al 1S dzLL -

The general PCR programme usedHah Fidelity DNA Polymerase (Roadlseshown in
table 2.6 below.

Table2.6: General PCR programme for restriction enzyb@sed molecular cloning using Expand High
Fidelity DNA polymerase (Roche)

Stage ¢ SYLISNI ( dTime Cycles
Initial DNA denaturation 95 5 mins 1
DNA denaturation 95 30secs
Oligonucleotide annealing 45-68* 1 min 30
DNA extension 68 1 min/kb**

Final DNA extension 68 10 mins 1
Final hold 4 - 1

* Annealing temperature should be ~5°C below the melting point of the oligonucleotides
** Allow 1 minute perkilobase of the desired insert

Once the reaction was complete, agarose gel electrophoresis was performed to check
the presence of a product at the expected size of the insert. The PCR product was then
purified using the ethanol precipitation method, resuspended in>2(hucleasefree

water and stored at20s until required for the next stage.

2.3.1.3Restriction enzyme double digest and ligation

For the restriction enzyme double digests, separate reactions for the insert and vector
were preparedTable2.7 shows the compositioof a typical restriction enzyme double
digest reaction mixture which was prepared for both the vector and the insert and
incubated at 38 for 3 hours. Purification of the digested products was carried out using

a Gel Extraction Kit (QIAGEN) accordinyfoy dzf | Ol dzZNB NI & Ay a i NHzO ¢
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concentrations of the purified digested vector and the purified digested insert were

determined by absorbance at 260 nm measured using a nanophotometer (IMPLEN).

Table2.7: General restriction enzyme double digest reaction mixture
In this example of a restriction enzyme digest, BamHI and Xhol were used

Component Volume Final concentration
10x reaction buffer ("Buffer D", Promeg ML 1X
Insert/vector DNA - L 9 Hn y3
BamHI restriction enzyme (Promega) H L 20u

Xhol restriction enzyme (Promega) H L 20u
Nucleasefree water al 1S dzLJL -

Ligation reactions were set up accordingiable2.8 at a 1:3 molar ratio of vector:insert

and incubated at dC overnight. DNA transformation was then carried out into DHA.O

coli (section 2.4.2). 5 mL starter cultures of isolated colonies were set up in LB media
with 100>g/>L ampicillin and agitatedt 376C overnight. Isolation of plasmid DNA was
LISNF2NYSR dzaAy3a | vL! LINBLI {LIAY aAyALNBL]

instructions.

Table2.8: General ligation reaction mixture using T4 DNidase (Promega).
In this example, a 1:3 ratio of vector to insert has been used.

Component Volume Final concentration

10x reaction buffer (Promega) M L 1X

Insert DNA - L] 3x vector concentration
Vector DNA L] 1/3 insert concentration
T4 DNAigase (Promega) M L 3u
Nucleasefree water al 1S dzLL -

2.3.1.4Validation

As a prevalidation step that the target sequence had been correctly inserted into the
vector, a test restriction digest was performed for each of the isolated plasmids after
minipreparation. This utilises the preserved restriction sites within the plastciedving

the insert from the vector. This smaitale restriction digest was set up according to
Table2.9 and incubated at 37 for 1 hour. Agarose gel electrophoresis was performed
to visualise products at the expected size of the insert and the veSanger sequencing

was used to confirm correct insertion (Eurofins Genomics).
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Table2.9: General smalkcale restriction enzyme double digest reaction mixture.
In this example of a restriction enzyrdegest, BamHI and Xhol were used

Component Volume Final concentration
10x reaction buffer ("Buffer D", Promega M L3 1X
Insert/vector DNA L] 9 Hn y3
BamHI restriction enzyme (Promega) M Lj 10u

Xhol restriction enzyme (Promega) M Lj 10u
Nucleasefree water al 1S dzLL -

2.3.2Sitedirected mutagenesis
Sitedirected mutagenesis (SDM) allows introduction of targeted mutations into a
plasmid. We used this method to introduce known diseaaasing point mutations to

allowinvestigation into the biochemical and structural implications.

2.3.2.10ligonucleotide design

Overlapping forward and reverse oligonucleotides for the polymerase chain reaction
(PCR) were designed using the DNA sequence of the region to contain the desired
mutation. Both oligonucleotides were designed to consist of-3@%ase pairs (bp)
containing the desired mutation in the centre, with the reverse oligonucleotide being
the reverse complement of the forward oligonucleotide. Additionally, as above,
oligonucleotiges should contain ~600% guanidine/cytosine content and terminate
gAOUK | 3dzZ yARAYS 2N Oedz2aiaysS +d GKS pQ
specificity and stability of the oligonucleotid€able2.10 shows the oligonucleotides
designed for pEI51 KANK2_ ankyrdmepeats A670V and pEIb1 _KANK4_ ankyrn

repeats_Y801H. Oligonucleotides were purchased from Integrated DNA Technologies.
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Table2.10: Oligonucleotide design for sitdirected mutagenesis.

Castruct Mutation | Oligonucleotides
pPET151 KANK2ANK A670/ F:GCAATGGCAACAGTACTGCATTATAGCG
R:CGCTATAATGCABUGGGTGTTGCCATTG!
pET151 KANK4ANK Y80H F:GGCTGTGGCTGCAITCCTTGAGGTCC
R:GGACCTCAAGGBGEGCAGCCACAGCC

2.3.2.2Polymerase chaireaction
All polymerase chain reactions (PCR) for-ditected mutagenesis had a final reaction
volume of 50>L as shown iftable2.11 below and were performed using Pfu polymerase

(Promega).

Table2.11: General PCR reaction mixture using Pfu DNA polymerase (Promega)

Component Volume Final concentration
10x reaction buffer p Lj 1X
Template DNA Lj n y3ak>
Forward oligonucleotide (IDT, 10 mM) H Lj nnn >a
Reverseligonucleotide (IDT, 10 mM) H L] nnn >a
dNTPs M L} 100 mM each
Polymerase M L] 1.25U
Nucleasefree water al 1S dzLL -

The general PCR programme used for Pfu polymerase (Promega) is sHawiehl12

below.

Table 2.122 General PCR programme for sitirected mutagenesis using Pfu DNA polymerase
(Promega)

Stage ¢ SY LIS NI (i df Time Cycles
Initial DNA denaturation 92 5 mins 1
DNA denaturation 92 30 secs
Oligonucleotide annealing 42-65* 1 min 30
DNA extension 68 1 min/kb**

Final DNA extension 68 10 mins 1
Final hold 4 - 1

* Annealingtemperature should be ~5°C below the melting point of the oligonucleotides
** Allow 1 minute per kilobase of the desired insert
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2.3.2.3Dpnl digest

The PCR product was incubated agB37or 1 hour with JuL (20U) of Dpnl restriction

enzyme (New EnglanBiolabs) to digest the template DNA. DNA transformation was

then carried out into DHIOE. coli(section 2.4.2). 5 mL starter cultures of isolated
colonies were set up in LB media with 18@/>L ampicillin and agitated at 8¢
overnight. Isolation of plasid DNA was performed using a QIAprep Spin Miniprep Kit
OvL! D9b0 FOO2NRAY3 (G2 YIydzZlI OGdzZNENDRE Ayal

2.3.2.4Validation
Sanger sequencing was used to confirm that the mutation was correctly introduced

(Eurofins Genomics).

2.4 Protein expression

For protein expession, DNA transformation was carried out into BL21([EES)liwith

the plasmid encoding the protein of interest (section 2.4.2). Sewalle expression tests
ahead of time elucidated which temperature, isopropyD-1 thiogalactopyranoside
(IPTG) conceration and expression time were most suitable for each individual
construct before proceeding with larger scale expression as described below. A sample
of the culture before addition of IPTG and a sample prior to harvesting of cells can be

collected for BSPAGE analysis to validate expression of the protein of interest.

2.4.1Unlabelled protein expression

A starter culture for each protein to be expressed was prepared by adding an isolated
colony from transformation to 10 mL LB media with 2@f>L ampicillin.The starter
culture was agitated at 3 overnight. A glycerol stock for each construct was prepared
by mixing 750>L of a starter culture with 356L filter sterilised 50% glycerol. The
glycerol stock was used in place of the isolated colony for stantarres for subsequent

rounds of protein expression.

3-5 mL of starter culture was used to inoculate a larger volume of LB, usually 750 mL in
a 2 L baffled flask, including 16@/>L ampicillin. Cells were grown in an agitating
incubator at 36 to ODy950.6-0.8, at which point they were induced with 20 IPTG

at 18& /overnight or 1 mM IPTG at 87/for 3 hours. Cells were harvested by
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centrifugation at 6000 rpm for 20 minutes a¢ 4and the pellet was resuspended in 15

mL Ni buffer A per L of culture. Respended pellets were stored &0¢ /

2.4.21sotopicallylabelled protein expression for NMR

For®*N-labelled KANK ankyrin repeat constructs, a starter culture for each protein to be
expressed was prepared by adding an isolated colony from transformatidhnd_12M9
minimal media (proportional solution A and B) with 28§/>L ampicillin. The starter
culture was agitated at 3 overnight. A glycerol stock for each construct was prepared
by mixing 750>L of a starter culture with 356L filter sterilised 50% glycerol. The
glycerol stock was used in place of the isolated colony for starter cultures for subsequent

rounds of protein expression.

3-5 mL of starter culture was used to inoculate a larger volume of 2M9 minimal media
(proportional solution A and B), usually 750 mL in a 2 L baffled flask, including/Q0
ampicillin. Cells were grown in an agitating incubator at 3@ OD;95 0.6-0.8, at which
point they were induced with 20QM IPTG at 18 bvernight. Cells were harvested by
centrifugation at 6000 rpm for 20 minutes a¢ 4and the pellet was resuspended in 15

mL Ni buffer A per L of culture. Resuspended pellets were stor&dat/

For'>N-labelled and3C}°N-labelled fullength DYNLL2which had very limited growth

in 2M9 minimal media, the 4:1 condensation method of protein expression was used.
For this, cells were grown as per the method for unlabelled protein expression (see
Section2.5.1) in 2 L of LB media. Upon reachingd6-0.8, the cells were subject to
centrifugation at 6000 rpm for 10 minutes as 4and the pellet was resuspended in 100
mL of 2M9 minimal media solution A before repeating the centrifugation. The washed
cells were resuspended in 500 mL of 2M9 media (2M9 minimal media solution A, 2M9
minimal meda solution B and 108g/>L ampicillinx; a quarter of the volume of LB used

for the growth stage. The 500 mL of 2M9 media containing ampicillin anB.thelwas
agitated at 18 for 1 hour to allow the cells to equilibrate to the new media before
beinginduced with 20QuM IPTG at 18 fovernight. Cells were harvested as described

above.
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2.5 Protein purification
2.5.1Cell lysis

Harvested cell pellets were removed fromne / YR GKIF 6SR®d /[ St f
on ice usingsix cycles of sonication using intergabf 25 seconds on followed by 35
seconds off at 50% amplitude. Centrifugation was used to separate the soluble fraction
FNRY (KS OStf RSONR& YR ¢l a LISNF2NXYSR
supernatant was retained and a 0.4tn syringefilter was usedo remove any excess
debris A sample of this supernatant was prepared for- #B&E analysis to validate that

the protein of interest is soluble.

2.5.2Protein purification by immobilised nickel ion affinity chromatography

Histagged proteins were puriéd using immobilised nickel ion affinity chromatography.
This form of immobilised metal ion affinity chromatography (IMAC) works on the basis
that the 6xHis tag at the f&rminus of the expressed protein binds with high affinity to
Ni?* ions. The 5 mL Hisdp HP column used (GE Healthcare) contains immobilised
sepharose resin coupled to a nitrilotriacetic acid (NTA) chelating group which is charged
with N#*ions. This allows highly specific binding of the-tdgged protein of interest.

All nickel ion affiity chromatography was performed using afKTA Start (GE

Healthcare) at room temperature.

The filtered cell lysate after sonication was loaded onto a column equilibrated in Ni
buffer A at a flow rate of 2.5 mL/min. Gradient elution at 5 mL/min wsed to elute

the protein of interestg this increasingly applies Ni buffer B to the column, thus
increasing the imidazole concentration applied to the column. Eventually, the imidazole
concentration in Ni buffer B will outcompete the imidazole functiogiaup of the His

tag which is bound to the R causing the protein to elute from the column. This can be
monitored by measuring the absorbance at 280 nm during fractionation. Fractions
corresponding to a peak were collected and samples were prepareDEPAGE

analysis to validate presence of a purified protein at the expected molecular weight.

2.5.3Buffer exchange and TEV protease cleavage
Suitable fractions from nickel ion affinity chromatography were combined to be

subjected to buffer exchange by dialysThis was performed overnight aé 4 The



MATERIALS & METHODS 42

appropriate buffer to exchange into was determined by the isoelectric point (pl) of the
protein, calculated using the ExPASY ProtParam (Gaisteigeret al, 2005) An
Isoelectric point of ~7 and below is generally suitable faoa exchange@ columr) so

Q buffer A would be usedn isoelectric pmt above ~8 is suitable faation exchange

(S columih so S buffer A would be useBor any proteins with an isoelectric point
within/close to this range, thbuffer componentsould beslightlyaltered For example,

for talin R7R8, a Q column was usedhva reduced concentration of tris 10 mM in

both Q buffer A and Q buffer 8allowing the protein to bind to the column.

For all proteins, recombinantgxpressed tobacco etch virus (TEV) protease (2.5 mg/ml
stock) was used to cleave the Hag from te purified protein. This was added to the

protein during dialysis.

2.5.41on exchangehromatography

lon exchange chromatography was used to remove the TEV protease, the cleaved His
tag and other small impurities from the protein of interest. All ion exchange
chromatography was performed using afKTA Start (GE Healthcare) at room
temperature and either a Q column (anion exchange) or S column (cation exchange) was
used depending on the isoelectric point of the protein. After buffer exchange, the
protein was filered using a 0.4pm syringe and was loaded onto a column equilibrated

in Q/S buffer A at a flow rate of 2.5 mL/min. Gradient elution at 5 mL/min was used to
increasingly apply Q/S buffer B to the column, causing the protein to elute. This can be
monitored by measuring the absorbance at 280 nm during fractionation. Fractions
corresponding to a peak were collected and samples were prepared foiPABE

analysis to validate presence of a purified protein at the expected molecular weight.

2.5.5Measurement of proti concentration and storage

Once purification of the protein of interest and complete TEV protease cleavage has
been validated by SBFSAGE analysis, each protein was buffer exchanged into a suitable
buffer using a PR0 desalting column (GE HealthcarejotBin concentration was
measured with a nanophotometer (IMPLEN) using molecular weight and extinction
coefficient values obtained from the ExXPASY ProtParam tool and the protein was
concentrated or diluted as required. Purified proteins were aliquoted fleh frozen

using liquid nitrogen and stored &0 Antil use.
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2.5.6 SDSPAGE analysis

Samples for SBIBAGE analysis were prepared using 1x-FBSE sample buffer and

were boiled at 98 for 5 minutes. SDBAGE gels were cast in 1 mm Novex empty gel
cassettes (ThermoFisher) and were comprised%f SD3}% acrylamide/BlStacking

gel(pH 8.8)and 10%acrylamide/BlSeparating gefpH 6.8) OO2 NRAYy 3 (2 YI y¢

instructions. Coomassiblue stain and destain were used to visualise proteins.

2.6 Peptides
2.6.1Synthetic peptide design

Synthetic peptides of small regions of interest were designed and ordered from GL
Biochem. Various parameters had to be considered for peptide design, including
sdubility and preservation of secondary structure. All peptides were ordered with a

terminal cysteine residue to allow coupling to fluorescent dyes. Peptides used in this

work are shown imable2.13.

2.6.2Coupling peptides to BODIPY fluorescent dye

For fluorescence polarisation experiments, synthetic peptides were coupled to the

Tt dz2NBaOSy G Reé SMaleimifiel (ThemoFisharyvdiluted according to
YIydzFl OG0 dzZNBENRa AYaGNHZOGIGA2yad ¢KS O2dzL) Ay
(resuspended in wiar or PBS), 0.1 % TritorR0, 5 mM TCEP, and 25 pL of fluorescent

dye made up to 1 mL using PBS. This reaction was left stirring at room temperature for

2 hours in a dark environment. A AD desalting column equilibrated with PBS was used

to remove exess dye. The coupled peptide was elute using 2.5 mL PBS before being

aliquoted, flash frozen using liquid nitrogen and stored2&x°C until use.

2.7 Biochemical assays

2.7.1Qrcular dichroism

Circular dichroism (CD) as a tool was used for initial, rapid deterromat protein
properties including secondary structure, folding and thermal stability. CD measures the
difference in absorption of leftand righthanded circularly polarised light within
optically active (i.e. chiral) moleculdsarUV measurement§180-250 nm region) are
used to determine the secondary structure of a protein. Measurements in this region

look at the backbone chain where the rotation of ph) &ndpsi ¢ ) angles varpased
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Table2.13: List of synthetic peptides used.
All synthetic peptides were purchased from GL Biochem, Shanghai, China.

Name Gene | Uniprot AC | Species| Domain(s)| Residues Sequence

KANK1 KKfull) KANK1 | Q14678 Human | KN 30-68 PYFVETPYGFQLDLDFVKYVDDIQKGNTIKKLNIQKRRK
KANK1 KN (short|f KANK1 | Q14678 Human | KN 30-60 PYFVETPYGFQLDLDFVKYVDDIQKGNTHEK

KANK1 KN 4A KANK1 | Q14678 Human | KN 30-68 PYFVETPYGFQAAAAFVKYVDDIQKGNTIKKLNIQKRRK

Y! bYM ¥B®| KANKL | Q14678 Human | KN 30-73n c-68 | PYFVETPYGYQLDLDFLKYVDDIQKGNTIKPS\®P

KANK2 KN KANK2 | Q63ZY3 Human | KN 31-69 C PYSVETPYGYRLDLDFLKYVDDIEKGHTLRRVAVQRRPR
KANK3 KN KANK3 | Q9Z1P7 Mouse | KN 32-73 PYSVETPYGFHLDLDFLKYVEEIERGPASRRTPGPPHARRP
KANK4 KN KANK4 | Q6P9J5 Mouse | KN 24-65 PYSVETPYGFHLDLDFLKYVDDIEKGHTIKRIPIHRRAKQAK
KANK1 69916 | KANK1 | Q14678 Human | TQT motif | 699-716 CLSTLDKQTSTQTVETRT

KIF21A H1 KIF21A | Q7Z4S6 Human | Helix 1 11441173 CGEVKPKNKARRRTTTQMELLYADSSELAS

Scribble 464480 | SCRIB | Q14160 Human | CC 464-480 C- AAEKRGLQRRATPHPSE
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oni KS O2y T2 NXI (A 2KS 2 0 KiKSiramRanddh goits have
varying characteristic spectra using this meth8gectral scaexperiments are used for
determining the thermal stability of a protein and this involves measuring the changes

in the CD signal at a fixed wavelength over the course of a temperature gradient.

All CD experiments were performed usingtéal5 spectropolameter (JASCO) and a
guartz cuvette with 1 mm path length (Starna Scientific). 20 uM samples in PBS were
used for all experiments. For falV experiments, spectra were collected at 228D nm

with 4 scans at 100 nm/min, 0.5 nm step resolution, 1 sec respend 0.5 nm

Ol YRGARGK® C2NJ 4LISOUNIt allyasz /5 airaylf
helix) and measurements were taken betwe&i8Dg Ivith 20 seconds step resolution,

4 seconds of response and 1.0 nm bandwidth. Protein secondary structuse wa
monitored during the spectra scan by collecting-f8y spectra at 18 /intervals using

the aforementioned parameters.

2.7.2Huorescence polarisation

Fluorescence polarisation (FP) was usgdnvestigate putative interactions between
proteins and fluorescemy-labelled peptides. When a fluorescent molecule is excited by
polarised light,polarised light is emittedThis assay utilises the rapid tumbling that
occurs when fluorescent peptides are in solution; as the molecule tumbles, it will lead
to loss of polasation. If an interaction occurs between the fluorescerdpelled
peptide and the protein, the fluorescenthgbelled peptide will tumble more slowly with
increasing levels of protein, causing an increase in the gataon of the light in one
direction. This change in polaation as a function of protein concentration can be

guantified, allowingoinding affinity to be determined.

All FP assays were set up in black Nunc F96 polystyrene plates (ThermoFisher) with one
12-well row used per assay. Using appropriate starting stock concentration, usually
100-300 pM, a serial dilution of protein was carried out, resulting in weltdrzaining

the highest concentration and well 1 containing no protein. BOIdBaled peptide

was added to every well to @anfl concentration of 1 uM. A CLARIOstar plate reader
(BMG Labtech) was used to measure fluorescence polarisationgafu®thg correct

excitation and emission wavelengths for the fluorophore. Analysis of data was



MATERIALS & METHODS 46

conducted with Prism software (GraphPad)ng nonlinear regression and the equation

for one site total binding, shown below.

W —_— V'YW WwQQI € 0e Q
VLA ®

Here, Y = protein concentration, X = labelled peptide concentration, NS = the slope of
nonspecific binding in Y usfX units, and background = the amount of nonspecific
binding with no added ligand..Bis the maximum specific binding, given in the same
units as Y, andghis the binding constant, given in the same units as X. Fhalke
defines the concentration dabelled peptide required to achieve half saturation of the

protein at equilibrium, i.e. the amount of protein to achieve half of theB

2.7.3Nuclear magnetic resonantigations

Nuclear magnetic resonance (NMR) is a highly sensitive, powerful technique which can
provide assessment of protein sample quality, investigation of putative interactions, and
determination of structural informationDuring an NMR experiment, the sample is
placed in a strong magnetic field and irradiated with pulses of radio frequency
electromagnetic radiation which cause the NME&ive nuclei to resonate at

characteristic frequenciesnd this can be measured.

All experiments were carried out at 298 K usiagBruker AVANCE Ill spectrometer
equipped with aQCHP CryoProbeProteins were prepared in 20 mM phosphate pH 6.5

(pH 7.5 forDYNLL2xperiments) 50 mM NaCl, 2 mM DTT and 5% 3O to a final

@2t dzYS 2F npn >a Ay [Aldfck Dasdverd pracessed usidgdo S 0
TopSpin and CcpNmr Analy&skinneret al, 2015)

2.7.3.11D expements {H)

1D NMR experiments are an incredibly useful approach with a broad range of
applications and were used in this work as part of all NMR investigations. Following
spectrometer set up, which involves lockig@, DO and salt)tuning, shimming ad
determining 90 degree pulse width (P1), 1D spectra were collected and subsequently
Fourier transformed. The processed 1D spectrum allowed assessment of solvent
suppression and protein quality: whether the protein is present, folded, and at the

required concentration for further NMR experiments, where relevant. Additionally, as
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samples for 1D NMR do not require isotopic labelling, this powerful tool was used to

assess relative concentrations of synthetic peptides used in this work.

2.7.3.22D experimentskl, *°N)

Performing titrations viatH, >N-2D NMR experiments works on the basis that the
hydrogens and isotopicaHgbelled nitrogenatoms have active nuclei under the
magnetic field. Labelling in this way means that each amide bond of each amino acid
(with the exception of proline) in the protein backbone has a particular chemical shift,
and these are represented as a peak in a specific location in the processed NMR
spectrum. These chemical shifts are incredibly sensitive to the chemical environment. If
a putaive ligand is added to a protein and an interaction occurs, this causes a localised
change to the chemical environment of the residues constituting and in proximity to the
binding surface this causes the location of those amino acid peaks to shift ter al
intensity, a concept known as a chemical shift perturbation (CBfese CSPs induced

by ligand binding allow biochemical andstructural charactegation of protein
interactions 2D experiments can be used to measure the chemical shifts and @E&s

to be visualised.

Following spectrometer set up, which involves lockirgQ, DO and salt)tuning,
shimming and determining 90 degree pulse width (P1), 2D spectra were collected using
pulse widhs for specific 2D experiments according to the protein being investigated.
Heteronuclearsingle-quantum correlation (HSQC) experiments were used for proteins

up to ~20 kDa in size and, for proteins larger than ~20 kidasverse relaxation

A B y. Broad C y. Sharp

o~ e "
O
= © -

Coupled HSQC Decoupled HSQC TROSY

Figure2.1: 1H 15N TROSY peak selection for a large protein.

(A) A typical coupled HSQC experiment for alakgtl2 6 SAy @At f LINE RdzOS -
¢wh{, 6 ¢ LISIF] 66G2L)I tSFGoz I acwwh{§éLBBL1a®24
in the decoupled HSQC spectrum generates a very broad signal. (C) A TROSY experiment isto
select the TROSY peak, resulting in a sharp saguahigher resolution
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optimized spetroscopy (TROSY) experiments were used. As proteins increase in size,
the decay in the NMR signal occurs more rapaglthis causes the signal of the data
collected to broaden as the sensitivity decreases. The TROSY experiment can increase
sensitivity andultimately the resolution of the data collected. Where a standard HSQC
experiment generates a multiplet of four peaks, the average will be displayed as the final
peak produced in the spectrum. For a small protein, each component of this multiplet
generatesa sharp peak due to uniform relaxation rates, resulting in a sharp peak and
higher resolution in the representation of the corresponding amino acid in the spectrum.
For a larger protein, however, the peaks in the multiplet vary as a result of different
relaxation times and would result in a broader peak in a decoupled HSQC. In order to
increase the resolution, TROSY experiments are optimised to only select the peak with
0KS aKFINWSad araylrtzr G4KS ac¢wh{, LISI¢=

spedrum.

For all titrations, the 90 degree pulse width and pH of each sample were monitored to
ensure buffer uniformity between samples, eliminating false positives resulting from

buffer changes induced upon addition of the potential ligand.

2.7.4Sizeexclusiorchromatographymultiangle light scattering

Combining sizexclusion chromatography with multiangle light scattering (SACS)

is a powerful tool for investigating oligomeric states and determining absolute molecular
weight of individual components. Whilsizeexclusion chromatography separates
species within a sample according to their hydrodynamic volume, with larger
components eluting first, multiangle light scattering measures the scattering of light
through the sample at a range of angles and allowSedye plot to be generated,

allowing the determination of absolute molecular weight.

All SE@MALS experiments were performed at room temperature using a Superdex 200
sizeexclusion column (GE Healthcare) at a flow rate of 0.Znin. A Viscotek VB580

RI detector was connected to a Viscotek SEALS 9 to detect the light scattering
(Malvern Panalytical). A 5gimLBSA control was used to calibrate the system prior to
each experiment in the appropriate buffer. For KANK4 ankyrin repeat domain oligpome
analysis, all samples were prepared and the system calibrated in PBS. For DYNLL2

oligomeric analysis, phosphate/citrate buffers at pH 3 and pH 7.5 were used. Data
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collection and analysis, including absolute molecular weight determination, was

performedwith OmniSEC software (Malvern Panalytical) with BSA calibration.

2.7.5Fluorimetry

In order to investigatan vitro FRET between KANK fusion proteins, fluorimetry was
used. All fluorimetry experiments were performed using a Perkin EImer Luminescence
Spectrometer LS 50B with a slit width of 2.5 nm and measured at 200 nm/min. All
proteins were dialysed into PBS prior performing the experiments. An excitation
wavelength of 425 nm was used to excite mCerulEhhwith emission measured at 450

600 nm. For the control wherein the mVenraskyrin repeat domain was excited, an

excitation wavelength of 490 nm was set and enoissneasured at 50800 nm.

2.8 Structural studies

2.8.1X%ray crystallography

Crystallisation trialsor KANK3 ankyrin repeat domain and Ala670Val mutantaining

KANK2 ankyrin repeat domaivere performed using the hanging drop vapour diffusion
method in 96well L 1 Sa G6A0GK SIFOK ¢Sttt O2yidlAyAy3
Commercial screening kits used include JSCG+, Wizard Classic | & Il (Molecular
Dimensions) and Hampton HT (Hampton). Samples for crystallisation screening were
prepared to >10 mg/rhin buffers comprised of 20 mM Tris pH 77.(b, 56100 mM NaCl

and 23 mM DTT. For hanging drop vapour diffusion, a Mosquito LCP liquid handling
robot (TTP Labtech) was used to create drops containing 100 nL each of protein sample
and screening condition, and ths ¢ SNBE & dza LISYRSR 2@SNJ mnan
well condition. Plates were sealed and incubated aCér 21 °C Plates were routinely
observed to monitor crystal growth. Conditions containing small crystals or promising
crystalline precipitate were dpnised in a largescale fine screen wherein the pH or
precipitant concentration were slightly varied around the hit condition. Fine screens
were performed in 24 St f L) | 1Sa 6AGK SIFOK ¢Sttt 02y
screening condition. Larger drap 2 F o >[ TFAYyIlIf @2f dz¥YS 64!

maintaining the same 1:1 ratio of protein sample and screening condition.

Crystals were obtainedt 21°C by hanging drop vapour diffusion0.2 M ammonium

acetate, 0.1 M Bitris pH 5.7 and 31% w/v PEG 3360KANK2 ankyrin repeats A670V
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mutant and 0.2 M ammonium formate and 20% w/v PEG 3350 for KANK3 ankyrin
repeats. Crystals were cryoprotected in the same solution supplemented with 20% v/v
glycerol prior to vitrification in liquid nitrogenpreserving thecrystal Diffraction
datasets were collected at 100 K on beamline-104t Diamond Light Source (Didcot,

UK) using a Pilatus3 6M detector (Dectris, Baden, Switzerland). All crystallographic
data was processed using autoPR®Gnrheinet al, 2011) which incorporates XDS
(Kabsch, 2010AIMLES®&Evans & Murshudov, 2018phd TRUNCATEvans, 2011fpr

data integration, scaling and merging. The structures were determined) msalecular
replacement searches carried out with PHASERCoyet al, 2007)employing the
published KANK2 ankyrin repeats structure (PDB ID: 4HBD) as search templatd. Manua
model adjustment and refinement were performed with CQ@msleyet al, 2010)and
REFMACGMurshudovet al, 2011)respectively. Figure pparation was carried out with
PyMOL (Schrédinger LLC, Cambridge MA, USA). For data collection, phasing and
refinement statistics, se€ables3.1 and 3.2The KANK2 ankyrin repeats A670V mutant
and KANK3 ankyrin repeats structures have been deposited $® R@otein Data Bank
(PDB)with accession codes 6 TLH and 6 TMD respectively.

The two KANK2 ankyrin repeat domain structures in Chapteapb and crystallised in
the presence of a-Bld molar excess of KANK2 KNGRI¢ were solved from crystals
obtained d 21°Chy sitting drop vapour diffusiorf-or sitting drop vapour diffusion, a
Gryphon LCP liquid handling robot (Art Robbins Instruments) was used to create drops
of the same volume in the sample well adjacent to the corresponding well condition.
Crystals were obtained 100mM sodium phosphatealibasic/atric acid pH4.2, 200mM
sodiumchlorideand20% (w/v) PEG 80@hdwere cryoprotected in NVH immersion oil
prior to vitrification in liquid nitrogen. Diffraction datasets were collected at 100 K on
beamline Bi13 at ALBA Synchrotron (Barcelo®pain) using #&ilatus 6M detector
(Dectris, Baden, Switzerland)ata processing, molecular replacement and refinement
were performed as above. These structures were refined to allow preliminary
visualisation of general structure and determine whether #id domain peptide was

present, and thus were not solved to completion.
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2.8.2Solution NMR

To assign the backbonesonancesof a protein, double labelling'*fN and*3C) was
performed during the protein expression stage be able to use threglimensional,
triple resonance NMR experimeni&iple resonance NMR experiments link three types
of atomic nucleiH, *3C and'>N. Other than the"*C labelling, the sample preparation
and initial setup in the spectrometer were identical to that for 2D experiments (see
Section 2.7.3.2) just with the appropriate thresimensional experimental parameters
used.A typical set of 3D NMR experiments to assign a protgaHNCA, HN(CO)CA,
CBCANH, CBCA(CO)NH, HNCO and HN(CA)GQ of these were performed for the
assignmentof DYNLL2 (see Chapter 5). Triple resonance experiments were acquired
with non-uniform sampling(NUS)o collect15% of the datavith a relaxation delayof

0.2s and using fast pulsing sequences (Bif¢fd). Data processing was performed with
NMRPipe(Delaglioet al, 1995) For the NUS 3D data, the iterative reweighted least
squared (IRLS) algorithm wasplied with 20 iterations using gqMDD softwg@rekhov

& Jaravine, 2011NMRView was used to analyse the triple resonance @aiAnson &
Blevins, 1994)
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CHAPTER £HARACTERISATION OF THE KANK ANKYRIN REPEAT DOM/

3.10verview

This chapter focuses on developing a greater understanding of the ankyrin repeat
domains of KANK proteins. Ankyrin repeomains of proteins are widely recognised as
mediators of proteimprotein interactions throughout biology. Here, we compare the
ankyrin repeat domains in the four mammalian KANK proteins in terms of their structure
and function and identify a unique pperty of the KANK4 ankyrin repeat domain.
Additionally, diseaseausing single point mutations located within the ankyrin repeat
domains of two KANK isoforms are characterised and we begin to explore some

potential ligands based on KANK1 proteomics data.

3.2Ankyrin repeat domains are important mediators of pro{@iatein
interactionsthroughout biology

In recent years, tandemly repeating sequences have become increasioggnisedor

their role as scaffolds for proteiprotein interactions. Along with o#r types including
leucinerich repeats and armadillo repeats, ankyrin repeats are one of the most
abundant tandem repeat motif§Mosaviet al, 2004) Unlike other known motifs or
domains known to be significantly involved in prot@irotein interactions, including
SH2 and SH3 domains which are prominent amongst adheswmociated proteins
(Malabarbaet al, 2001; Panni & Dente, 2002andemrepeat domains form a surface
which can bind a wide range of ligaratsd are not limited to the recognition of a specific

structures or sequences of amino ac{tiset al, 2006)

An ankyrin repeat is defined as a-8%idue sequence motif consisting of tWehelices
connected by loops. As a repeating motif, they were first describ&d aerevisiaBWI6,

S pombe Cdc10 and. melanogasteNotch(Breeden & Nasmyth, 1987%hortly after,

they were named after the protein ankyrin which contains 24 ankyrin repgaiset al,
1990) In the years following, ankyrin repeats have been identified across eukarya,
bacteria and archaea in addition to some viral genomesugfn the majority of ankyrin
repeatcontaining proteins exist within eukaryotes. The ankyrin repmattaining
proteins identified thus far range from containing one to a potential 34 repeats, with

this largest ankyrin repeat domain predicted to be a pmoten Giardia lamblia
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(Elmendorfet al, 2005) A region of two to six sequential ankyrin repeats occurs most

frequently (Mosaviet al, 2004)

The KANK ankyrin repeat domain consists of five sequential canonical ankyrin repeats
(ANKIANKS5) immediately preceded by a seemingly unique amkgpeatlike structure
(ANKO) which has been described as a regulatory or capping r@lyiemget al, 2018)

and is comprised of five-helices which form a compact helical bundle. ANKO appears
to bean essential structural element for the KANK ankyrin repeat domain adiiity

et al, 2018) Thus, the entire KANK ankyrin repeat domain refelANie&KGANKS.

3.3 Comparing the ankyrin repeat domains of all four mammalian KANKs

3.3.1Determining the boundaries for the ankyrin repeat domain of each mammalian
KANK isoform

At the start of this project, the only existing KANK structure in the Protein Data Bank
(PDB) was that of the KANK2 ankyrin repeats (PDBHHBD, solved by a Structural
Genomics Consortium). Using the amino acid sequence of the residues involved in this
structure 683832 of human KANK?2), the corresponding residues in human KANK1,
KANK3 and KANM were determined using multiple sequence alignment. Resitiiéd
13280f KANK1541-7890f KANK3 an@40-987of KANK4 were the resulting boundaries
(Figure 3.1B).

The cDNA of murine fuléngth KANK3 and KANK4 (a generous gift fRemhard
Fassley, were each used to generate the respective ankyrin repeat domain constructs.
The corresponding boundaries in the murine isoform were therefore used to create
these two ankyrin repeat domain construct&24-773in murine KANK3 and55-1002

of murine KANK4. BrKANK1 ankyrin repeat domain was generated using human KANK1
cDNA(a generous giffrom Anna AkhmanovyaPSIPRE@ones, 1999; Buchan & Jones,
2019) a condary structure propensity calculating tool, predicts that these regions
contain a mixture of predominantly unstructured ahéhelical regions, with a few short
regions of lowconfidence -strand propensity this prediction is mostlgonsistent with

the existing KANK2 ankyrin repeat domaiystal structure. The multiple sequence
alignment and PSIPRED data for the KANK1 ankyrin repeat domain is shown in Figure 3.1

as an example of this process.
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KANK1_1078- 1328 EIRERYELSEKMLSACNLLKNTINDPKALTSKDMRFCLNTLQHEWFRV!
A KANK2_583- 832 EEEIRMELSPDLISACLALEKYLDNPNALTERELKVAYTTVLQEWLRLAC

* ok kkk cekkk ker seekekkk oo Kk akkekes

KANK1_1078- 1328 QKSAIPAMVGDYIAAFEAISPDVLRYVINLADGNGNTALHYSVSHSNFE
KANK2_583- 832 RSDAHPELVRRHLVTFRAMSARLLDYVVNIADSNGNTALHYSVSHANFF

sk ok ook ok kek ok kkekekk kkkkkkkkkkkkokk o

KANK1_1078- 1328 VKLLLDADVCNVDHQNKAGYTPIMLAALAAVEAEKDMRIVEELFGCGD
KANK2_583- 832 VQQLLDSGVCKVDKQNRAGYSPIMLTALATLKTQDDIETVLQLFRLGNIN

KANK1_1078- 1328 AKASQAGQTALMLAVSHGRIDMVKGLLACGADVNIQDDEGSTALMCA
KANK?2_583- 832 AKASQAGQTALMLAVSHGRVDVVKALLACEADVNVQDDDGSTALMCA(

kkkkkkkkkkkkkkkkkkkkokk kkkk kkkk-kkk -kkkkkkkk k%

KANK1_1078- 1328 GHVEIVKLLLAQPGCNGHLEDNDGSTALSIALEAGHKDIAVLERHVNFA
KANK2_583- 832 GHKEIAGLLLAVPSCDISLTDRDGSTALMVALDAGQSEIASMLYSRMNK
*

kk kk kkkk Kk ke ok Kk kkkkkk okkekke okk o okkeoke
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Pred: CCCCCCHHHHHHHHHHHHHCCCCCCCCHHHHHHHHHHHHH Pred: HHHCCHHHHHHHHHHCCCCCCCCCCCCCHHHHHHHCCCCH
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Figure3.1: Determiningthe KANK1 ankyrin repeat domaimoundaries

(A) Amultiple sequence alignmentas usedo determine the boundaries for the KANK1 ankyrin re|
domain using KANK2 ankyrapeats, for which a crystal structuredhbeen deposited, as a guide. (B)'
predicted secondary structure for residues 16B353 of KANK1 indicates many regions with he
propensity, mostly consistent with the KANK2ankyrin repeat domaincrystal structure. Secondar
structure prediction by PSIPRED (Jones, 1999; Buchan & Jones, 2019)

3.1.1. Using circular dichroism to validate secondary structure and determine thermal

stability of each mammalian KANK ankyrin repeat domain

Once each KAN&hyrin repeat domain construct had been generated and the protein
expressed and purified, circular dichroism (CD) was used as a preliminary check to
ensure the purification of a folded, stable protein with the expected secondary structure
elements. A CD nhieexperiment was set up for each proteatt 222 nmfrom 25-80¢ /

and farUV scans were performed at 9(blue), with the expectation of seeing the
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secondary structure elements of the folded protein, and again & 8@d) with the
expectation of observig a loss in the secondary structure. This was the case for all four
isoforms with @ h -helical spectruntontainingd KS OKI N} OGSNAadiA O aR
for each protein, one minima at ~206 nm and another at ~222 nm. The CD melt
experiments revealed varying melting temperatures across isoforms and the KANKS3
ankyrin repeat domain appeared to be have the lowest thermal stability with a melting

temperature of 38.6 /KANK1 and KANK2 ankyrin repeat domains were more similar in
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Figure3.2: Circular dichroismeveals some unique properties of KANK ankyrin repg@tain in differen
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their melting temperatureg; 45.% And 51.6 /respectively with the two most similar
looking farUV spectra with defined dips at the characteristiehelix positions
Interestingly, the dataset for the KANK4 ankyrin repeat domain displays some unique
properties: although a characteristichelical double dip can be observed at the typical
wavelengths, the minima at 208 nm appears more defined. Most strikingly, however,
the CD melt curve reveals a double transition state with two melting temperatures: one
at arelatively low temperature of 408 /and another at 58.2 / This property of the

KANK4 ankyrin repeat domain will be discussed in more detd#ation 3.5.

3.3.2The crystal structure of the KANK3 ankyrin repeat domain

With such little known about KANK3 and KANK4 compared to KANK1 and KANK2,
including no structures deposited in the PDB, we sought to crystallisesalné the
structure of the KANK3 and KANK4 ankyrin repeat domains. Investigation of KANK3 was
particularly of interest due to its unique localisation as observed in U20S cells: in
addition to its localisation at the periphery of adhesion sites, KANKZisrty KANK
isoform which also can be observed at the tips of filopodia (Figure 3.3) when tagged with
GFP for visualisation. Although the main domains and structural elements of KANKs
appear mostly similar in terms of their amino acid sequence and pratieteondary

structure, we aimed to investigate this further.

KANK3-GFP

Figure3.3: KANK3 localises to the tips of filopodia.

In addition to localisatiomt the periphery of adhesionsbservedhere at the ends of actin filamen
KANKS3 is the only KANK isoform also localises at the tips of filopodiam&gdsof U20S cel
courtesy of Guillaume Jacquemet (unpublisheidyalising endogenous KANKS.
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The novel crystal structure of the KANK3 ankyrin repeat domain atXiuwa@ solved as
part of this work and is shown in Figure 3.4A. The data collection and refinement

statistics are listd in Table 3.1.

Figure3.4: The crystal structure of the KANKS ankyrin repeat domain.

(A) The crystal structure of the KANK3 ankyrin repeat domain at 1.8 A resolution shoesptiute
ANKGANK domain structure and has beeateposited in the PDB with the accession number 6TLI
The KANKS3 ankyrin repeat domain structure (pink) overlaid with the KANK1 ankyrin repeat dom
ID: 5YBJ, grey) reveals a slightly more compaataire of the KANK3 ankyrin repeat domddmk arrow
indicate the direction of the structural shifts in KANK3 ankyrin repeat domain in relation to the
ankyrin repeat domain.

Although the overall structure appears very similar to the other KANK ankyrin repeat

domain structures, alignment with the KANK1 ankyrin repeat domain indicates that the
KANK3 ankyrin repeat domain adopts a slightly more compact structure. This is
highlighted by obseving the loops, which all are oriented more towards the centre of

the whole domain. Consistent with the loops oriented more inwards, tiierhinus of
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the final helix in ANKS tilts outwards and seemingly enables the more compacted overall

structure.

Table 3.1: Xray data collection and refinement statistider KANK3 ankyrin repeats
Data collected fronasingleKANKS3 ankyrin repeat domairystal. *Values in parentheses are foghest
resolution shell. “Values in parentheses indicate percentile scores as determined by MolProbity.

Data collection KANKS3 ankyrin repeats
Synchrotron and Beamlin¢ Diamond 1041
Space group 0%
Molecule/a.s.u 2
Cell dimensions

a,b,c(A) 149.43, 45.77, 69.59

a,b,g () 90, 95.06, 90

. 69.32¢ 1.80

Resolution (A) (1.84c 1.80)"
Rmerge 0.062 (0.776)
1/sl 10.5 (1.5)
CC(1/2) 0.994 (0.811)
Completeness (%) 97.4 (96.7)
Redundancy 3.5(3.7)
Refinement
Resolution (A) 1.8
No. reflections 40455 (2956)
RNOI’k/ I:a‘ree 0.19/0.23
No. atoms

Protein 3547

Water 370
B-factors (X)

Protein 33.53

Water 38.36
R.m.s. deviations

Bond lengths (A) 0.012

Bond angles (°) 1.529

Ramachandran plot
Favoured/outlier (%) 98.74/0
Rotamer
Favoured/poor (%) 93.53/2.43
MolProbity scores
Protein geometry 1.36 (97"
Clash score all atoms | 2.81 (99")"
PDB accession no. 6TLH
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3.3.3KANK3 and KANK4 ankyrin repeat domains bind KIF21A with a weaker affinity
compared to KANK1 and KANK2 ankyrin repeat domains

The interaction between KANK ankyrin repeat domains and KIF21A, the idn&kioh

Is part of theCMSGQhat captures microtubules in the vicinity of adhesions, has been
recognised for several yea(Kakinumaet al, 2009; van der Vaart al, 2013) More
recently, structures of this interaction with the KANK1 and KANK2 ankyrin repeat
domainswere published during the early stages of this w@vienget al, 2018; Guaet

al, 2018; Paret al, 2018)though these studies agree that neither KANK3 nor KANK4
ankyrin repeat domains interact with the KIEpeptides used in these works. While
the peptides used in these papers were of residues 11%&@9 (murine), 1144167
(human), or 1138156 (murine) of KIF21A, our KIF21A peptide used throughout in the
following work spanned residuds44-1173of human KF21A.

300=-
KANKZ1 ankyrin repeats + KIF21A
peptide (K4 1.9 ° 0.7 nM)

KANK2 ankyrin repeats + KIF21A
peptide (Kg=4.4° 1.3 nM)

200 . ] KANKS3 ankyrin repeats + KIF21A
peptide (K4 7.7 ° 0.6 nM)

KANK4 ankyrin repeats + KIF21A
peptide (K4 15.3 ° 1.8 nM)

Fluorescence Polarisation

100§

0 25 50 75 100 125
Ankyrin repeats [pM]

Figure3.5: All human KANK ankyrin repeat domains bind to KIF21441173with varying affinity.
Binding of KANK2 ankyrin repeat domains to BODiRYelled KIF21A1441173was measured using
fluorescence polarisation assay. Dissociation constants SH are indicated in the legend.
measurements were repeated triplicate. ND, not determined.

Using this KIF21A peptiden &Passay was performed that shows that KANK 1 and
KANK2 ankyrin repeat domains bind KIF21A with the highest affiqili€&s>M and 4.4
>M, respectively; but, in contrast to published data, KANK3 and KA&IK4rin repeat
domains also bound to the KIF21A peptide withvKlues of 7.7>M and 15.3>M,
respectively. It would be interesting to deduce whether the more inwfacing loops
within the KANK3 ankyrin repeat domain are contributing to the weakenedtgfind

whether the KANK4 ankyrin repeat domain adopts a similar structure.
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3.4 Characterising the Ala670Val diseaagasing point mutation in KANK2

3.4.1Ala670Val causes palmoplantar keratoderma and woolly hair

KANKZ2, also known as steroid receptor coactivator (8f&acting protein (SIP), has
been identified to sequester SRCs in the cytoplgZimanget al, 2007) a function
facilitated by its ankyrin repeat domain. As mentioned in Chapter 1, one particular
mutation ¢ Ala670Val, located in ANKd is associated with phenotypes including
palmoplantar keratoderma and woolly haklthoughthis combinatio of symptoms is
usually accompanied by cardiomyopathy and resulting from the known Naxos and
Carvajal syndromes which are caused by mutations in desmosomal proteins, that is not
the case for this KANK2 mutatiRamotet al, 2014) Because this single point mutation
can cause suchgnificant phenotypes, we decided to investigate the structure and some
functions of this mutant form of the KANK2 ankyrin repeat domain compared to the

wildtype KANK2 ankyrin repeat domain protein.

3.4.2Circular dichroism indicates that KANK2 wildtype an®78\al mutant are
structurally similar

As in Section 3.1.1 for each wildtype mammalian KANK ankyrin repeat domain, CD was
used to compare the major secondary structure elements and determine the thermal
stability of the wildtype and Ala670Val mutant KAN#€Ryrin repeat domains (Figure

3.6).

As previously shown in Figure 3.2, the wildtype protein displays a clear double dip in a
far-UV spectrum at 25 /(blue) characteristic dips at specific wavelengths which are
caused byh-helical elements. The Ala670Vvalutant displays this similar profile,
consistent with the structures of the wildtype and this mutant being broadly similar. The
far-UV spectrum measured 8¢ (red)displays a loss 6f-helical secondary structure

for both proteins. The CD melt curvesasured over 280c /at 222 nm indicate that

the melting temperatures for these two proteins are quite similar, with the Ala670Val
mutant having a slightly reduced stability(& 47.& Y compared to the wildtype ankyrin
repeat domain (h = 51.& ). Combied, these data indicate that the wildtype and
mutant likely have very similar structureghus, the Ala670Val mutant does not have a
hugely significant effect on the structure of the KANK2 ankyrin repeats. Alanine and

valine are both amino acids contaigirhydrophobic side chains and so a significant
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perturbation in structure or interand intramolecular interactions are unlikely based on
this. Valine is a bulkier residue, however, so this could cause shifts istrsigures

within the domain.
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Figure 3.6: Circular dichroismindicates that KANK2 ankyrin repeats wildtype and Ala670Val mu
have similar structural properties

(A)FarUV spectra fowildtype and Ala670Val mutant versions of KANMKRyrin repeat domain protes
YSI &dzZNBR |G Hp 6/ (BYXCDmdtSurved méasured at 222/nm i6dieBtdrsimilar
temperatures for the wildtype and mutant versions of the protein, with a slight decrease in tr
stability for the Ala670Val mutant. denotes molar ellipticity.

3.4.3The crystal structe of the Ala670Val mutant
In order to develop an even greater understanding of the Ala670Val mutant and validate
the CD findings, protein crystals of the Ala670Val mutant version of the KANK2 ankyrin

repeats were grown and the crystal structure solved.t60A.
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This novel crystal structure of KANK2 ankyrin repeat domain containing Ala670Val is
aligned with the wildtype KANK2 ankyrepeat domain protein (PDB 1BHBD)s shown

in Figure 3.7 and the data collection and refinement statistics are listed in Table 3.2.

ANK4

Figure3.7: The crystal structure of the KARKankyrin repeat domaincontaining the disease&ausing
Ala670Val mutation

The crystal structure of the KARI&nkyrin repeat domaircontaining the Ala670Val mutatioat 1.5 A
resolution(orange)shows the expected ANKANKS domain structure and has beeeposited in the PC
with the accession number ®D. This structure ioverlaid with thewildtype KANKR ankyrin repeal
domain (PDB IIHBD grey)and this indicates very few differences between the wildtype and Ala6
mutant.

Ala670Val (orange) is overall structurally similar to the wildtype KANK2 ankyrin repeat
domain protein (grey), as expedavith the relatively minor mutation. There are some
small differences which can be observed: notably, the loops connecting-ANK2 and
ANK2ANKS3 are slightly different in their positioning and, interestingtiespite ANK1,

the region containing the mation, being overall unaffecteq the h-helices of ANKO,
ANK4 and ANKS5 also vary slightly in their positioning. This is particularly striking as it
seems that the majority of the changes seemingly induced by the Ala670Val mutation
are occurring further awafrom the mutated residue. Overall, although the differences
are subtle, the Ala670Val mutation in the KANK2 ankyrin repeat domain appears to have
a more significant effect on the KANK2 ankyrin repeat domain structure than the binding

of a KIF21A peptid® the domain (see Section 4.8.1).
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Table 3.2 Xray data collection and refinement statisticéor KANK2 ankyrin repeats (Ala670Val
mutant).

Data collected froma single crystalof the KANK2 ankyrin repeat domain containing the Ala670Val
mutation. *Values in parentheses are for highessolution shell. ~Values in parentheses indicate

percentile scores as determined by MolProbity.

Data collection KANK2 ankyrin repeats
(A670V mutant)

Synchrotron and Beamline Diamond 1041
Space group 0%
Molecule/a.s.u 1
Cell dimensions

a,b,c(A) 95.77, 45.65, 51.07

a,b,g () 90, 100.38, 90

. 47.10¢ 1.50

Resolution (A) (152 1.50)
Rmerge 0.056 (2.239)
1/sl 10.3(0.5)
CC(1/2) 0.999 (0.329)
Completeness (%) 99.2 (99.9)
Redundancy 3.4 (3.2)
Refinement
Resolution (A) 1.5
No. reflections 32838 (2070)
RNOI’k/ I:a‘ree 0.17/0.22
No. atoms

Protein 1884

Water 186
B-factors (X&)

Protein 28.21

Water 41.55
R.m.s. deviations

Bond lengths (A) 0.009

Bond angles (°) 1.565
Ramachandran plot

Favoured/outlier (%) 98.33/0
Rotamer

Favoured/poor (%) 95.71/0.95
MolProbity scores

Protein geometry 1.47 (87"

Clash score all atoms 8.8 (68")"
PDB accession no. 6TMD
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3.4.4KANK2 wildtype and Ala670Val mutant bind KIF21A equally

Because a peptide of KIF21A, a known ankyrin repeat domain binder, was available, the
wildtype and Ala670Val mutation versions of the KANK2 ankyrin repeat domain were
subject to aFPassay to compare their binding. From this assay, very similar affinities
were calculated for each protein with the KIF21A peptide: M for the wildtype
protein and 38>M for the Ala670Val mutant. There is a very small difference here which
may just be the overlap in the standard error but, if a valid difference, might be due to
the small differences in the connecting loops between AKRKK?2 and ANKANKS

which form pat of the binding surface for the KIF21A interaction (see section 4.8.1).

300=
S
] _o_ KANK2 ankyrin repeats
2 + KIF21A peptide (Ky=4.4 ° 1.3 nM)
]
E 200= KANK2 ankyrin repeats (A670V mutant)
@ + KIF21A peptide (K4 = 3.8 ° 1.6 nM)
q‘:) s
(8]
(%]
2
o
=)
L 100=

I I 1 I 1

0 25 50 75 100 125
Ankyrin repeats [uM]

Figure 3.8: Wildtype and Ala670Val mutation versions of the KANK2 ankyrin repeat domain
similarly to KIF21A41441173

Binding of wildtype and Ala670Val mutant KANK2 ankyrin repeat domains to Blabéibat KIF21
11441173 was measured using fluorescence polarisation assay. Dissociation constartsSE/ ar
indicated in the legend. All measurements were repeated in triplicate. ND, not determined.

3.5 Characterising the Tyr801His diseaaasing point mutation in KANK4

3.5.1Tyr801His causes a sterg@sistant form of nephrotic syndrome

As mentioned in section 1.7.2, one of the disemsassociated with single point
mutations in KANKSs includes a sterogsistant form of nephrotic syndrom@eeet al,
2013) In addition toGlu454Lys in KANKihd ®r181Gly and Ser684Phe in KAN&Ze

of these single point mutations is Tyr801His in KA{G&ket al, 2015) This particular
mutation occurs within ANKO of the KANK4 ankggpeat domain and so was of interest
for this work. Where the murine KANK4 ankyrin repeat domain is used here, the
equivalent of the Tyr801His mutation (Tyr816His) was created usinefdisiteted

mutagenesis but will be referred to as Tyr801His throughbist work.
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3.5.2Circular dichroism indicates that KANK4 wildtype and Tyr801His mutant have some
structural differences

CD was used here to compare the major secondary structural elements and determine
the thermal stability of the wildtype and Tyr801His mutant KANK4 ankyrin repeat
domain (Figure 3.9).

Although both the wildtype and mutant proteins display the charactaristhelical
double dip at the typical wavelengths at@3these traces in the fadV are much less
defined than the previous spectra shown in this chapter. This may be due to interference
from other secondary structure elements or other properties thag¢ anique to the
KANK4 ankyrin repeat domain. The-f#v spectrum measured &80c [red)displays a

loss in thid'-helical secondary structure for both proteins.

The CD melt curves measured over8s /at 222 nm for wildtype and Tyr801His
mutant KANK4 ankin repeat domains reveal a significant difference between the two
proteins. Strikingly, the wildtype KANK4 ankyrin repeat domain undergoes a double
transition in its unfolding, with one transition state at 46.#&nd a second transition
state at 58.2 /Perhaps even more interestingly, Tyr801His from a single point mutation
only undergoes a single transition, similarly to all other ankyrin repeat domain proteins
investigated so far, with a melting temperature of 58.2Preliminarily, this remarkable
obseavation was hypothesised to be the result of dimerisation: if the KANK4 ankyrin
repeat domain exists in a dimeric or other higher order oligomeric state, the first
transition may be the breaking of this quaternary structure and the second transition,
whichhas an equal melting temperature as the Tyr801His mutant, is the loss 6f the

helical secondary structure elements.

Unfortunately, crystallographic data was not able to be collected for either the wildtype
or Tyr801His mutant KAMKankyrin repeat domain proteins, eliminating the abilély

this timeto understand why the mutation of a single tyrosine residue is able to induce
such a dramatic change. Further, a corresponding residue to Tyr801 is difficult to

confidently identify within the other three mammalian KANK isoforms which renders
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this property difficult to model and further implies that this residue at position 801 has

a vital structural/functional property that is unique to KANK4.
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Figure 3.9: Circular dichroismindicates that KANK4 ankyrin repeats wildtype and Tyr801His mu
have varying structural properties

(A)FarUV spectra fowildtype and Tyr801His mutant versions of KAldKKyrin repeat domain protea
YSIad2NBR |G Hp e/ . (8D destcurve sidasunediat 222 nmoindiBakes a d
transition in the wildtype KANK4 ankyrin repeat domain, a property seemingtju@ramongst KAN
ankyrin repeat domains. The Tyr801His mutant causes a switch to a single transitienotes mola
ellipticity.
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3.5.3SEQVIALS analysis indicates that KANK4 wildtype and Tyr801H mutant exist in
different oligomeric states
In lieu of acrystal structure of the wildtype or Tyr801His KANKKyrin repeat domain,

SEEGVALS was employed to further investigate the oligomeric states associated with
KANKA4.

It is immediately noticeable that these proteins, which theoreticalte of the same
molecular weight, elute differently from the SEC column: while the wildtype ankyrin
repeat domain elutes with a peak at a retention volume of ~10 mL, the Tyr801His mutant
elutes at ~11 mL (Figure 3.10A). Further analysis and absolutecuterieweight
determination reveals a molecular weight of 54142 Da for the wildtype KANKyrin
repeat domain and a molecular weight of 27118 Da for the Tyr801His mutant4<ANK
ankyrin repeat domain (Figure 3.10B). Thus, the wildtype ankyrin repeat d ampéars

to exist exclusively as a dimer whereas the single point mutation resulting in Tyr801His

causes a switch to an exclusively monomeric form of the ankyrin repeat domain.
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Figure3.10: SEEMALS analysis ofvildtype and Tyr801His mutant KANK4 ankyrin repeat domain rey
differences in the oligomeric states

(A)SEEMALS analysis @00> awildtype or Tyr801His mutant KANK4 ankyrin repeat domain shows tha
protein elutes at a different retentiorolume. (B) Asolute molecular weightalculations are 54142 Da
wildtype KANK4 ankyrin repeat domain and 27DE8or the Tyr801His mutant KANK4 ankyrin repeat don
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Although the KANK4 ankyrin repeat domain appears to be the only KANK ankan re
domain to exist exclusively in a dimeric oligomeric state, ankyrin repeats have been
shown to dimerise within the literature. For example, the ankyrin repeat domain found
to form a dimer was observed in AnkC, a conserved regidegmonella pneumoplai

and otherLegionellaspecies comprised of 7 ankyrin repegkozlovet al, 2018) The
structure of the KANK4 ankyrin repeat domain would be essential in identifying what
distinctive features allow this isoform to have such a unique function. Subsequently, it
would be very interestig to identify what the specific role of this dimerisation property

would bein viva

PSIPRED output predicts that Tyr801 is located in the centre of a helix within ANKO
(Figure 3.11). Potentially, the switch from the tyrosine phenol grouwghich couldbe
integral to intermolecular hydrogen bonding via the hydroxyl group of the git@an
imidazole side chatnontaining histidine residue with reduced hydrogen bonding
capability could be the driver for the complete shift in oligomeric state. Hydrogen
bonding holding a KANK4 dimer together, rather than a covalent bond which would be
expected to have an increased thermal stability, would explain the initial transition at

40.8 [(Figure 3.9Bg a relatively low melting temperature.
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Pred: : ) ;
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AA: YLHEVQPHSPHFLKLLVNLADHNGNTALHYSVSHSNFSIV
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Figure3.1lY { SO2Yy Rl NBE & (0 NHzOG dzNB LINBRAOGA2Y AhgliRA O
The predicted secondary structure for residu@d-840 of human KANK#Adicatesthat residue Tyr801
fA1Ste t20FGSR 6 A 0 K-Reyix ofiAKIISeCoidany stiicture NEditioR by PIP
(Jones, 1999; Buchan & Jones, 2019)

Alternatively, because the Tyr801Hisntaining KANK4 ankyrin repeddmain appears

at the same molecular weighas the wildtypein SDSPAGE analysis, wherein the
reducing agent -mercaptoethanol is used, it is possible that disulphide bond formation
may be involved in the dimer interface. The KANK4 ankyrin repeat dooaiaims five
cysteine residueg however, four of these are conserved between human KANKs and

the fifth is conserved between KANK4 and KANK?2. If one of these cysteines was key in
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disulphide bond formation, and key to the unique dimeric property of KANKsram
repeat domain, this cysteine would likely be unique to KANK4 and not conserved

between isoforms.

3.5.4KANK4 wildtype and Tyr801His mutant ankyrin repeat domains vary slightly in their
binding to KIF21A

While the literature indicatesthat the KANK4 ankyrin repeat domain does not bind to
KIF21A, the wildtype and Tyr801His KANK4 ankyrin repeat domains were teste® by a
assay to compare their binding. As shown in Figure 3.5, the wildtype KANK4 ankyrin
repeat domain protein binds with l& of 15.3>M and this is the weakest of all wildtype
ankyrin repeat domains. The Tyr801His mutant binds to the KIF21A peptide even more
weakly, but only slightly sayith a Kd of 9.6 > a (Figure 3.12). Although this small
difference may be insignificanthe oligomeric state of the KANK4 ankyrin repeat
domain could be affecting the interaction with KIF21A. The Tyr801His mutant could
perhaps be inducing a change which causes the loops constituting the KIF21A binding
surface to be further compacted (as iMKK3 ankyrin repeat domain, Figure 3.4) or
potentially even more dispersed, ultimately affecting thecessibility to the ANK
connecting loops. In order to predict this with more confidence, a structure of the

KANK4 ankyrin repeat domain would be integral.
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Figure3.12: Wildtype and Tyr801His mutant versions of the KANK4 ankyrin repeat domain bind sl
differently to KIF21A11441173

Binding of wildtype and Tyr801His mutant KANK4 ankyrin repeat domains to Blabgiet KIF21
11441173 was measured using a fluorescence polarisation assay. Dissociation constarg& dr
indicated in the legend. All measurements were repeated in triplicate. ND, not determined.
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3.6 Interrogating the KANK1 proteomics dataset to search for new KANK ankyrin
repeat ligands

3.6.1The KANKZ1 proteomics dataset

A proteomics studyvascarried out by the Akhmanova group (Utrecht University) using
full-length bioGFKANK1 in HEK239T cdkxperimental procedures are detailed in
Bouchetet al, 2019. Over 1200 hits with unique peptides were identified (unpublished
data). Of these hits, it is very likely that a significant proportion are found in proximity
to KANK1 or are involved in the same pathways, and some may have been identified by
the bioGFP &it. Others, however, will be direct ligands, and many previously known
ligands are some of therimaryhits in the proteomics datasetincluding KIF21A, talinl,

talin2, liprini 1 and liprinh 1.

Where ankyrin repeat domains are involved primarily in medga protein-protein
interactions, we aimed to start interrogating this proteomics dataset in the search for
KANK ankyrin repeat domain ligands. One particularly interesting hitlreabuman

Sribblehomologue.

Table3.3: GFPKANKL1 proteomics data.

A small selection of theala from a full-length GFRKANK1proteomics study carried out by the
Akhmanova group (Utrecht Universitighlighing a particularly interesting hithe human S$ribble
homologue

Protein Accession number| 1 ! YA lj dzS
KIF21A Q72456 75
Talinl Q9Y490 70
KANK1 Q14678 63
[ A LINK Q86W92 49
Talin2 Q9Y4G6 47
Scribble Q14160 37
[ A LINKH Q13136 11
LC8 Q96FJ2 5
LC8b P63167 5
Tensin3 Q68CZz2 1

3.6.2Investigating a putative interaction with Scribble homologue in humans
Scribble the human homologue of th®. melanogastefcribble protein,has roles in
many cellular processes including cell migration but also, of note, in cell polarity. In

particular,this proteinis involved in the planar cell polarity pathway which is involved
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in patterning the nervous system during embryonic developm@&hdntcouquiolet al,
2003) Where ceHextracellular matrix adhesions are intrinsically polar structures, this
link to the establishment of polarity was of particular interest.

The scribble protein contains 16 leucirieh repeats and four PDZ domains. In selecting
a region to order as a synthetic peptide for investigation, a peptide of a coiled coil region
at 464480 was chosen due to possessing some sequence homology witkténmmMal
region of the KIF21A peptide used in this wdfRwas used to test if an interaction
occurred between thiscribble peptide and any of the KANK ankyrin repeat domains
(Figure 3.13) though, despite what is likely a 3pecific elementendering the curves
unable to plateau, these were all negative andyadue could not be calculated. While
only a very small region of the scribble protein was used here for the binding
experiment, it is very possible that a different region of KANKto this coiled coil of
scribble, or a different region of scribble binds to the ankyrin repeat domain or

elsewhere in KANK.
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Figure3.13: The KANK ankyrin repeat domains do not bind to scribble-484.

Binding of wildtype KANK ankyrin repeat domain proteins to BORBe¥Yed scribble 46480 was
measured using fluorescence polarisation assay. All measurements were repeated in triplicatey
values were able to be calculated.

3.6.3Using the KANK1 proteomics dataset to continue identifying KANK1 ligands
The KANK1 proteomics dataset is a powerful resourcetwhill be useful to continue

to identify interesting potential ligands for KANK proteins. Throughout this thesis, the
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KANK1 proteomics dataset will be revisited and mentioned as a reference from which

to investigate putative novel ligands for KANK1 arfteotK ANK isoforms.

3.7 Discussion
In this chapter, the ankyrin repeat domains of different KANKscluding different
wildtype mammalian isoforms and diseasausing point mutationg have been further

characterised.

Initial boundaries for the ankyrin repedbmain in the four human KANK isoforms were
deduced, and CD analysis confirmed the predominanhelical secondary structures
amongst all isoforms and the diseasausing mutants investigated, though differences

in thermal stability were observed. Theost striking difference was in the KANK4
ankyrin repeat domain wherein a double transition is observed in the CD melt curve,
suggesting the loss of structure occurring in two stages. This is likely attributed to a
dimer that is formed via hydrogen bondwolving the phenol side chain hydroxyl group
from a tyrosine residue, as a diseasausing yr801His mutation results in a monomeric
protein with a single transition. This was supported by -SEACS analysis with
calculated molecular weights for the wildtgpand Tyr801His mutant versions of the
KANK4 ankyrin repeat domains indicating an exclusively dimeric or monomeric
oligomeric state, respectively. However, it is difficult to accurately predict the structural
basis for this difference without a structurd the KANK4 ankyrin repeats, either in the
wildtype of Tyr801His form. Further, no obvious corresponding residue to Tyr801 can be
identified within other ankyrin repeat domains, likely due to this being an isoform
specific property, which renders this sttural change difficult to model using other
KANK ankyrin repeat domains. Tyr801His in KANK4 is a known mutation which causes a
steroidresistant form of nephrotic syndroméGee et al, 2015) and it would be
interesting to deduce whether the other known KANK mutatioviich cause these
diseases, located in different regions ofethrespective isoforms, are attributed to

similar structural changes causing similar successive effects in protein function.

Another diseaseausing mutation in KANKs which was investigated here was the
Ala670Val mutation in KANK2. Overall, this mutaméigely very similar to the wildtype

protein and behaves similarly in its stability and its interaction with known ligand,
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KIF21A. This was validated by a crystal structure of the KANK2 ankyrin repeat domain
containing the Ala670Val mutation which wadvaeal as part of this work and has been
deposited into the PDB. For each of these disezmgsing single point mutations in
KANK, it would be very interesting to see if the observations are consistent when
investigatedwith full-length KANKn vitro to seeif this property is maintained angh

vivoto give further insights into how these single point mutations can cause the specific
symptoms of the associated diseageirther advancement of our knowledge of KANK
proteins and fine details of their various esl will also facilitate further understanding

of the development of these disease states when their normal activity is compromised.

A second novel crystal structure solved and deposited into the PDB as part of this work
was that of the wildtype murine KAISKankyrin repeat domain. Although an overall very
similar structure to the previously solved KANK1 and KANK2 ankyrin repeat domains can
be observed, one interesting observation is that stifuctures of the KANK3 ankyrin
repeat domain are arranged in agiitly more compacted manner, forcing the ANK
connecting loops to be oriented further towards the centre of the ankyrin repeat
domain. This difference in the arrangement of the loops could be causing the weaker
affinity of KANKS3 to KIF21A, or perhaps cayire varied localisation of KANK3 in U20S

cells where the protein has been observed at the tips of the filopodia.

Finally, in this chapter, a proteomics dataset obtained by the Akhmanova group at
Utrecht University is introduced and this has the potentialbe a very powerful
resource in identifying and characterising novel ligands for KANK1. This dataset will be

referred to throughout this thesis.



INVESTIGATIONF@N INTERDOMAIN KANK COMPLEX 74

CHAPTER INVESTIGATION A& INTERDOMAIN KANK COMPLEX

4.1 Overview

In this chapter, the selhteraction activity oKANK proteins is exploreldany adhesion
associated proteins have been shown to undergoregulatory intramolecular
interaction, usuallyin a headtail manner. Here, an interaction between the ankyrin
repeat domain and KN domain of KANK1lidentified, exdored primarily using a
combination of fluorescence polarisation and NMR titration methods to determine the
binding interface on the KN domain. Additionally, we tested whether the other KANK
isoforms and KANK ankyrin repeat domains containing diseaisgng mutations can

autoinhibit similarly to KANK1.

4.2 Autoinhibition as a major regulatory mechanism of integrediated
adhesion

The concept of autoinhibitory domaing regions of proteins which can form
intramolecular interactions which regulate behavioundaactivity ¢ can be found
throughout biology (Pufall & Graves, 2002)ntegrinmediated adhesion, a highly
complex process, relies in part on the abitiyregulateby controlling the proteins that
assemble to form adhesive structuraad we have discussed this at length in a review
article (Khan& Goult, 2019) One way that proteins can be dynamically regulated is via
formation of an intramolecular interaction that maintains the protein in an inactive
state, often in proximity to the adhesionyntil adhesion assembly is required. The
regulationof autoinhibition, and the factors that enable regulation of the activity of the
protein, provides regulatable checkpoints in the systéfost notably, integrinlAnthis

& Campbell, 2011in addition to talin(Goksoyet al, 2008b; Goulet al, 2009a; Songt

al, 2012) focal adhesion kinaggiethaet al, 2007)and vinculinfBorgoret al, 2004)each
adopt an autoinhibited conformation. A more comprehensivust lof adhesion
associated proteins that undergo autoinhibition as well as further information about the
roles of these conformations can be found in our review focused on autoinhibition as a
major regulatory mechanism in calktracellulamatrix adhesion(Khan & Goult, 2019

(see Appendix 1)
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4.3KANK1 is a leading hit in KANK1 proteomics

A proteomics study carried out by the Akhmanova group (Utrecht University) fusing
length bioGFAKANK1 in HEK239T catlentifiesKANK as oneof the leading hits, with
63 total unique peptidesTable4.1).

Table4.1: GFRKANKL1 proteomics data.
Data from fullength GFRKANK1proteomics study carried out by the Akhmanova group (Utrecht
University) indicating that KANK1 itself is one of the top hits (red).

Protein | Accession number|1 ! Yy A |j dzS
KIF21A | Q7Z4S6 75
Talinl Q9Y490 70
KANK1 | Q14678 63
[ A LINJ Q86W92 49
Talin2 Q9Y4G6 47
Scribble | Q14160 37
[ A LINA Q13136 11
LC8 Q96FJ2 5
LC8b P63167 5
Tensin3 | Q68CZ2 1

Based on this data, the prevalence of autoinhibition throughout biology and amongst
adhesionassociated proteins in particulPufall & Graves, 2002; Khan & Goult, 2019)
and the highly conserved domains at each terminus of the protéim,hypothesis of
KANK selassociation in the form of heatdil autoinhibition began to develop. Thé
terminal KN domains of all four KANK proteins have been shown to bind to the R7
domain of talin(Bouchetet al, 2016; Suret al, 2016b)while the Gterminal ankyrin
repeats of KANK1 and KANK2 have been shown to engage the kinesiA Ki&i2ter
Vaart et al, 2013). As these interactions are critical for the localisation and function of
KANKSs to adhesions, we hypothesised that the regulation of KANK activity might be
controlled by limiting the exposure of the KN domain and the ankyneaés via an

autoinhibitory interaction.
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4.4 Characterising the interaction between KANK1 ankyrin repeats and KANK1 KN

domain

In order to investigate the interaction between the terminal domains of KANK1,
recombinantly expressed KANK1 ankyrin repeat domainsgmnthetic peptides of the
KANK1 KN domain were used throughout.

4.4.1Using KANK1 KN domain peptides for fluorescence polarisation assays

Anin vitro fluorescence polarisatio(FP)assaywas the first method used~or each FP
assay BODIPYMR G-Maleimidewas used to fluorescently label a KANK1d¢hhain
peptide which was titrated with an increasing amount of the KANK1 ankyrin repeat

domain protein.

As shown in previous work by our group, the interaction between talinl R7R8 and
KANK1 KN domain requires the leucaspartic acid motif at residues 44 (LeuAsp

LeuAsp) of KANK. Thus, when investigated via FP, talinl R7R8 binds both a KANK1 KN
domain peptide consisting of residues -88, the full KN domain, and a peptide
consisting of residues 380, a truncated version of the KN domain. In order to &dbol

0KS AYUSNIYOlA2yT | an! Ydzilyidé LISLIIARS 4
KN domain for talinl R7R8 binding were instead replaced with four alanine residues

(Bouchetet al, 2016) These peptids are depicted in Figure 4.1.

3 g

i &
PYFVETPYGYQLDLDFLEYVDDIQKGNT IKRLNIQKRRK
30-60 | ]

so-c2 (I

30-68 4A mutant

Figure4.1: KANK1 KN domain peptides used in this work
Three of the KANK1 KN domain peptides used in this worktare/nhere (from Bouchegt al, 2016). Th
sequence of residues 3B, which constitute the KN domain of KANK1, are shown above.

4.4.2The KANKL1 ankyrin repeat domain and talinl R7R8 bind to different regions of the
KANK1 KN domain

Using FP, the experiments from Bouclegtal. (2016) were repeated and the findings
validated here as a control dataset for further experiments: talinl R7R8 binds with high
affinity to wildtype KANK1 KN domain peptides of residue$@@green) and 368

(red), whereas the interaction is abolishedthithe 4A mutantcontaining peptide

(purple) (Figure 4.2A).
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Next, the KANK1 ankyrin repeat domain protein was tested against the same set of
KANK1 KN domain peptidéss shown in Figuré.2B the KANKZIankyrin repeatlomain
protein binds to KANK1 KN domain residue$8{red), the full KN domain, withka of
~30>a® ¢KAA& AYRAOINGSa GKI G dinkal of KANKRGact A y
and supports the hypothesis @n autoinhibitory headail interaction. Notably, this
interaction is much weaker than that between talinl R7R8 and the KN domain and this
was expected due to several factors. Firstly, the two domains of KANK are tethered
together and thus may not require such high affinity to assist in bringing the two
components into proximity. Additionally, a lowaffinity autoinhibitory interaction,

typically associated with inactivity of the protein, may facilitate activation.
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Figure4.2: KANKL1 ankyrin repeats and talin R7R8 bind differently to KANK1 KN domain

Binding of (A) talinl R7R8 and (B) KAMKKRyrin repeats and to BODHbelled KANK1 KN dom
peptides was measured using a fluorescence polarisation assay. Dissociation constaBE an
indicated in the legend. All measurements were repeated in triplicate. ND, not determined.

Strikingly, the FP data for the KANK1 ankyrin repeat domain protein indicates binding to
a different region of the KANK1 KN domain compared to talinl R7R8. While the 4A



INVESTIGATION OF AN INTERDOMAIN KANK COMPLEX 78

mutant-contaning KN domain peptide (purple) abolishes talinl R7R8 binding, this
peptide still interacts with the KANK1 ankyrin repeat domain protein with a similar
affinity as the wildtype KN domain peptide. This suggests that the LD motif at residues
41-44 of the KNdomain are not required for the KANK hetail interaction. Secondly,

the truncated KN domain peptide of residues-@D (green), which binds with high
affinity to talinl R7R8, does not interact with the KANK1 ankyrin repeat domain. This

suggests that the ANK1 headail interaction requires residues &38.

To support these findings from the FP assays, we decided to further investigate using
NMR. Due to the ability to recombinantly express the KANK1 ankyrin repeat domain
from an expression construct, this@wa dza SR | a GKS afl 60Sftf SR¢
experiments. In order to do this, the KANK1 ankyrin repeat domain protein was
expressed in 2M9 medium withN-NH:CI as the sole nitrogen source as described in
Section 2.4.2

A HN TROSY NMR experiment was performethgm n n wmridied EN-KANK1
ankyrin repeat domain. This provides a reference spectrum of the protein alone for
comparison upon addition of putative ligands. A TROSY experiment, as opposed to a
standard HSQC experiment, was required to increase sensitivity and resafuttien
KANKZ1 ankyrin repeat domain construct, at ~27 kDa, is considered too large for highly

resolved HSQC experiments. Figure 4.3 shows the resulting spectrum from this TROSY
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Figure4.3: TROSY NMR spectrum of the KANK1 ankyrin repeat domain.
IHN TROSY NMR spertrof m n i1 *N-@belledK ANK1 ankyrin repeabmain.
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experiment, with good peak dispersion indicating that the KANK1 ankyrin repeat protein
was folded. Each peak in the spectrum results from tHeé df the amide bond of each
amino acid, and thus each amino acid of the protein backbone is displayed as a peak

with the exception of any proline residues.

In order to support the findings from FP analysis of the KANK-tagladteraction, each
peptide was added tdghe *®*N-KANK1 ankyrin repeat domain and tHe®N TROSY
experiment was repeated. As shown in Figure 4.4A, when the full KN domain peptide
(resicles 3068, red) is added to the KANK1 ankyrin repeats and the resulting spectrum
is overlaid with the reference spectrum (black), many chemical shift perturbations can
be observed. The rightand panel highlights a particularly notable region of this

spectum where many peaks have shifted significantly while other peaks have
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Figure 4.4: TROSY NMR titration spectra of KANK1 ankyrin repeat domain protein with KANI
domain peptides.
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disappeared entirely. These changes in peak position indicate that the corresponding
residue has had its chemical environment altered due to the presence of the peptide.
This suggestshat an interaction is taking place and supports the findings from the FP

experiments.

In contrast, when the truncated KN domain peptide (residue$@0green) is added to

the KANK1 ankyrin repeats and the resulting spectrum is overlaid with the reference
spectrum (black)significantly fewer chemical shift perturbations can be observed
(Figure 4.4B). The rightand panel highlights the identical region as in panel Figure 4.4A
and, where there were significant changes when the680peptide was added, there

are very few changes when the -B0 peptide is added to the KANK1 ankyrin repeat
domain protein. Interestingly, the interaction does not seem to be entirely abolished as
there are some very small changes throughout the spectrum, but these are miniscule in
comparison. Taken together, these data indicate that residueS8are required for an

effective heactail interaction to take place in KANK1.

4.4.3Residues 568 of the KANK1 KN domain are required for the interaction between
the KANK1 KN domain and the KAEKKyrin repeat domain
As part of the validation pgdine, a KANK1 KN domain peptide ranging from residues 30
73 excluding residues 688 was synthesised. This KN{B® n-68jipeptide was used in

—=— Talinl R7R8 + KANK1 KN 30-73 D60-68 (Ky4 0.30 ° 0.02 nM)

—=  KANK1 ankyrin repeats + KANK1 KN 30-73 D60-68 (K4 ND)

300~ . .

200=1

Fluorescence Polarisation

100=
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Figure4.5: KANK1 KN(3® o n-68jipeptide interacts with talinl R7R8 but does not interact with KAI
ankyrin repeat domain.

Binding of talinl R7R8 and KANK1 ankyeipeats to BODIRMbelled KANK1 KN domain pepti
measured using a fluorescence polarisation assay. Dissociation constar8g& #fre indicated in tl
legend. All measurements were repeated in triplicate. ND, not determined.
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FP assays against both talinl R7R8 and the KANK1 ankyrin repeat deiguaied(55).
Talinl R7R8 bound with high affinity as expected due to residu€&® 3@ing sufficient
for maximal binding. However, with the KANK1 ankyrin repeat domain, deletion of this

region abolished bindingnd a K value could not be calculated

In line with this reduced bindinghe NMR spectum shows very few changes in peak
positions when the KN(30 o np-68)ipeptide is added té°N-labelled KANK1 ankyrin
repeats (Figure 8), indicating a significantly weaker interaction than with@G® The

very minor changes which can be observed are in line with the NMR spectrum of the
KANKZ1 ankyrin repeat domain with the KANKBEG@eptide added, further supporting

the suggestion thathtere may be other KN domain residues involved which assist in
stabilising the headail interaction, similar to the interaction between KANK1/KANK2
ankyrin repeat domain and the KAMNiGqding region of KIF21ANenget al, 2018)
Overall, it can be concluded from these data that residue$® of the KN domain of

KANKT1 are required for autoinhibition of KANK1.
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Figure 4.6: TROSY NMR titration spectrum of KANK1 ankyrin repeat domain protein with KANK30
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4.5Investigating an interaction between the KN domain and ankyrin repeats
domain in KANK2, KAN&®1 KANK4

As mentioned in Chapter 1 and Chapter 3, each of the four human KANK isoforms share

clear similarities but there are also significant differences. While it is clear by
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biochemical and biophysical analysis that the KN domain and ankyrin repeat domain of
KANK1 interact, we next sought to investigate whether this property is common

amongst all KANK isoforms.

4.5.1Designing KANK2, KANK3 and KANK4 KN domain peptides to investigate
autoinhibition of the other KANK isoforms

While recombinantly expressed KANK2ANK3 and KANK4 ankyrin repeat domain
proteins was already optimised, synthetic peptides of the KN domains of each of the
isoforms were required. In order to deduce the boundaries for the KN domain of each
protein, multiple sequence alignment was perform@gigure 4.7A). As a result, the
boundaries for the KN domain of each human isoform were residuég®3tr KANK2,
residues 3374 for KANK3, and residues-@2 for KANK4. Interestingly, it is clear from

this analysis that KANK3 containheee-residue inseion towards the centre of the 61

68 region. As the KANK3 and KANK4 ankyrin repeat domain proteins were designed from
the murine protein sequence of each respective isoform, it was decided that the KN
domain peptides designed to be tested against theseusth also be based upon the
murine protein sequences. Multiple sequence alignment between the human and
murine KANK3 and KANK4 proteins sequences was used to deduce appropriate
boundaries, resulting in residues-33 for murine KANK3 KN domain (Figure Y atial

residues 2462 for murine KANK4 KN domain (Figure 4.7C).

hKANK1 30PYFVETPYGYQLDLDFLKYVDDIQKGKRLN-- IQKRRKs
A hKANK2 31PYSVETPYGYRLDLDFLKYVDDIEKGHRRVA-- VQRRPR?
hKANK3 33PYSVETPYGFHLDLDFLKYIEELERGRPRAF-’I'SRRPR“
hKANK4  24PYSVETPYGFHLDLDFLKYVDDIEKGKTRIP --- IH RRAK?

*kk kkkkkkeokkkkkkkkeoiaak o ok B3

B hKANK3  33PYSVETPYGFHLDLDFLKYIEELERGPAARRAPGPPTSRRI
MKANK3 32PYSVETPYGFHLDLDFLKYVEEIERGPASRRTPGPPHARR

*hkkkkkkkkkkkkkkkkkkk kkkkk kk-kkkk kkkkx

hKANK4  24PYSVETPYGFHLDLDFLKYVDDIEKGNTIKRIPIHRR&K
MKANK4  24PYSVETPYGFHLDLDFLKYVDDIEKGHTIKRIPIHRR&K

*kkkk

Figure4.7: Multiple sequence alignments of KANK KN domains.

(A) Multiple sequence alignment of human KANK dtiains to identify the homologous region
KANK2, KANK3 and KANK4 to residue683th KANKL1. (B) Multiple sequence alignments of t
determined regions between human and murine KANK3 and KANK4. All multiple sequence ali
were performed using EMEEBI Tcoffee(Madeira et al, 2019)

As a result of this analysis, it was decided that a good initial set of peptides to order
would be those of an equivalent length to the KANK368(Deptide. Thus, residues-31
69 of human KANK2, residues-B2 of murine KANK3 and residues-@ of murine
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KANK4 were initially produced as synthetic peptides with a cysteine residue at one of

the termini to allow for coupling to maleimides f6P.

4.5.2 Optimisation of KANK3 and KANK4 KN domain peptides

While the KANK2 KN domain and KANK3 KN domain peptides weyedailgible in both
water and assay buffer, it was immediately clear that the KANK4 KN domain peptide was
not suitably soluble despite no predicted solubility issues using ThermoFisher Scientific
Peptide Analyzing Tool. 1D NMR analysis, performed routasely validation step to
ensure that the peptides were of similar concentration relative to each other,
highlighted that an undetectable amount of KANK4 KN domain peptide was present in
comparison to the three other isoform&igure4.8C). Additionally, wie the KANK3 KN
domain peptide was appropriately soluble, the peptide would not adequately couple to
fluorescent dyes foFPassays. After attempting various assay buffers and conditions to

improve the outcomes, the next step was optimisation of each plepiiself.

Using the Peptide Analyzing Tool in combination with sequence anatysee
additional residues were added to the KANK3 KN domain and KANK4 KN domain
peptides, now residues 323 of murine KANK3 and residues&3l of murine KANK4.

For KANK3 his resulted in a KN domain peptide which contained the entirety of the
region homologous to 668 in KANK1, including théaree-residue insertion. This
optimised KANK3 KN domain peptide coupled well to BODIPY. For KANK4, this resulted
in a KN domain pepte where the added amino acids were GAle-Lys, the positive
charge of the lysine increasing both the charge and the isoelectric deigptre4.8A,

4.8B). For the initial KANK4 KN peptide-§24, the net charge at pH 7 was 1.2; the net
charge at pH 7 ahe optimised KANK4 KN peptide {88) was 2. This increased charge
resulted in increased hydrophilicity and the peptide had increased solubility in both

water and buffer. This was confirmed By NMR(Figure 4.8C, 4.8D).
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Figure4.8: Opt|m|sat|on of KANK4 KN domain synthet|c pept|des

(A-B) Predicted charge and isoelectric point of synthetic peptides based on peptide sequences ir
ThermoFisher Scientific Peptide Analyzing Tool for (A) inittdKKAKN domain peptide (residues-@2)
and (B) optimised KANK4 KN domain peptide (residuegsp40) Amide region fromtH NMR analysis
KANK KN domain peptides: KANK1 Kig&(ed), KANK2 KN -89 (yellow), KANK3 K32-70 (green) an
KANK4 KN 282 and(blue).(D) Amide region frofiH NMR analysis of KANK KN domain peptides: K
KN 3068 (red), KANK2 KN-89 (yellow)optimised KANK3 KN 33 (green)and optimised KANK4 KN-
65 (blue)

4.5.3Usindfluorescence polarisation to investigate seteraction of KANK2, KANK3 and
KANK4

With optimised KN domain peptide$;P was used to test whether an interaction
between the KN and ankyrin repeat domain was a common regulatory feature amongst
all four KAX isoforms. Using this technique, it was shown that the ankyrin repeat
domain of each of the four KANK isoforms interacts with its corresponding KN domain

(Figure 4.9). Interestingly, KANK1, KANK2 and KANK4 have similar affinities between



INVESTIGATION OF AN INTERDOMAIN KANK EOMPLE 85

their own ankyrinrepeat domains and KN domains, with calculated/&ues of 29.8
>M, 28.2>M and19.6>M respectively. KANK3 appears to be somewhat of an anomaly
here, with a calculated4¢f 92.6>M between its ankyrin repeat domain and KN domain.
This ~4fold weaker dfinity could result from the 3esidue insertion (GHPro-Pro)

within the 61:68-equivalent region of the KANKS3 Kbmain (Figure 4.7A).

KANK1 ankyrin repeats

300
= £ KANK1T KN 30-68 (K429 8 £ 5.8 uM)

KANK2 ankyrin repeats
T L KANK2 KN 31-689 (Ky= 282+ 7.9 uM)

200 =
KANK3 ankyrin repeats
+ KANK3 KN 32-73 (K4 92.6 £ 25.5 uM)

KANK4 ankyrin repeals
£ KANKA KN 24-85 (K4 19.6 = 1.7 uM)

Fluorescence Polarisation

100

1 | I 1
0 25 50 75 100 125

Ankyrin repeats [aM]

Figure4.9: An interaction between the ankyrin repeat domain and the KN domain can be observed
four KANK isoforms.

Binding ofKANKankyrin repeats to BODIRabelledpeptides of correspondinANK KN domain usin
fluorescence polarisation assay. Dissociatioonstants + SE are indicated in the legend.
measurements were repeated in triplicate. ND, not determined.

Figure 4.10 shows some further analysis as to how the ankyrin repeat domain of each of
the isoforms compares to thKANK1 ankyrin repeats. While the KANK2 ankyrin repeat
domain appears to interact comparably with the KANK1 KN domain peptides as the
KANKZ1 ankyrin repeat domain, the KANK3 and KANK4 ankyrin repeats domain datasets
appear to have some differences. As men&d, the KANK3 ankyrin repeat domain
binds, although more weakly compared to the other isoforms, to the KANK3 KN domain.
Despite this, it binds with aqkof 20.3>M to the KANK1 KN domain (88) peptide.
Unlike the KANK1 ankyrin repeats, the KANK3 amkgpeat domain still supposedly
binds to the truncated KANK1 KN domain-@8) peptide, although -2old weaker
interaction compared to the fullength KN domain with ag6f 41.5>M and the shape

of the curve is not entirely convincing. Although this dosiiggest that there could be a
region of the KN domain upstream of residues@®Lthat the ankyrin repeats domain

can interact with, the KANK1 KN domad®-f o n-68)yipeptide still results in a nen

determinable Kvalue.
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—— KANK1 KN 30-73 A60-68 (K4 ND)

KANK3 KN 32-73 (K4 92.6 + 25.5 uM)
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—— KANK1 KN 30-60 (K4 ND)
—— KANK1 KN 30-68 (K;49.6 + 7.5 n\M)

—— KANK1 KN 30-68 4A (K, 89.9 + 50.4 uM)

—— KANKT KN 30-73 AB0-68 (K, 35.5 + 18.7 uM)

KANK4 KN 24-65 (K 19.6 + 1.7 M)
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Figure4.10: All four KANK family proteins interact with the KN domain with some variation.
Binding oKANK24 ankyrirrepeatdomainsto BODIPYabelled KANK KN domain peptides meas
using a fluorescence polarisation assay. Dissociation constarfi&-dre indicated in the legend.
measurements were repeated in triplicate. ND, not determined.
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The dataset for the KANK4 amin repeat domain appears to vary significantly to the
KANK1 ankyrin repeat domain dataset. While no dissociation constant could be
calculated between the KANK4 ankyrin repeat domain and the truncated KANK1 KN
domain peptide (360), a K of 35.5>M was @alculated for the KANK1 KN domalt{

T 0 n-68yipeptide. It must be noted here that the latter experiment clearly did not
reach saturation, which may have been caused by the measurement of-apwmific
element or perhaps aggregation caused by the peptidsulting in an unreliablejkind

a larger standard error. Of all KANK ankyrin repeat domain isoforms, the KANK4 ankyrin
repeat domain bound weakest to the wildtype KANK1 KN domait83@eptide with

a kyvalue of 49.6>M. The interaction with the mutat KANK1 KN domain (&8) 4A
peptide is almost 2old weaker with a Kvalue of 89.9>M, though the standard error

for this calculated value is relatively high. These varied data for the KANK4 ankyrin
repeat domain when investigated for binding to KANKl1démain peptideg especially

when taking into account that the ankyrin repeat dom#&N domain interaction within
KANK4 is the tightest of all isoformqsmay be caused by theligomericdifferences
exhibited by the KANK4 ankyrin repeat domain in comparie the otherisoforms (as

discussed in Chapter 3).

In summary thus far, the data in Figure 4.10 indicates that an interaction between the
KN and ankyrin repeat domains can occur in all four KANK proteins. Where residues 61
68 are required for this intection in KANK1, the similarities in binding suggest that the
homologous region is required for the interaction in KANK2: residueg96an KANK3

and KANK4, for which slightly longer KN domain regions were used for investigation,
there were some notabldifferences. An interaction between the KN and ankyrin repeat
domains of KANK3 occurs, albeit more weakly than the other isoforms. The KANKS
ankyrin repeat binds KANK1 KN domain peptides with similar affinity to the KANK1
ankyrin repeats, suggesting thtite differences in the KANK3 KN domagitikely the
three-residue insertiorg cause the weaker interaction. In KANK4, almost the opposite
occurs: compared to the other isoforms, the ankyrin repeat domain does not bind the
KANK1 KN domain peptides as tighttlt, despite this, exhibits the strongest interaction

with its own KN domain.
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4.6 Known diseaseausing mutations in KANK2 and KANK4 ankyrin repeats may

affect autoinhibition

Further to the characterisation of two diseassausing mutations in KANK ankyrin
repeatsq Ala670Val in KANKR&NKL and Tyr801His in KANKMNIKO ¢ we decided to
investigate whether the interaction between the KN and ankyrin repeat domains
observed in the wildtype proteins affected.

4.6.1Comparing autoinhibition in wildtype KANK2 ankyrin repeat domain and mutant
KANK2 ankyrin repeat domain (Ala670Val)

UsingFR the wildtype and Ala670Val mutant KANK2 ankyrin repeat domain proteins
were tested and compared for binding to KANK1 and KANK2 KN domain peptides (Figure
4.11). Although minor differences can be observed in the measugedlkes, which

generate overlapping standard error values, the two proteins were very similar overall:

300=

—e— WT + KANK1 KN 30-60 (K4 ND)
—— WT + KANK1 KN 30-68 (Ky =19.7 + 3.2 uM)
—— WT + KANK1 KN 30-68 4A (K;=20.4 + 6.7 uM)

WT + KANK2 KN 31-69 (K4 = 28.2 + 7.9 uM)

Fluorescence Polarisation

I. | 1 | 1 1
0 25 50 75 100 125
KANK2 ankyrin repeats wt [uM]

300 =-
—— AB70V + KANK1 KN 30-60 (Ky ND)

—e— AB70V + KANK1 KN 30-68 (Ky=16.1 + 3.7 nM)
—— AB70V + KANK1 KN 30-68 4A (Ky=20.1 +6.3 uM)

AB70V + KANK2 KN 31-69 (Ky= 34.4 + 13.8 uM)

Fluorescence Polarisation

1 I 1 1 | |
0 25 50 75 100 125

KANK2 ankyrin repeats A670V [uM]

Figure4.11: Wildtype and Ala670Val mutant KANK2 ankyrin repeat dompmoteins interact similarly witt
KANK1 and KANK2 KN domain peptides

Binding ofKANK2 ankyrirepeatdomain proteingo BODIP¥abelled KANK KN domain peptides meas
using a fluorescence polarisation assay. Dissociation constantSE+/areindicated in the legend. /
measurements were repeated in triplicate. ND, not determined.
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both bind KANK1 and KANK2 KN domain peptides, and interaction with the latter was
slightly weaker. This lack of significant difference between the wildtype and mutant
forms was expected due to the positioning of the Al@@al mutation further away from

the ankyrin repeatonnecting loops that collectively form the hypothesised binding
surface for the KNlomain (see section 4.8.1Additionally, this indicates that the slightly
increased protrusion of the valine residue does not disrupt the arrangement of the
structural elements of the ankyrin repeats, namely théwelices, in a manner that

affects the interaction between the KN and ankyrin repeat domains.

4.6.2Comparing autoinhibition in wildtype KANK4 ankyrin repeat domain and mutant
KANK4 ankyrin repeat domain (Tyr801His)

UsingFR the wildtype and Tyr801His mutant KANK4 ankyrin repeat doimaiteins

were tested and compared for binding to KANK1 and KANK4 KN domain pépigies
4.12) Unlike the KANK2 wildtype and mutant ankyrin repeat domains, a slightly more
pronounced difference is observed here when comparing binding to KANK1 6§) (30
Where the wildtype KANK4 ankyrin repeat domain binds to this peptide wiglob45.3

>M, the Tyr801His mutant has a slightly increased affinity withgafk34.1 >M.
Interestingly, although this difference may appear insignificant, this datdnémutant
KANK4 ankyrin repeat domain is more similar to ithieractions of theother KANK
isoforms with the KANK1 KN domain. This indication could be linked with the findings in
Chapter 3: unlike the other isoforms, the ankyrin repeat domain of KAK& favours

a dimeric form. CD and SBAALS analysis suggested that the Tyr801His mutant instead
favours a monomeric form. Consistent with these findings, this mutant appears to
interact more similarly to the wildtype ankyrin repeat domains of the oth&NK
isoforms and this could be because it, too, adopts a monomeric form, potentially
increasing the availability for a required binding surface. For both the wildtype and
Tyr801His mutant proteins, the interaction with the KANK4 KNG2ypeptide has the
highest affinity. Taking all of these data into account, it seems possible that the wildtype
KANK4 exhibits an interaction between its KN and ankyrin repeat domains, though the
precise mode of interaction may différom other the ankyrin repeat domains other
isoformseither in terms of specific residues involved in the binding surface or a different
location of the binding surface. Alternatively, if there is occlusion ottypéal binding

site due to dimerisation, this may be causing the interactionbe weaker due to
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reduced contact points. The Tyr801His mutant version of the ankyrin repeat domain
may then be able to bind the KN domain either via these otherwise occluded sites in
wildtype KANK4 ankyrin repeats which are similar to that in other Kad#&ms or via

a the site which is used by wildtype KANK4 ankyrin repeats, should these two surfaces

be distinct and therefore displays a higher affinity.

300 -
&
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Figure4.12: Wildtype and Tyr801His mutant KANK4 ankyrin repeat domain proteins vary slightly in
interactions with KANK1 and KANK4 KN domain peptides

Binding ofKANK4 ankyrirepeatdomain proteindo BODIPYabelled KANK KN domain peptides meas
using a fluorescence polarisation assay. Dissociation constantSE+/are indicated in thikegend. A
measurements were repeated in triplicate. ND, not determined.

4.7 Attempting FRET analysis to investigate KANK autoinhibition

4.7.1FRET analysis can be used to investigate autoinhilitidimo
Forster resonance energy transfer (FRET) has been used extensively to investigate
interactions within a variety of scientific fields. This highly sensitive method works by

measuring energy transfer between two fluorophores: when a donor fluorophore is
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excited at the appropriate wavelength, the excitation energy is transferred to an
acceptor fluorophore within a small distance and causes the acceptor to emit
fluorescence at its corresponding wavelengHorster, 1946)For ths method, fusion
proteins are created by attaching the protein of interest, via a linker, to a monomeric
fluorescent proteing it is crucial that these are monomeric in order to avoid the
formation of homodimers or other higher order oligomers of the flegcent protein

which would interfere with the datgChudakowet al, 2010) Additionally, the linker
between the two components is typically kept shorter in order to reduce the
susceptibility to proteolytic elavage.

A FRET experiment was planned in order to support the findings thus far that the KN and
ankyrin repeat domains interact. mCerulean (blue) was attached at ttexrhinus of

KANK, generating a mCeruleN region, while mVenus (yellow) was attachéthe G
terminus, generating a mVemakyrin repeats region(Bajar et a, 2016) The
experiment entails exciting the mCerulean: if the KN and ankyrin repeat domains do not
interact in this system, low or no FRET occurs and mCerulean emission is observed; if an
interaction between the KN and ankyrin repeat domains occuigh BFRET occurs
wherein the excess excitation energy transfers to the mVenus attached to the ankyrin
repeats and thus mVenus emission is observed. A schematic of this is shown in Figure

4.13.
FRET

b

Low FRET High FRET

Figure4.13: A schematic of a FRET experiment uskgNK1.

In this model, a FRET experiment begins by exciting mCer{idea) at the Nterminus of KANK. If ti
KN domain at the Nerminus does not interact with the ankyrin repeat domain, no/low FRET occu
emission for mCerulean is measur@eft). If the KN domain does interact with the ankyrin repeat dor
at the Gterminus of KANK, fused to mVenus (yellow), high FRET occurs and emission for mr
measured (right).
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4.7.2Generating constructs to investigate KANK1 autoinhibition by FRET ama&iysis

A mCerulearthKANKImVenus construct within a mammalian vector svdesigned by

the Akhmanova group at the University of Utrecht for FRET analysis. This construct
contained a Se6GlyLeu (SGL) linker between mCerulean and tHerisinus of human
KANK1, while a PidalAlaThr (PVAT) linker was located between th&eninus of
human KANK1 and mVenus. In order to enableitro FRET analysis, two constructs
were generated by subcloning from this construct into a-fET expression vector: 1)
mCerulearSGEKANK1 KN, containing residueg8 of human KANK1, and 2) KANK1
ankyrin repeatsPVATmVenus, containing residues 101852 of human KANK1. Once
successfully cloned, each fusion protein was expressed and purified as described in
Chapter 2

4.7.3Investigating KANK1 autoinhibition by FRET analysis

To investigate FRET between m@eantagged KANK1 KN domain (m®B&) and
mVenustagged KANK1 ankyrin repeat domain (m\AK), three control experiments
were initially performed. Firstly, 2 mM mCKN alone was excited at 425 nm and its
emission measured, generating a broad peak betwed50570 nm, with the majority

of the signal at 45810 nm (Figure 4.14, blue). Secondly, 2 mM mXB8iK was excited

at 490 nm, the ideal wavelength to visualise mVenus signal, generating a peak from
~500590 nm (Figure 4.14, yellow). Finally, 2 mM nm¥&IK was excited at 425 nm and
only a small signal was observed, though this corresponded to the peak observed for
mVenANK excited at 425 nm (Figure 4.14, brown). Collectively, these controls provide
reference spectra for each of the fluorescent proteinsn& and validate that they are

functioning correctly by generating emission data at appropriate wavelengths.

For the FRET experiment, a sample containing 2 mM #iemd 2 mM mVeANK was
excited at 425 nm (Figure 4.14, black). The measured fluoresesznission generated
peaks corresponding to mG&N with no indication of fluorescence emission for mven
ANK. Had the two domains interacted and caused the fluorescent proteins to be in close
enough proximity to generate a FRET signal, fluorescence emissidd have been
measured with a peak at ~530 nm, corresponding to the MK emission. Thus, in
these data, a FRET signal has not been measured and this would suggest that the two

proteins have not interacted. However, it must be noted that a signifigaench in the
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fluorescence occurs compared to the m&a¥ alone, an observation that would have

been expected in conjunction with an increase at ~530 nm had a FRET signal been
measured. There are various possibilities as to why this may have occurredeiome

that the linkers between the fluorescent protein and the KANK domain of interest is
suboptimal. For example, the linker may be too short or too rigid to allow the KANK
domain of interest to have the binding surface for the other domain sufficiexbpsed,

or steric hindrance from the fluorescent protein itself could have contributed. Further,
strain placed upon the fluorescent protein may have affected the experiment. Each

FE dz2NBAOSY G LINRBGSAY O2parel detohda®y Sucture whichl T F 2 €
contains the unique chromophor@sien, 1998 ¢ KS A y ( StArMRidiciucia? T K
for protecting the chromophore and multiple noncovalenteractions contribute to

ensure its chemical, thermal and atioteolytic stability (Stepanenkecet al, 2013)

Despi S G KAA&A KAIK aidl oAt A -BaZel dnd/og its Goinpahehty LI |
that could be disrupting its structure would likely immediately affect the chromophore,

and this could potentially have contributed to the quenched fluorescence. If thisheas

case, no FRET would occur due to this complication with the donor mCerulean,
preventing transfer of energy from the donor to the acceptor. Further, thiedhinal

region of KANK which was part of this fusion protein is relatively sho@& residues;

350

300 —— mCer-KN + mVen-ANK (425 an)
250 mCer-KN (425 nm)

mVen-ANK (425 nm)
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Figure4.14: Although a quench iremitted mCerulelarKN fluorescence is observed, no FRET is det
when tested with mVenusankyrin repeats.

Anin vitrofluorimeter-based FRET experiment was performed with mCeruko®NK1 KN domain (mE
KN) and mVenuKANK1 ankyrin repeats (mVMMINK) When mixed, a significant quench in the m®
emission is observed though no emission occurs for reAel, indicating low/no FRET
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with, according to our findings, potentially only the veryte@minal region of this

involved in the interaction. This in itself could be a limitation for this expemnim

4.8 Attempting Xray crystallography to determine the structure of the interaction

between the KN and ankyrin repeat domains of KANK

To determine the structure of the complex formed between KANK KN and KANK ankyrin
repeat domains and identify the residues involved in the binding surfaceay X
crystallography was chosen as a suitable approach. Typically, ankyrin repeat domains
throughaut biology are widely considered as somewhat prone to crystallisation due to
their highly ordered and organised structures consisting of sequential predomirtantly

helical regions.

Over the course of this project, a wide range of crystallisation triate werformed. For
these, cecrystallisation of various combinations of ankyrin repeat domain proteins and
KN domain peptides were attempted, and trials performed using a range of commercial
crystallisation screens (Table 4.2). Althougkcogstallisation ® components from the
same isoform of the protein would ideally be performed, many mixed combinations
were attempted¢ for example, KANK2 ankyrin repeats and KANK1 KN domain was
considered a useful combination due to these having one of the highest wffinit

interactions according to FP experiments (Figure 4.10).

In addition to the range of domain combinations and crystallisation screens used, a
variety of crystallisation conditions were also attempted: from initial buffer components
for both peptide and potein being altered to cover a range of concentrations and
buffering systems, including pH and salt conditions, to varying crystallisation solution
preparation approaches and incubation temperatures of the completed screens. In
terms of preparing the cryatlisation solution, the seemingly most successful approach
was diluting the protein and the peptide separately by ~10x in the crystallisation buffer
before mixing, followed by incubation and concentration by ultrafiltration to prepare
the final sample. Tis method appeared to reduce visible precipitation of the peptide

when mixing with the protein, a recurring issue throughout the process.
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Table4.2: Attempted cocrystallisation combinations for KANK ankyriepeats in complex with KANK

KN domain.

A selection of the attempted combinations of KANK ankyrin repeat protein and KANK KN peptide subject

to co-crystallisation and some of the commercial crystallisation screens used.

Protein Peptide Commercial
screen
3D structure
Hampton
KANK1 KN 30| JCSG+
68 Pi minimal
Stura
KANK1 ankyrin repeat Wizard
domain KANKZ1 KN 30 :'grsngtfn
68 (4Amutant) Wizard
Hampton
KANK629KN 31 ICSG+
Wizard
3D structure
Hampton
KANK6§KN 30 ICSG+
KANK2 ankyrirepeat Pi minimal
domain Wizard
Hampton
KANK629KN 31 JCSG+
Wizard
KANK2 ankyrin repeat | KANK2 KN 31 | Hampton
domain (A670V mutant) 69 JCSG+
KANK3 ankyrin repeat | KANK1 KISO- | Hampton
domain 68 JCSG+
Hampton
KANP;%KN 30 JCSG+
Wizard
KANK4 ankyrin repeat | KANK1 KN 30 | Hampton
domain 68 (4Amutant) | JCSG+
Hampton
KANIéAéKN 24 JCSG+
Wizard

Despite these many approaches used teccgstallise the KAN&nkyrin repeadomain
with the KANKKNdomain and a large number of stable, single crystals formed, there
was ho success in generating crystals of the protein with a peptide bound. However, one

interesting observation throughout this process was that crystallisation attempts
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including a peptide generated a greater number of apo crystals of a higher quality
compared with a crystallisation attempt of an intentionally apo ankyrin repeat domain

protein.

4.8.1KN domain peptide presence increases frequency and quality of ankyrin repeat
domain crystallisation despite no observed density for the peptide

While working at the Centro de Investigacion del Cancer with the Pereda lab, various
simultaneous crystdtials were set up. One of these included plating the KANK2 ankyrin
repeat domain on its own using a variety of commercial screens, anggystllisation
solution of KANK2 ankyrin repeats with KANK2 KN6@1was performed using
identically prepared saples at the same time in the same crystallisation screens. Using
the Wizard screen which contains 96 unique conditions as an example, more than 20
conditions for the cecrystallisation solution contained single crystals within 24 hours
while only eight coditions for the apo protein solution exhibited the same observation.
During the process of mounting the crystals onto loops for vitrification in liquid nitrogen
to allow Xray diffraction and data collection to take place, it was observed that the
crystak from the cecrystallisation solution were very stable, whereas the crystals from
the apo crystallisation solution were very fragile and prone to cracking or being
completely destroyed. Finally, the quality of the crystallographic data acquired varied
quite significantly: the highest resolution for the -coystallisation solution which
included the KANK2 KN domain peptide wasAlvghile the highest resolution for the

apo crystallisation solution of KANK2 ankyrin repeats only wak. 3 Bese two datasets
were subject to processing, molecular replacement and several rounds of refinement
and manual model adjustment and the resulting structures from these steps are shown
in Figure 4.15. Despite these stark variations observed throughout the prqoggh

the only difference in the set up being either the presence or absence of the KANK2 KN

peptide ¢ no density was observed for the peptide.

When comparing the two structures, there appear to be some clear differences: ANKO

of the apo KANK2 is unstructuredglaces where the protein that was crystallised with
GKS Yb R2YIAYy LISLI A R Shelici eleinénis.3A8ditionallk SomeéINS R
small positioning differences can be observed, particularly in ANK1 and in the loop of

ANKS3. It must of course be notdidat the lower resolution data for the apo protein is
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likely a contributing factor for these changes, particularly in ANKO where the data quality

was particularly poor and lacking density in places.

Figure4.15: Refined structures of KANK2 ankyrin repeats crystallised alone and in presence of
KN 3169 peptide.

The structures of KANK2 ankyrin repeats crystallised alone (light green) and in the presence of tt
KN 3169 peptide (dark green) are shown here overldidages produced with PyMOL.

In terms of existing KANK structures in the PDB, few exisy/ illclude human KANK1
ankyrin repeats and KANK2 ankyrin repeats, each in their apo f&DB [Ds5YBJ and
4HBD, respectively) and their KIF2ddund forms PDB IDs:5YBU and 5YBV,
respectively), in addition to structures of these same domains from theima KANK
proteins. Prior to the structures of the ankyrin repeat domains in complex with the
KIF21A peptide, the primary hypothesis was that the KN domain forms an additional
helix which aligns itself or packs in adjacently to thhelices of the ankyni repeat
domains, akin to how ligands including the KANK KN domain may bind to the talin rod
domain. Thus, significant changes in the protein conformation, and likely therefore a
change in the space group for generated crystals, was expected. Howevpulished
structures for the KANK1 and KANK2 ankyrin repeat domains each in complex with a
KIF21A peptide indicate that this peptide actually binds somewhat perpendicularly along
the loops which connect each ANK region, with intermolecular interactiomsedrto

that between ANKIANK2, ANKANK3 and ANKANK4. Most interestingly, this
complex does not appear to dramatically alter the conformation of the protein and thus
the space group is also identical for each KIFBa#nd protein and its apo form for
example, both apo KANK2 ankyrin repe@®®B ID4HBD) and KANK2 ankyrin repeats

in complex with KIF21A°DB ID5YBV) are in the space groupiB2; (Figure 4.16).

Based on this information, the KN domain of KANK may bind to the ankyrin repeats in a
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very smilar way and, if mostly unstructured, it would be difficult to differentiate
between an apo or ligarbdound version of an ankyrin repeat protein based on space
group determination and perhaps also without very high resolution data to confidently
observedensity for the KN domain peptide. Binding onto a very similar or equal binding

surface to the KIF21A peptide may allow a form of competitiovivqg where the KANK

ANK2

ANK1 ANK3  Anka

ANKS5

Figure 4.16. Published structures oKANK2 ankyrin repeatsrystallised alone anccrystallised with
KIF21Apeptide.

The structures of KANK2 ankyrin repeats crystallised alone {Jight from PDB ID 4HBBNd in the
presence of th&KIF21A peptide (dark grey) from PDB ID 5Y&M et al, 2018re shown here overlai
The KIF21A peptide is shown in purple. Images produced witlORyM

protein, via the ankyrin repeats, is either autoinhibited (i.e. KN domain bound) or bound
to KIF21A and providing the link to timeicrotubule cytoskeletal network, with these

two interactions being mutually exclusive.

4825 SAAIYAWA bIYEaFRWE a0 NHzOGdzNI £ SELISNRAYSy i
Another factor which is likely preventing a crystal structure for the KANHrkixrin

repeat domain complex is the affinity of the interaction. Typically, higher affinity
interactions will have a higher propensity to crystallise as a complex, as woutdha ca

bond interaction wherein increasing force can increase the lifetime of a lpad

example of the latter is the interaction between the vinculin tail and a@tinanget al,
2017)and, more recently, the interactiobetween the KANK KN domain and talin R7

has also been identified to exhibit catch bond kinetics at forces below @rpht al,

2019) The interaction between the KN and ankyrin repeat domains of KANK varies
according to the isoform but is ~ZD >M for the majority of KANK isoforms (Eig

4.10)¢ this affinity is considered fairly weak for-coystallisation. In order to counter
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this and increase the likelihood of crystallisation of the complex, various strategies were
attempted. One example of this was including a large molar excele peptide in the

crystallisation solution, but this also was not successful in the trials carried out.

Another strategy employed was the creation aft@mericprotein which contains both

the KN and ankyrin repeat domains in one construct, tetheringnthtogether to

increase the affinity and therefore increase the probability of the observing the ankyrin
repeat domain in the bound state with the KN domain present. In doing so, this protein

is actually more reminiscent of the fuéingth KANK protein dlbugh a significant

portion is missing. The construct was designed using human KANK1 domains: the KN
domain (residues 3@3) linked to the ankyrin repeat domain (residues 14328) via a
GGGGSGGGGSGGBERSEr. This is &3GGGRlinker, widely known asraoption which

provides flexibility and allows interaction between doma{@henet al, 2013) Using

this minkEKANKchimericprotein, the plan was to use SBOALS to identify and collect
fractions corresponding to an eluted complex. Theoretically, a variety of species could
elute when subjected to sizZeased separation and some of these are depicted
schematically in Figure 4.17. One option would be the two domaot interacting with

SIOK 20KSNE 2N I f GSNYyIFdA@Ste || o62dzyR avyz
mini-KANK interacts with the ankyrin repeat domain of the same molecule. Other

LR GSYaAalrf &aLlSOASa AyOf dzRS | daRAtheSME GKS
domain of another minKANK, or potentially higher order oligomeric structures which
SaasSyidAaltte T2NM Yo aLINBAGySAayEa 4@ TL FY AlyKAS @ RA Y S
can be identified from the SE@ALS analysisi.e. the oligomeric fans most likely to

contain an interaction between the two domaimgseach of these would be collected.

The SE®IALS experiment would then be repeated to confirm that the sample is not in

a form of equilibrium between multiple oligomeric states and rather glom fact,

remain in the same oligomeric state. If confirmed, this eluted species that is collected

would be subject to crystallisation trials.
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Figure4.17: Potential minitK ANKoligomeric states.
Some of the potential oligomeric states of the riANK protein are depicted here. The KANK

domain is shown in yellow and the KANK1 ankyrin repeat domain is shown in turquoise. TF
between the two domains is shown in grey.

As a preliminary assessment step, FP was performed. For this experiment, the KANK1
ankyrin repeat domain protein and the miIANK protein were both tested with the
KANK1 KN domain (&8B) peptide. The logic behind this experiment was that, if the
ankyrin repeat domain within mifKANK is occupied by the KN domain of the mini
KANK, the fluorescent KANK1 KN domau®80vhich is tested against the protein will

be competing for the binding surface on the ankyrin repeat domain. Thus, if the mini
KANK pmotein is functioning as intended, the calculated affinity for binding the
fluorescent KANK1 KN domain-88 peptide should be weaker. When performing this
experiment, the two Kvalues calculated are very similar, with riANK actually
exhibiting a sligtly tighter affinity (Figure 4.18). This data suggests that the-HANK
protein was not a state where the intended SHBLS experiments would be effective

in generating a bound protein suitable for crystallisation. Despite this, preliminary
analysis VisSEGMALS suggested that the species was mainly monomeric. Fractions
corresponding to a small potential dimer peak were collected and theNsEHGS
experiment repeated, and an identical spectrum was observed with a large monomer
peak¢ indicating that the gstem is in an equilibrium wherein the monomeric form is
favoured (data not shown). This approach to generate alqonend KNankyrin repeat

domain complex for crystallisation is a promising one but clearly needs some
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optimisation. Some possibilities forithmay be altering the position of the KN domain
relative to the ankyrin repeat domain or adapting the linker. On one hand, the linker
may not be long enough to provide the required flexibility for the KN domain to be able
to reach the correct binding swate on the ankyrin repeats but, equally, increasing the
length of this linker may increase the susceptibility to proteolytic cleavage. Proteolytic
cleavage in this mid(ANK protein could potentially also already be a contributing factor

as to why this protein behaves so identically to the KANK1 ankyrin repeats.

250

8 KANK1 ANK + KANK1 KN 30-68
——

200 (Kq29.8 + 5.8 uM)

KN-linker-ANK + KANK1 KN (30-68)

(Ky26.7 + 5.4 uM)
150 - d '

100

Fluorescence Polarisation

1 1 1
0 50 100 150

Protein concentration [puM]

Figure4.18: A miniFKANK protein binds to the KANK1 KN domain equally to the KANK1 ankyrin re
A miniKANK protein (KANK1 HiNker-ANK)was designed to increase the affinity die KNankyrir
repeat domaininteraction by tethering these two domains togethd&inding ofmini-K ANK and KAN
ankyrinrepeat domain proteinsto BODIPYabelled KANK KN 30-68 domain was measured using
fluorescence polarisation assay. Dissociation constants SE are indicated irthe legend. A
measurements were repeated in triplicate.

4.9 Discussion

In this chapter, an interaction between the KN and ankyrin repeat domains of various
KANK proteins was idéfied ¢ this includes all four mammalian isoforms in addition to
two diseasecausing mutatiorcontaining ankyrin repeat domain proteins. Although all

of these versions of the protein demonstrate the interaction, they do so in various ways
¢ most notably,KANK3 has the weakest affinity between its KN and ankyrin repeat
domains of all combinations tested, and this may be as a result ekaiBue insertion
located within an essential region of the KN domain. This region of the KANK KN domain,
residues 6368 in KANK1 and the corresponding residue numbers in the other isoforms,
were found to be essential for this interaction to take place. These findiegs sthown

using a combination of approaches, with particular focusFéhand NMR titration
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methods. NMRitrations revealed that some very small changes can still be observed
with the KN domain peptide spanning residuesa®and also the 3G3n60-68 peptide,
suggesting that there may also be a small region upstream of residu@3 @which could
be binding wakly and contributing to the stabilisation of the overadimplexbetween

the KN and ankyrin repeat domains.

Identifying the specific binding surface on both domains and the specific interactions
involved would be a significant step forward for this proj&&hile xray crystallographic
methods were attempted extensively and were thus far unsuccessful in generating a
structure of the complex, further optimisation of the discussed approaches, including
the mintKANK construct, may be useful. The relativebakvinteraction between the

KN and ankyrin repeat domains is likely one of the most significant contributing factors
to the lack of success. While the relatively low affinity may be viewed by some as
guestionable to persist investigating, this weaker af§ins logical¢ where the two
domains are tethered togethen vivq and likely as part of an autoinhibition mechanism
adopted when inactive, the lower affinity compared with the-t8Nn R7 and ankyrin
repeat domairKIF21A interactions would actuallyall these two important KANK
ligands to preferentially bind, activating KANK as and when required within the cell.
Further investigation into the potential competition between talin R7 and the ankyrin
repeat domain for the KN domain and the competition beam the KN domain and
KIF21A for the ankyrin repeat domain would therefore be very interesting to explore.
Another important factor which may be preventing the crystallisation of the complex is
the unstructured nature of the KN domain. While we have hypetbed that a helix
addition mechanism of the KN domain occurs upon binding, it is important to consider
that this region may remain partially or fully unstructured, which could potentially affect
the observation of density for this component if only fepesific contacts are made
especially if no significant structural changes are induced in the ankyrin repeats, such as

in KIF21A binding.
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Plasma membrane

=4

Figure 4.19: Schematic model of the role of KANK autoinhibition in proximity to integoasec
adhesions1) KANK1 may exist in an autoinhibited conformation in proximity to the developing or r
integrin-based adhesion, and this autoinhibition requires residuess®which are located at the-
terminus of the KN domain. 2) KANK1, now activated, binds talin R7 via the KN domain. :
components are recruited to the proximity of the adhesion following the KAtidlitLinteraction.

The greatest challenge with ghbody of work was supporting the findings using mare
vivomethods. While, biochemically and biophysically, we can establish consistently that
an interaction between the KN and ankyrin repeat domain occurs, validation in
mammalian cells has been chalggng. Some factors to consider are that this interaction
between the KN and ankyrin repeat domains could be working in a tsseefic
manner or prevalent during a different stage of development than the mammalian cells
so far used for investigation. i$ also possible that particulaignalling components
which are lacking in the somewhat artificial mammalian cell culture system are required
to influence cellular activity related to the kKaskyrin repeat interaction. Collaborations
with various academg to further characterise this interaction in a more vivo
environment are ongoing, particularly with the Akhmanova group at Utrecht University,
with the aim of identifying the consequences on structure, function and activity within
mammalian cells as eesult of a constitutively active KANK the form of an60-68

version of the protein.

Autoinhibition, typically in the form of a headil interaction, has emerged as a key
regulatory mechanism amongst integrin adhesassociated proteins. Oriacreasimgly
developing hypothesis is the formation of ptemplexes: the coalescence of proteins in
the vicinity of the adhesion ahead assemblyKhan & Goult, 2019)n terms of what

the role of autoinhibited KANK may be, one hypothesis is that it exists in this
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conformation prior to its association with talin (Figure 4.X9and, as adhesions
assemble and talin is extendgaerhaps R7 of the talin rod domain outcompetb®e
KANK ankyrin repeat domain for the KANK KN domain. KANK may exist-comptex
with the liprin proteinsan interaction which could be occurring simultaneously to KANK
autoinhibition, or in association with the other CMSC proteins which have pusiyio
been hypothesised to be recruited after the interaction with talin has taken place
(Bouchetet al, 2016) Evidence fopre-complex formationfor core adhesion proteins
has been observed via fluorescenudtuation analysis experiments which show
association between talin and vinculin prior to that between integrin and talin in a
nascent adhesioriBachiret al, 2014) knocksideways experiments whicshow pre
complex formation between paxillin and autoinhibited talin and vinc(Aitnertonet al,
2019) and a precomplex between integrin and kindlivas also been suggesté/ossier

& Giannone, 2016)Together, these studies support the hypothesis that the presence of
the key proteins localised togethertypically in their aubinhibited formsg couldbe a
requirement for rapid and successful assembly of adhesifith this finding that KANK
proteins also autoinhibit, perhapadvancing techniquesvithin this field could be
applied to the investigation of preomplex formation btween KANK proteins and
CMSC components in the vicinity of integb@sed adhesions and the effect this may

have on adhesion and microtubule dynamics.
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CHAPTER BDENTIFYING A NOVEL LIGAND FOR KANK1 IDR2

5.10verview

In this chapterwe sought to identify a ligand for the unstructured region of KANK. Based
on a literature search, analysis of proteomics data and use of online databases, the hub
protein LC8 was identified as a promising candidate. Her@teraction between KANK
andLC8family proteinsis explored SEGVIALS analysis is used to confirm that a human
LC8 equivalent, DYNLL2, also forms @@pendent dimer as observed in the literature

for DrosophilaLC8, and triple resonance NMR is used to assign DYNLL2 and map the

interaction with a novel ligand, KANK1.

5.2 Large unstructured regions within KANK1

All four mammalian KANKs contain regions predicted to be unstructured between the
major structured elements that are the KN domain, the coiled coil region and the ankyrin
repeat doman. These intrinsically disordered regions (IDRs) vary between each isoform:
for example, KANKL1 contains larger unstructured regions, most notably-eeSigilie
region located between the coiled coil region and ankyrin repeat domain (IDR2) (see
Figure 1.1D Interestingly, despite these regions in KANKSs being implied as unstructured
throughout literature (Zhu et al, 2008; Kakinumaet al, 2009) structure prediction
programmes such as PSIPREines, 1999; Buchan & Jones, 20d8icate that various
areas throughout have secondary structure propensity, predominantly f&trand but

also someé -helical regions (Figure 5.1).

An increasingly prominent pattern withirtientific literature is that, upon binding to a
ligand, some IDRs can transition to have increased order and/or fold into secondary or
tertiary structural elements. A wetlited example of this is the phosphorylated kinase
inducible domain (pKID) of cychdVIP response elemetttinding protein (CREB) which,
although unstructured when free in solutigRichardst al, 1996; Radhakrishnaat al,

1997) folds upon interaction with KHinding (KIX) domain of CRERBding protein
(CBPYRadhakrishnamet al, 1997) In this example, the region of pKID which is involved

in this interaction shows helical propensity when subject to amino acid sequence

analysis(Dyson & Wright, 2005)Another example of a IDR transitioning to an
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Figure5.1: Secondary structure prediction of KANK1 4BIB0 using PSIPRED

Secondary structure predictiohy PSIPREDAohes, 1999; Buchan & Jones, 204BWwhat is referred to i
literature as a large unstructured region within KANK11{508Q, IDR2 reveals several smaller regions v
secondary structure propensity.

ordered/folded state is the helix addition mechanism which occurs for some LD motifs
binding to their ligands: for example, while paxillin LD2 exists as a stable helix in
solution, LD4 is mostly random coil as a free peptide in solatigt both of theg form

a helix when bound to the focal adhes#argeting domain of focal adhesion kinase

(Bertolucciet al, 2005; Alanet al, 2014)

KANK1 504080 (IDR2), the largest region suggested to be intrinsically disordered,
exhbits large areas of high evolutionary conservation throughout (Figure 5.2)

(Ashkenazt al, 2016) suggesting that these residues might have essential functions.
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Many of these regions with high degrees of conservation overlap with those that have

secondary structure propensity.
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Figure5.2: Evolutionary conservation of KANKDR2 $01-1080 determinedusing ConSurf.
Evolutionary conservatioof what is referred to in literature as a large unstructured region within K,
(501-1080 IDR2reveals several smaller regions whigh conservatin, likely implicated in vital structul
and functional roles.
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In an attempt to identify potential ligands for this region of KANK, the KANK1 proteomics
dataset obtained by the Akhmanova group at Utrecht University was interrogated. Two
interesting hits were dynein light chain 1 (DYNLL1) or LC8, and dynein light2chain

(DYNLLZ2) or LC8b (Table 5.1). These proteins are distuigsedin Section 5.3.
Table5.1: GFRKANKL1 proteomics data.

Data from fullength GFRKANK1proteomics study carried out by the Akhmanova group (Utrecht
University) indicating thaDYNLL1 and DYNLL2 are two significan{rieits.

Protein Accession number 1 ' YAldzS t 8
KIF21A Q724S6 75
Talinl Q9Y490 70
KANK1 Q14678 63
[ A LINA y Q86W92 49
Talin2 Q9Y4G6 47
Scribble Q14160 37
[ A LINR y Q13136 11
DYNLL2 Q96FJ2 5
DYNLL1 P63167 5
Tensin3 Q68CZ2 1

LC8pred, a prediction softwalesed on a proteomic phage display library scriet

can predict LGBinding motifs within a proteirsequencewith reported 78% accuracy
(Jesperseet al, 2019) was used to determine potential L®&Bding sites withh KANK1.

69 potential sites were identified, of which 31 are located within IDR2, including the top

four hits. These are discusstadther in Section 5.7.1

5.3 Dynein light chain proteins: the LC8 family

5.3.1An introduction to dynein light chain proteins

Cytoplasmic dynein is the major minraad directed microtubule motor protein and is
involved in a variety of cellular activities including, most notably, its roles in the
formation and orientation of the mitotic spindle during mitogBussonet al, 1998;
Sharpet al, 2000; Valleet al, 2004)and the transportatiorof various cargos including
protein complexes and membrar®und organelles from the cell periphery towards

the centre of the cell during interphag®eckPetersonet al, 2018) The dynein motor
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complex is comprised of heavy, intermediate, light intermediate and light chain
polypeptides. Dynein light chain proteins are further split into three groups: the t
complexassociated family, the Roadblock family, and the LC8 féRfilsteret al, 2006)

LC8 proteins are highly conserved, 10 kDa elements of the dynein complex and bind
directly to the dynein intermediate chain. Humans have two isoforms of LC8: dynein
light chain 1 (DYNLL1/LC8) and dynein light chain 2 (DYNLL2/LC8b). These two proteins
shae >93% sequence identity, differing only in six of 89 resiqWatsonet al, 2001)
Although each protein is encoded by genes located on different chromosomes (12 and
17, respectively), knockit or knockdown of DYNLL1 causes embryonic lethality in
various animal modelficket al, 1996; Lightcagt al, 2009; Let al, 2015) suggesting
non-redundancy between the two mammalian paralogues, despite no clear functional
difference having been observed between the individual DYNLL1 and DYNLL2 proteins
(Radnaiet al, 2010) Some examples of target specificity have been suggested in the
literature (Puthalakatret al, 1999, 2001Dayet al, 2004) though many ligands show no
significant difference in binding affinity between the two proteins. It is worth noting,
however, thatDYNLL2 expression levels are generally redgdéechdoet al, 2012b)

though overall expression levels in different tissues can vary significantly, and the
transcriptional activator ASCIZ only regulates DYNLL1 expnéSuradoet al, 2012a;
Zaytsevat al, 2014) The notation of DYNLL1/DYNLLZ2 will be used throughout this work
to refer to the mammalian forms of the protein, with LC8 being used as a general term

for any LC8 family proteins including tBe melanogastenomologue.

5.3.2LC8 proteingxist apH-dependentdimers

Both DYNLL1 and DYNLLZ2, in addition to otheraheltacterised L&family proteins,
exist as dimers and both the apo and bound forms of each protein are symmetrical
structures. Each monomer consists of-atrand at the Nterminus followed by twa -
helices and a further four-strands(Lianget al, 1999) The dimer interface occurs along
the second and third of the four consecutivestrands at the @erminal end (Figure
5.3A, Figure 5.3BAt physiological pH, this protein exists as a dimer though it has been
widely observed that pH < 4.8 causes dissociation, resulting in a shift to a folded
monomeric form(Barbaret al, 2001) Interestingly, this pHiependent dimerisation is

unique to the LC8 family of dynein light chain proteifsishas since been identified to
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be caused by the protonation of a pdénsitive histidine residue at position 55 in the
protein chain which protrudes into the dimer interface from each sub(figure 5.3C)
(Nyarko et al, 2005) Additionally, phosphorylation has been identified to play a
significant role: a study involving vitro phosphomimetic mutants at position &8 the
protein chain (Ser88Glu) promotes dissociation of the dimer, shifting the equilibrium to
favour the folded monomeric form. This dimer dissociation eliminates a binding groove
essential for many LC8 family ligands, including intermediate chain psoti the
dynein complex, and may provide a mechanism for discriminating between different LC8
binding partnergSonget al, 2007, 208).

A

Figure5.3: Thestructure of the DYNLL1 dimer.

(A) Simplified schematic of secondary structure organisation of LC8 proteins, highlighting the
switchofi H YR i 0o FTNRBY SIOK Y2y2YSNXO O2Bdderof fight
from Makokha et al, 200 (B) he solutionstructure of theRattus norvegicuBYNLL1 symmetrical dim
Rainbow colouring is used to highlight the symmetry of the molecule: tterminus of each subunit
shown in blue, resulting in at€rminus shown in redC)The dimerinterfaceof the molecule includes
histidine residue at position 55, shown as sticks, which protrudes into the cavity. Images produc
PyMOL using NMR structure adapted from PDB ID: 1F3C.


































































































































































