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2. Summary

Serine/threonine kinases of the nuclear Dbf2-rdla(8iDR) family are highly
conserved throughout the eukaryotic world. Membefsthis kinase family are
implicated in various aspects of the regulatioraf division and cell morphology. It
has been shown that the function of several NDRdes is dependent on proteins of
the Mob (MPS one binder) family. MOB proteins arghy conserved throughout the
eukaryotic world as well, which indicates the extgte of a novel conserved signalling
pathway.

The current work focuses on the mechanism of aitiveof human NDR kinase by
the human MOB1 protein. hMOB1 directly activates RIby binding to the N-
terminal domain of NDR, thereby hMOBL1 acts as a&&;activating subunit of NDR
kinase. The binding induces the release of an mlitation caused by an
autoinhibitory sequence (AIS) and leads to incrégs®osphorylation of NDR kinase

on the two important regulatory phosphorylatioesiSer-281 and Thr-444.



3. General Introduction

3.1. Signal transduction

3.1.1. Overview

Cells in multicellular organisms communicate withck other to coordinate their
growth and differentiation, and the biological pgseses of a cell have to be performed
in a coordinated manner. Signalling cascades caniti#ed extracellularly (binding
of a ligand to a membrane receptor initiate a slggacascade, Karin and Hunter,
1995) as well as intracellularly (e.g. mitotic ckeaints, Elledge, 1996). Signals have
to be integrated to induce finally the proper pblegical response, so signal
transduction cascades consist in fact rather aforls than of simple linear pathways
(Bhalla and lyengar, 1999).

Classically, a signal transduction pathway is awéd by the binding of a ligand to its
receptor in the cell membrane, the receptor trazesslthe signal into the cell to other
signalling molecules, and finally, after transdantiof the signal over several steps,
the appropriate biological response is inducedé6agd Krebs, 1995).

The final targets of signal transduction cascadegtse regulation of gene expression
or the direct modulation of already existing enzgnue other cell components to
induce a biological response (Keegan and ZamotEsf8).

Signal transduction serves to respond to extrdeelkignals or to intracellular events
and leads to the regulation of cell growth and dalision, cellular metabolism, cell
morphology and cell differentiation (Abraham, 20QRnes and Kazlauskas, 2001;

Vaudry et al., 2002; Stachowiak et al, 2003; Famd McNeill, 2004; Knust, 2001).



3.1.2. Signalling molecules

There is a wide range of molecules that are inwbinesignal transduction cascades.
Receptor proteins serve to transduce a signal troteide the cell into the cell. The
binding of the appropriate ligand (in some casebkemtstimuli) induces a
conformational change of the receptor that resirtdransduction of the signal
(Janeway et al, 1989). This is achieved by sevemthanisms depending on the
receptor type: activation of kinase activity by enisation/oligomerisation and
autophosphorylation, recruiting of other moleculeshe receptor (receptor tyrosine
kinases, Taha and Klip, 1999, receptor serine/tlireo kinases, Lin et al, 1992),
association with other molecules (TNF receptorkeBand Reddy, 1996), release of
attached proteins (seven-transmembrane domainteese@asey and Gilman, 1988).
The most frequent signalling molecules are kinasésch phosphorylate either
tyrosine or serine/threonine residues. Tyrosined amrine/threonine kinases can
phosphorylate the next kinase in a signalling odecar other proteins and alter
thereby the structure and activity of these prateiyrosine phosphatases and
serine/threonine phosphatases are the counterpaftsthe kinases; they
dephosphorylate proteins (Hunter, 1995).

A more detailed discussion of the importance ofgphorylation/dephosphorylation
events and the structure of protein kinases wiljiven in the next sections.
Heterotrimeric G-proteins are the proteins assediawvith seven-transmembrane
domain receptors. TheoGas well as the @y subunits transduce signals. The-G
subunit has GTPase activity. It its GTP-bound siiate turned on and interact with
other proteins to transduce the signal, as sodadTas is hydrolysed to GDP theoG
subunit is turned off, this means it no longer iatés with the other molecule to

transduce the signal. Thea&ubunit also interacts with proteins that moduliéte



activity (GTPase activating proteins, guanine-notitke exchange factors) (Neer,
1995).

Monomeric GTPases are similar to tha-&bunit of heterotrimeric G-proteins; they
bind in the GTP-bound state to its effector moleswds well (Hall, 1992).

The hydrolysis of membrane constituents can gemersécond messengers.
Phospholipases  hydrolyse  phospholipids.  Phosplsdipa C  hydrolyses
phosphatidylinositol-3,4-bisphosphate and therebgegates the second messengers
(second messengers are small diffusible moleculesergted intracellularly in
response to extracellular stimuli) diacylglycerolh{ch activates PKC) and
inositoltrisphosphate (which induce a elevatiorhef intracellular C&- level). PLC's
are regulated by heterotrimeric G-proteins (BIS or by receptor tyrosine kinases
(PLCy) (Kapeller and Cantley, 1994). PLD hydrolyses pnadidylcholine to
phosphatidic acid (PA) and choline. PLA2 convers ® lysophosphatidic acid
(LPA). PA and LPA can serve as second messengassoflitch et al, 2000).
Sphingomyelinases hydrolyse sphingolipids to cedamand phosphatidylcholine.
Ceramide serves as a second messenger (Ohani@hanibn, 2001).
Phosphatidyinositol kinases phosphorylate the fabsing of phosphoinosits at the
D3 (PI-3-kinase) D4 (Pl4-kinase) or D5 (PI5-kinapekition. Pl-4 and PI-5 kinase is
required to generate Ptdins-4-5- P2, the substfa®:.C. The products of PI-3 kinase,
Ptd-3-4-P2, Ptd-3,4,5-P3 act as second messeri¢ggosl(er and Cantley, 1994).
Several other kinases with similarity to PI-3 kieagre known, and some of them
have, like PI-3 kinase, both lipid and protein ldeaactivity (Hunter, 1995).
Phosphatidylinositol phosphatases are the coumtsrpd the phosphatidylinositol

kinases (Myers et al, 1998).
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Adaptor proteins have no enzymatic activity; theyve to bring other signalling

molecules in close proximity to each other. Thalsation of a signalling molecule is
usually important for its activation (Pawson an@t§c1997).

cAMP and cGMP are second messengers. The levelhersh are regulated by

adenyl/guanyl cyclases (regulated by G-protein tElipeceptors, and the guanyl
cyclases also by nitric oxide) and cAMP/cGMP phasjésterases (Conti and Jin,
1999; Schlossmann et al, 2003). These second nggsseactivate the protein kinases

PKA and PKG, respectively.

3.2.  Protein phosphorylation:

Proteins get phosphorylated by the transfer of taphosphate group of
adenosintrisphosphate to the hydroxylgroup of tysserine or threonine. This
reaction is catalysed by two groups of enzymessiye kinases, which catalyse the
phosphorylation of tyrosine residues, and serinedthine kinases, which catalyse the
phosphorylation of serine and threonine residuesk{ 1983). As an exception, there
are also dual specific kinases known which can phos/late all three residues
(Becker and Joost, 1999) Tyrosine and serine bttine kinases show a high degree
of similarity, they seem to have evolved by divergevolution. Phosphorylation is a
reversible reaction. Protein phosphatases cat#iigstydrolysis of a phosphate group
from either tyrosine or serine/threonine residues & exception, also dual specific
phosphatases exist.) (Tonks and Charbonneau, M8 and Hemmings, 1995).
Tyrosine and serine/threonine phosphatases haoev alégree of similarity in their

primary structure; they seem to have evolved byeogent evolution.
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The phosphorylation/dephosphorylation of an amirid aresidue can alter the
conformation and thereby the function of a protdihe phosphorylation state of a
protein is first of all dependent on the activifytloe kinases and phosphatases that are

targeted against the phosphorylation sites of theem.

3.3. Classification of protein kinases

The human genome contains 518 kinase gens. Priieases are classified by
similarities of their catalytic domains in sevenimgroups. (Manning et al, 2002):
The AGC (containing PKA PKG and PKC families) group, the CAMK
(calcium/calmodulin-dependent protein kinase) groing STE (homologs of yeast
Sterile 7, Sterile 11 and Sterile 20 kinases) graipe CMGC (containing DK,
MAPK, GSK3 and_CK families) group, the CK1 (Casein kinase 1) grptipe TKL
(Tyrosine kinase like) group and the TK (Tyrosinaase) group. Most kinases fall
into one of these major groups. Closely relateds@s form kinase families, like the
NDR family, which consists of NDR1, NDR2, LATS1 ah@dTS2. Some kinases
have little or no sequence similarity to the kinasgperfamily. These kinases are

atypical protein kinases, for example DNAPK.
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3.4. Structure of protein kinases

The primary structures of the catalytic domainslbfkinases show a high degree of
similarities to each other. This indicates that@dimall protein kinases have a common
ancestor and was evolved by divergent evolutioncaBse of the similar primary
structure, it is expected that the overall thrematisional structures of all kinase
catalytic domains are similar. By X-ray crystallaghie, it was confirmed that the
overall three-dimensional structures of the kineealytic domains are similar (Hanks
and Hunter, 1995). The structure of the catalyiiendin of PKA as a model for
serine/threonine kinases is discussed below:

The catalytic domain of PKA is built of two lobeEhe catalytic site lies in the cleft
between these two lobes. The smaller, N-termirfa¢ Iecontaining subdomains I-1V)
forms a five-stranded antiparallel beta-sheet. Ttie is responsible for the binding
of Mg-ATP. The larger, C-terminal lobe (subdomaifiXl) consists mainly of alpha
helices. This lobe is responsible for substratelibmand catalysis.

The catalytic domains of kinases can be furtheiddiy into twelve subdomains. The
subdomains contain small regions with higher homyld he structural and functional

features of the subdomains are the following:

Subdomain I:

Subdomain | contains a beta strand-turn-beta straotf. The turn consists of the
consensus motif: Gly-X-Gly-X-X-Gly-X-Val, named thgycine rich loop. The beta
strands cover the alpha- and beta phosphates of Whike the glycine rich loop helps

to anchor ATP to the protein.
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Subdomain 11:

Subdomain Il consists of a beta sheet with a salpla helix towards the end. The
residue Lys-72 in the consensus motif, AXK, is @med in all kinases. This
subdomain is important for kinase activity by imteting with the alpha and beta

phosphates of ATP.

Subdomain 111:
Subdomain Ill consists of a large alpha helix. Tasidue Glu-91 is invariant, this
residue helps to stabilise the interaction betwkgs-72 and the alpha and beta

phosphates of ATP.

Subdomain IV:

Subdomain IV is a beta beta strand and containsvasiant residues.

Subdomain V:

This subdomain consists of a hydrophobic beta dtiarthe small lobe and a small
alpha helix in the large lobe connected by a chaitween them. The chain contains
the residues Glu-121, Val-123 and Glu-127, whiclp ke anchor Mg-ATP. Met-120,
Tyr-122, Val-123 contribute to a hydrophobic pocltett surround the adenine ring of

ATP. Glu-127 is in PKA important for substrate rgaoiion.

Subdomain VIA:

Subdomain VIA is a large hydrophobic alpha helixhwio invariant residues.

Subdomain VIB:

14



Subdomain VIB consists of two small hydrophobicabstrands and a loop between
them. The loop contains the invariant residues B&8p-and Asn-171 within the
consensus motif: D-X-K-X-X-N. This loop is known dise catalytic loop of the
kinase. The residue Asp-166 is the catalytic bdsheo enzyme, the acceptor of the
proton from the hydroxyl group of the serine orettmine from the substrate. Lys-168
is important for the neutralisation of the locabative charge of the gamma-phosphate
(This residue is usually replaced by arginine anale in tyrosine kinases). Asn-171
assists in the stabilisation of the catalytic laopl chelates Mg, while Glu-170 is

important for the stabilisation of the binding oT R and the substrate in PKA.

Subdomain VII:

This subdomain consists of a beta strand-loop-betand. It contains the consensus
motif Asp-Phe-Gly (DFG). Asp-184 is important fdret orientation of the gamma-
phosphate of ATP by chelating the fghat bridges the beta and gamma phosphate

of ATP.

Subdomain VII1I:

Subdomain VIII is a chain, which faces the cleftween the large and small lobe.
This chain contains the consensus motif Ala-Pro-(ARE). Glu-208 stabilises the
large lobe. This subdomain is important for sultetr@cognition. In PKA, Leu-198,
Cys-199, Pro-202 and Leu-205 contibute to a hydvbfhpocket that protects the
side chain of the hydrophobic residue at positidn ir the substrate consensus
sequence of PKA (RRXSY, Y is a hydrophobic aminim)acSubdomain VIl contains
the activation (or T-) loop. Many kinases are atn by phosphorylation of

threonine or serine in this loop (Thr-197 in PKA).
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Subdomain IX:
Subdomain IX is a large alpha helix. This helixngortant for the structure of the
kinase as well as for substrate recognition. IrarariAsp-220, this residue helps to

stabilise the catalytic loop in subdomain VIA.

Subdomain X:

This subdomain is a small alpha helix with no inmamaft residues.

Subdomain XI:
Subdomain Xl is build of a helix-loop-helix motNlearly invariant is the residue Arg-
280. 9 to 13 residues down of the invariant Arthes consensus motif His-X-aromatic

amino acid-hydrophobic amino acid.
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3.5. Regulation of serine/threonine kinases

3.5.1. Phosphorylation/dephosphorylation

Generally, kinases are regulated by phosphorylaiwh dephosphorylation of certain
threonine/serine and tyrosine residues. Phospltamglalters the conformation of the
kinases and thereby their activity. Phosphorylatian increase or decrease the kinase
activity of a kinase. In many kinases, an activgtphosphorylation site has been
mapped to the T-loop. Regulatory phosphorylatidesshave also been mapped at
other sites in the catalytic domain and in the caykterminal regulatory domain.
(Russo et al, 1996; Yang et al, 2002)

Some sites can be constitutively phosphorylateaerst change their phosphorylation
state. In some kinases, sites that are phosphionylsites in other kinases are replaced
with acidic residues (aspartate, glutamate), winakie a similar negative charge as
phosphate groups (Johnson et al, 1996). . The pboggation state of a kinase is
determined by the activity of kinases (upstreama&és or the kinase which

autophosphosphorylates itself) and phosphatases.

3.5.2. Subcellular localisation

The in vitro substrate specificity of different kises often overlaps. So the question
rises how these kinases can elicit their diffefenttions. An important aspect in this

context is the localisation of a kinase.

In the cell, the activity is also determined by thealisation of a kinase. Kinases have
to localise in close proximity to their upstreangutators, for example to receptors or

other membrane associated proteins. The modulafitme kinase by this proteins can

17



then in turn, a part from the alteration of theihaist, induce the translocation of the
kinase to another subcellular compartment.

The exact localisation of kinases then determiagsaft from the substrate specificity)
which substrates the kinase can phosphorylate fi@nf and Thevelein, 2002).

Kinases often form complexes with their modulatongl substrates.

3.5.3. Protein-protein interactions

Kinases are not only regulated by phosporylatiofiero they are regulated by
interaction with regulatory subunits. The bindinfy another protein can induce a
conformational change of the kinase and therebyaet or inactivate it. The
expression levels of the regulatory subunit carthiese cases regulate the kinase
activity, or the concentration of a low moleculagight ligand, for example GTP or
second messengers like %awhich bind to the regulatory protein and theraligrs

the interactivity of it with the kinase.

3.5.4. Second messengers
Second messengers are small diffusible molecubgsatie generated intracellularly in
response to extracellular stimuli. Second messemggulate the activity of kinases.
Four main mechanisms are known:

-Inducing the dissociation of an inhibitory sultufiom a kinase catalytic
domain, e.g. PKA, cAMP as second messenger (McKni91).

-Second messenger dependent association of arataayi subunit with the

kinase catalytic domain, e.g. CaM kinase<*@a second messenger (Nairn, 1990).

18



-Direct binding of the second messenger to thedéne.g. PKC, Gaand
diacylglycerol as second messsengers (Ron and Kazah999).

-Second messenger induced delocalisation, e.glisation of PKB by Ptd
Ins3,4-bisphosphate to the membrane (Meier and Hegan1999).
Some soluble low molecular weight regulatory molesware not produced in response
to extracellular stimuli, e.g. AMP that signals thetabolic state of the cell (Hardie et
al, 1998).
The diverse regulatory mechanisms (phosphorylatiegulation of the subcellular
localisation, protein-protein interactions and seteonessengers) can act together to

regulate a kinase.
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4. NDR serine/threonine kinase
The NDR (muclear-Dbf2-related) kinase was cloned from human fetal brain, D

melanogaster and C. elegans (Millward et al, 198B)R kinase belongs to a highly
conserved family of kinases, a subclass of the A@@ily of kinases (Manning et al,
2002). The NDR family of kinases includes mammalmatein kinases NDR1 and
NDR2, Drosophila melanogaster NDR/TRC, Caenorh&bdielegans Saxl,
mammalian, D. melanogaster and C. elegans largeuusuppressor (LATS) kinases,
Neurospora Cotl, Ustilago maydis UKC1, Saccharomyegevisiae Cbkl, Dbf2 and
Dbf20, Schizosaccharomyces pombe Orb6 and Sid2aandmber of plant kinases

(Tamaskovic et al, 2003).

4.1. Structure of human NDR kinase

The NDR serine/threonine kinase amino acid sequesiuzaws all the twelve
subdomains of the kinase catalytic domain (Hanks ldanter, 1995). NDR kinases
are most closely related to members of the AGCqgrolserine/threonine kinases.
However, the catalytic domain of NDR is interruptieg an insertion of about 30
amino acids between subdomain VII and VIII. Thisdrtion into the catalytic domain
is a special feature of NDR family kinases. Theeitisn is situated just in front of the
phosphorylation site in the activation loop. Thetdxminal regulatory domain is
another characteristic region of NDR family kinasEsis domain is highly conserved
among NDR family kinases. It was shown that a negidthin this domain could bind
directly to S100-C& binding proteins (Millward et al, 1998, Bhattacyeret al,
2003). Finally, the C-terminal extension containbraadly conserved hydrophobic
motif that is an important regulatory element witkthe AGC group of protein kinases

(Yang et al, 1999).
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Structure of Ndr protein kinase

kinase domain
insert

1 84 DFG \l APE 381 465

BN catavmc [ powan [HENNN

[N SR S YR R— [E— T S '/ B—

1 v va vib Vil ~VITIX X X

26/ \ .

SMA-domain KRKAETWKRNRRQLAF $281 T¥ GTPDYIAPE
440 £y Taaay kREHS
activation segment hydrophobic motif
(T-loop)

4.2. Relatives of NDR

4.2.1. NDR isrelated to members of the AGC-group of kinases

NDR is related to members of the AGC-group, likeAPRKB, PKG, PKCs, PRK,

p70-° kinase, p9B>* SGK and PDK1. Typically, AGC kinases have in coonnthe

position of the important phosphorylation site hie tactivation loop and the one in the

C-terminal regulatory domain, the hydrophobic meiié.

4.2.2. NDR family kinases

NDR is closely related to kinases found throughthet eukaryotic world (animals,

plants and fungi). The NDR related kinases cortstifukinase family, the NDR family

of kinases. These kinases all show a high conservaf at least a part of the N-

21



terminal domain, an interruption of the kinase it domain between subdomains
VIl and VIII, and a conservation of the regions rsunding the regulatory
phosphorylation sites. The members of the NDR fiam@ie more distantly related to
other kinases such as the Ghengis Khan (GEK) kinaS&IPK and MRCK, the
ROCK kinase and the budding yeast kinase RIM15.flihetion of NDR kinases has
been conserved over long evolutionary distanceflynavolving various aspects of

cell division and morphogenesis.

4.2.2.1 Sacchar omyces cer evisiae Cbk1

Cbk1 is the closest relative of NDR in S. cerewsidth an identity of the catalytic
domain of 59%. Cbk1l mutants show large aggregdtemseparated cells, the cells
are round instead of ellipsoidal, the apical growghdiminished and the budding
pattern is random instead of bipolar. (Racki eR@DO; Bidlingmaier et al, 2001). The
localisation of Cbkl is cell cycle dependent. Dgribud and mating projection
formation, Cbk1 localises to sites of polarisedvgioand cell wall remodelling, such
as the actively expanding cell cortex. During miit@txit, Cbkl moves to the bud neck
and to the daughter cell nucleus. The localisa®mell as the kinase activity of Cbkl
was shown to be dependent on several proteinddhata novel regulatory network.
This network is, on the one hand, responsible fier daughter cell specific nuclear
localisation of the transcription factor Ace2p, alhicontrols the expression of genes
important for the degradation of the septum, sushsewll and ctsl encoding
glucanase and chitinase. On the other hand, Cblthpsrtant for polarised apical
growth and mating projection formation, these fiortd are independent of the Ace2
transcription factor. The regulatory network treatontrolling these two functions has

been described as the RAM networke@Rlation of _Ae2p activity and cellular
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morphogenesis). The RAM consists of Cbkl, Mob2, alkattivator of NDR kinases,

Tao3, a 270 kda protein of unknown molecular fungtiHym1, a relative of human
MO25, the Ste20 like kinase Kicl and the leucimé-repeat containing protein Sog2.
All the components are required for Cbkl kinasavagt The localization to the

daughter nucleus of Cbk1-Mob2 depend on all otbergonents of the RAM-network
and all RAM components localize to sites of poldiggrowth and interact physically
(Nelson et al, 2003). The components of the RAMwoek are conserved throughout

the eukaryotic world.

4.2.2.2. Schizosacchar omyces pombe Orb6

Orb6 is the closest relative of NDR in S. pombegciatalytic domain is 58 % identical
to NDR. Orb6 was originally identified as one of d2b gens involved in cell
morphogenesis (Verde et al, 1995). S. pombe cualigls in the early G2 phase to
bipolar growth. The cells grow at the new tip thats formed by cell division (new
end take off, NETO). The bipolar growth continuegilumitosis. During these cell
cycle transitions, profound changes in the actinoskeleton occur, involving
formation of distinct actin patches at the growtips in interphase and the actin ring
during mitosis. Orb6 mutants loose growth polarizmd become spherical,
microtubules are disorganised and actin dots di$ech Furthermore, Orb6 mutants
enter mitosis earlier. On the other hand, an irseres the Orb6 levels delays mitosis
and maintains cell polarity. Taken together, Orb@eiquired to maintain cell polarity
during interphase and to promote actin reorgamisatfter mitosis and during
activation of bipolar growth.

Furthermore, Orb6 influences cell cycle progressigrdelaying the onset of mitosis.

This delay is dependent on Orb6 kinase activity] @mb6 affects the Cdc2 mitotic
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kinase (Verde et al, 1999). The localisation of ®gvotein changes during the cell
cycle. During interphase, it is localised at thdl ¢gps and during mitosis and
cytokinesis at the region of the developing septwmch is consistent with a role of
this kinase in polarised growth and cell divisiofe(de et al, 1999). Orb6 interact
physically and genetically with the Furry-like peot Mor2/Cps12 and the S.pombe

Mob2 protein (Hirata et al, 2002; Hou et al, 2003).

4.2.2.3. Sacchar omyces cer evisiae Dbf2 and Dbf20

Dbf2 and Dbf20 are the second closest relatived[@R kinase. Its catalytic domains
are 40% identical to human NDR kinase. Temperatansitive Dbf2 mutants arrest at
restrictive temperature at the end of anaphase \étge budded “dumbbell”
morphology, and their mitotic spindles are elondatich is indicative of incomplete
nuclear division (Johnston et al, 1990). The kinastvity of Dbf2 is cell cycle
dependent, with a maximal activity in anaphase, wb®f2 is localised to spindle
pole bodies (SPB or yeast centrosomes) (Toyn amtsion, 1994; Visintin and
Amon, 2001). The localisation of Dbf2 changes latemitosis, it moves to the bud
neck prior to actin medial assembly, consistenhwiite role of Dbf2 in cytokinesis
(Frenz et al, 2000). Dbf2 is part of a network dibsd as the MEN_(iitotic exit
network). The MEN is important for the inactivatiai mitotic cyclin dependent
kinases and for the completion of cytokinesis. (@aand Amon, 2001). The mitotic
exit network consists of the GTPase Tem1 and ithaxge factor Ltel (Shyrayama et
al, 1994), the polo like kinase Cdc5 (Kitada et1®93), the Ste20 like kinase Cdc15
(Surana et al), Dbf2 and Dbf20 (Toyn and Johnsi®94), the protein phosphatase
Cdc14 (Visintin et al, 1998), and Mobl (Komarnitsky al, 1998). The MEN is

inhibited by the Bub2 dependent spindle checkp@tesquet et al, 1999). The MEN
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gets activated after sister chromatid separatiorrasipleted. Tem1l binds to its
exchange factor Ltel, probably enabled by the pramnsf the Tem1 carrying spindle
pole body (SPB) to the daughter cell, where Tenthes in close proximity to Ltel.
This leads to localization of Cdc15 to this SPBdRawa et al 2001), and activation of
the NDR family kinase Dbf2 that is bound to MoblgMet al, 2001). Activation of
the MEN finally leads to the release of the protpimsphatase Cdcl4 from the
nucleolus (Shou et al, 1999), which then triggeit®tic exit by dephosphorylation of
Hctl and Sicl (Visintin et al, 1998). DephosphastaHctl binds to the anaphase
promoting complex APC, an ubiquitin ligase. The ARE&1 complex leads to the
destruction of mitotic cyclins, thereby inactivati©@dk (Zachariae et al, 1998). Sicl is
a Cdk inhibitor, and Swi5 is a transcription factesponsible for Sicl expression.
Sicl as well as Swi5 are activated by dephospaoyiglvisentin et al, 1998; Toyn et
al, 1997; Verma et al, 1997). Furthermore, the piokinase Cdc5 acts in a complex
way on MEN signalling: On the one hand, Cdc5 isunexgl for Dbf2 activity, on the
other hand, Cdc5 negatively regulate MEN signalliacfing upstream of Teml (Lee
et al, 2001).

In addition to mitotic exit, MEN proteins are aldoectly involved in cytokinesis. It
was shown that mobl mutants displayed cytokinesfeatl even under conditions
where mitotic exit was not disturbed. In these mtdgathe contractile ring at the bud
neck was present, but the ring failed to contraxt disassemble (Luca and Winey,

1998).

4.2.2.4. Schizosacchar omyces pombe Sid2
Sid2 is the S. pombe homologe of Dbf2. Its catalgthmain is 39% identical to that of

human NDR kinase. Sid2 mutants are defective intusepformation during
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cytokinesis (Balasubramanian et al, 1998; Sparla, d1999). Sid2 function in the SIN
(Septation_hitiation Network), a network that coordinates late mitotiecm®g with
cytokinesis (Mc Collum and Gould, 2001; Bardin axdon, 2001). The SIN consists,
a part from Sid2, of the small kinase activatort@iro Mob1 (Salimova et al, 2000),
the GTPase Spgl (Schmidt et al, 1997), the GTRas@a#ng proteins (GAP) Cdcl6-
Byr4, which negatively regulate the SIN (lwa andh§01998; Furge et al, 1998), the
Polo like kinase Plol (Ohkura et al, 1995), the28tlke kinases Cdc7 (Fankhauser
and Simanis, 1994) and Sidl with its activating sub Cdc14 (Fankhauser and
Simanis, 1993; Guertin et al, 2000), the phospleatdpl (Trautmann et al, 2001), and
the scaffold proteins Cdcll (Marks et al, 1992) &4 (Balasubramanian et al,
1998). The SIN is required for actomyosin ring ddoson and septum formation
after chromosome separation is completed. The 3ttems localize to the spindle
pole body, where Sid2-gets activated when sistesrohtide separation is completed.
The activated Sid2-Mobl complex translocates toat&@myosin ring prior to cell

separation (Sparks et al, 1999).

4.2.2.5. Fungal kinases Cot1/Ukc1/Tbh3

Neurospora crassa Cotl, Ustilago maydis Ukcl arite@dchum trifolii TB3 have
an identity of their catalytic domains of about 5@84uman NDR, and the regulatory
domains are well conserved. N. crassa, U. maydisCaririfolli are filamentous fungi
that grow by apical extensions of their hyphal.tipse hyphae branch and form a new
growing tip after elongation. In Cotl mutants, tengation of the hyphaes is
prevented and the hyphaes branch more frequengftine Cotl mutants grow slower

and form compact colonies (Yarden et al, 1992)tri@lii TB3 can complement N.
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crassa Cotl mutants (Buhr et al, 1996). Ukcl matar¢ not able to generate aerial

filaments during mating (Duerrenberger and Kronsi£99).

4.2.2.6. Plant NDR family kinases
Several NDR family kinases were identified in plgehomes, but their function was

not yet described.

4.2.2.6. Protozoan protein kinases
In Protozoans, NDR is conserved in Trypanosomaispebut not in other clinical
relevant species like Plasmodia. NDR related kinagere also discovered in Euplotes

(Tan et al, 2001).

4.2.2.7. LATSkinasesin mammalians and Drosophila

Drosophila and human LATS (Large tumour suppreskorjse posses a catalytic
domain which is about 55% identical to human NDR{ the regulatory important
regions of NDR (phosphorylation sites, N-terminairain) are less conserved than in
the other NDR family kinases. The N-terminal domairNDR is longer than that of
NDR, and it contains glutamine and proline rich 8ophila LATS) or proline rich
(human LATS) stretches. In these respects, the LRim&ses are similar to Cbk1l and
the fungal kinases Cotl, Ukcl and TB3.

Drosophila LATS/Wts mutants were isolated in a nmwsscreen designated to
discover overproliferation mutations that are letht early developmental stages
(Justice et al, 1995; Xu et al, 1995). Thereforotic recombination in somatic cells

was induced and thereby chimaeric animals with edoof mutated cells were
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obtained. Clones of homozygous Lats mutant cellermwoliferate and produce
spectacular outgrowths. Clones of Lats mutants@wad or spherical shaped, so the
cells of the imaginal discs have not divided omehis in the case of wild type
imaginal discs. Furthermore, Lats mutant cells hawealtered cell shape. Taken
together, loss of LATS/Wts function is lethal dgimevelopment and causes in
genetic mosaic clones overproliferation, disoridntell divisions and a change of the
cell morphology. In humans exist two close relativef Drosophila LATS/Wts,
hLATS1 and hLATS2/Kpm. LATSL1 kinase affects celbliferation. Transduction of
LATS1 into many tumor cell lines induces an inhduit of cell proliferation, and
ectopic expression of LATS1 specifically reduces tlyclin A and cyclin B protein
levels and thereby induces a reduction of CDK1vagtiwhich leads to growth arrest
in the G2/M phase. It can also promote apoptosithbyinduction of the Bax protein
level (Xia et al, 2002, Yang et al, 2001). Furthere) LATS1 was reported to affect
cytokinesis by the inhibition of LIMK1 (Yang et aR004). Human LATSL1 is
phosphorylated in a cell cycle dependent mannes; pghosporylated at late prophase
and throughout metaphase and gets dephosphorgatetphase. It was reported that
LATSL1 interacts directly with CDC2 in early mitosigien LATS1 is phosphorylated,
and thereby inhibits CDC2 activity directly (Taoadt 1999). LATS1 localises to the
centrosomes during interphase, translocates tonib@tic spindle during metaphase
and anaphase and to the midbody in telophase {Mista et al, 1999). Mouse LATS
knock out mice displayed impaired mammary glandettgpment, infertility, growth
retardation and the development of soft tissueosaas and ovarian stromal cell
tumors (St. John et al, 1999). Taken together, LAB@Sts as a tumor suppressor by
negatively regulating cell proliferation and by nutatting cell survival. Human

LATS2 kinase, an isoform of LATS1 kinase, negativBgulates cell growth by
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inducing G2/M arrest and apoptosis as well (Kamdeth al, 2003). LATS2 kinase
localises to centrosomes and is a phosphorylatigyet of Aurora-A kinase (Toji et al,

2004).

4.3. Localisation of NDR kinase

Human NDR1, which was overexpressed in COS-1 ogls, detected in the nucleus.
(Millward et al, 1995). By further localisation slies it was shown that NDR is not
primarily localised to the nucleus but rather @8isanembranes and the cytosol, and
endogenous NDR phosphorylated on threonine 444lecadised to membranes and
the cytosol (Bichsel, unpublished, see figure; ldgith et al, manuscript in
preparation).

A)

Localisation of Thr-444 phosphorylated, endogenous NDR in COS1 cells. A)
Localisation with anti-P-Thr-444 antibody. B) Control, competition with antigen

(T444-phosphopeptide).

4.4. Regulation of NDR kinase by phosphorylation:

While there is no physiological upstream signal wnoto stimulate NDR kinase

activity, NDR1 and NDR2 is potently activated irveiby treatment with the PP2A-

inhibitor okadaic acid. Okadaic acid treatment Q%1 cells leads to phosphorylation

of the activation segment site Ser-281/Ser-282 thedhydrophobic motif site Thr-
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444/Thr-442 (Millward et al, 1999; Stegert et 8002). These sites are also important
regulatory phosphorylation sites in other kinasésthe AGC group (Parker and
Parkinson, 2001). It was shown for the prototypi¢dbC kinase PKA that he
activation segment residue aligns in its phospladeg form the catalytic site of this
kinase, thereby generating an active kinase corgtom (Knighton et al, 1991). The
structure of PKB confirmed this role of the activation segmentdasi and defined
the function for the hydrophobic motif. The hydropic motif site, upon
phosphorylation, undergoes a series of interactioiis aB- and aC-helices of the
catalytic domain, thereby promoting disorder toesrttansition of this part of the
molecule. This transitions leads to restructerifgtiee activation segment and
reconfiguration of the kinase bilobal structure ifgaet al, 2002).

The activation segment site is an autophosphooylagite in vivo. Kinase inactive
NDR becomes not phosphorylated at that positios, kimase activity of NDR is
required for the phosphorylation of the activatsegment (Tamaskovic et al, 2003).
In most other AGC kinases, including PKB, p%9 SGK, p9&=¥ and PKC isoforms,
however, the activation segment site is phosphtaglay phosphoinositide dependent
kinase PDK1 (Belham et al, 1999). Some AGC kindsssome phosphorylated in
absence of PDK1 (PKA, PKE AMPK, MSK1 and PRK2) (Williams et al, 2000;
Balendran et al, 2000). NDR is not phosphorylatgdPBK1, neither in vivo nor in
vitro (Millward et al, 1999). This may be due tcetlfiact that the NDR sequence
surrounding the activation segment site is diffeierthe P+1 and P+2 position to the
highly conserved PDK1 consensus target site (Se#he-Cys-Gly-Thr-Xaa-
Asp/Glu-Tyr-Xaa-Ala-Pro-Glu, where Ser/Thr is thbogphoacceptor site and Xaa

stands for a hydrophobic residue). Taken togetBR is not targeted by PDK1 but it
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becomes efficiently autophosphorylated at the atibtm segment residue both in vivo
and in vitro.

Kinase inactive NDR become phosporylated on the rdpfibbic motif
phosphorylation site to the same extend as wilce tifDR in vivo. Thus, NDR
becomes phosphorylated by an upstream kinase. Théroghobic motif
phosphorylation site is conserved amongst almolstA@C group kinases. The
hydrophobic motif site of NDR is phosphorylated the Ste20 like kinase MST3
(Stegert et al, manuscript in preparation). Theelevisiae NDR relative Dbf2 was
shown to become phosphorylated by the Ste20 likada Cdcl5 (Mah et al, 2001),
and Kicl, a close relative of MST3, is part of tBbkl involving RAM-network
(Nelson et al, 2003). Furthermore, in S.pombe,Ste20 like kinase Sidl is placed
upstream of the NDR relative Sid2 (Guertin et 80@), and Pak1l genetically interacts
with Orb6 (Verde et al, 1998). Taken together, StdiRe kinases are likely to
accomplish the role to phosphorylate the hydrophohotif of NDR kinases. The
hydrophobic motifs of other AGC group kinases akely to be phosphorylated by
different kinases. For PKB, it was shown that DNépdndent kinase (DNA-PK) acts
as one of the hydrophobic motif upstream kinasesdFret al, 2004).

cd" is required for NDR kinase activation in vivo, d&jpn of C&" by the
intracellular C&'-Chelator BAPTA-AM leads to reduced phosphorylatioh the
activation segment- as well as of the hydrophobitifnphosphorylation sites. €a
bound S100B binds to an amphiphilic helical regainthe N-terminal domain of
NDR, and S100B binding increases NDR autophospatioyl as well as
transphosphorylation activity in vitro. (Millward al, 1998; Tamaskovic et al, 2003;
Stegert et al, 2004). NDR kinase is activated muenber of S100B overexpressing

melanoma cell lines (Millward et al, 1998). Givdretfacts that S100B is bound to
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OA-stimulated and unstimulated NDR and that andase of the Ca level by
treatment with calcium ionophores induces onlyighslactivation, CA/S100B may

be necessary, but not sufficient, for NDR activatio occur in vivo.

4.5. Expression of NDR1 and NDR2 kinase

In mammalians, two NDR isoforms exist, NDR1 and NDRhere seem to be no
obvious differences regarding the posttranslatioegiilation of these two kinases, but
they differ in their tissue specific distributioBy TagMan real-timePCR analysis, the
highest expression levels ofNdrl were observeth spleen, lung, thymus, brain, and
fat tissue, whereas Mdr2 expression was found mainly in the large and small
intestine,as well as in the stomach and testis. AssuminglainfiCR efficiencyfor
both reactions, Mdr2 appears to be the predominantly expressefbrm in mice.
These data suggest tissue-specific functadi$DR1 and NDR2 in mammals (Stegert

et al, 2004).

4.6. Substrates of NDR kinases
To date, no physiological substrate, neither of NKiRase nor of one of the other
NDR family kinases, has been discovered. NDR ig &blefficiently phosphorylate a

synthetic peptide with the sequence KKRNRRLSVA (#rd et al, 1998).
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Abstract:

Serine/threonine kinases of the nuclear Dbf2-rdla(BlDR) family are highly
conserved throughout the eukaryotic world. Membefsthis kinase family are
implicated in various aspects of the regulatioraf division and cell morphology. It
has been shown that the function of several NDRdes is dependent on proteins of
the Mob (MPS one binder) family. Mob proteins aighly conserved as well, and in
humans they constitute a group of seven relateip In the last couple of years, it
turned out that Mob proteins act as kinase actigasubunits for NDR family kinases,

similar to the role cyclins are playing in activagicyclin dependent kinases (Cdks).
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1. Introduction

NDR (nuclear Dbf2-relatedfinases constitute a family within the AGC group of
serine/threonine kinases (1). They all containlthsubdomains of the kinase catalytic
domain as described by Hanks and Hunter (2). Howelie NDR kinase structure
possesses unique features: First, their catalgticadh is interrupted by an insertion of
about 30-60 amino acids between subdomains VII:VBecond, the N-terminal
regulatory domain is unique and highly conservedmgrithe NDR family of kinases.
NDR family kinases are implicated in the regulatioh cell division and cell
morphology (3).

In 1998, Komarnitzsky et al have shown that S.\dsi®e Mobl interacts physically
and genetically with Dbf2, a yeast NDR family kiea@!). S. cerevisiae Mobl was
shown before to be an essential gene requiredhf@rcompletion of mitosis and
maintenance of ploidy (5). MOB proteins are highbnserved during evolution. In
the last couple of years, it has been revealedMi@B proteins play an important role
for the function of NDR family kinases. MOB proteimfluence the function of NDR
kinases in Saccharomyces cerevisiae, Schizosacoliees pombe and Homo sapiens.
In this article, we review the current knowledgeowaibthe important role MOB

proteins are playing in concert with kinases of XigR family.
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2. The M OB protein family

MOB proteins constitute a protein family of higldgnserved proteins; they are found
in vertebrates, insects, worms, fungi, plants aratogoans with an identity of the
amino acid sequences of at least 47 % (Fig.1)umdns, the MOB proteins diverged
in at least six isoforms: hMOB1A and B, hMOB2, hM848 B, and C. Furthermore,
another protein termed “phocein” is also closebhaterd to the MOB proteins (Fig.2).
This divergence is conserved in other mammaliaarisgns, for example mice, which
also possess MOB1, MOB2, MOB3 and phocein proteiif) an identity of the
amino acid sequences between 92 and 100% to tipeatese human isoforms.
Despite the high diversity of the MOB protein faynih mammalians, there was no
function known for these proteins until recentlyOB proteins also contain no known
functional domains. The part of the amino acid sege, which aligns well amongst
all MOB family members (amino acids 29-213 of hM@8lis referred to as the

Mobl Phocein domain (Pfam accession nr. PF03637).
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3. Functions of MOB proteinsin yeast:

3.1. S cerevisae

S. cerevisiae MOB1 was originally identified asessential yeast gene (6) and in a
yeast two-hybrid screen as an interactor with MRSdual specificity protein kinase
required for spindle pole body duplication and fime mitotic checkpoint (7).
However, further studies have shown that Mob1 spoesible for different functions
than Mpsl (5). Mobl acts in the mitotic exit netwdMEN) and in the control of
cytokinesis (8). The mitotic exit network consigié the GTPase Teml and its
exchange factor Ltel (9), the polo like kinase C@d®, the Ste20 like kinase Cdc15
(11), the Ndr-family kinases Dbf2 and Dbf20 (12 protein phosphatase Cdc14 (13)
and Mob1 (4). The MEN is inhibited by the Bub2 degent spindle checkpoint (14).
The MEN gets activated after sister chromatid s#par is completed. Tem1 binds to
its exchange factor Ltel, probably enabled by tamsport of the Teml carrying
spindle pole body (SPB) to the daughter cell, wAamm1 is then in close proximity to
Ltel (15). This leads to localization of Cdc15 istSPB (16), and activation of the
NDR family kinase Dbf2 that is bound to Mob1 (1Aktivation of the MEN finally
leads to the release of the protein phosphatas@é4Cidom the nucleolus (18), which
then triggers mitotic exit by dephosphorylation dfictl and Sicl (19).
Dephosphorylated Hctl binds to the anaphase pragpeomplex APC, an ubiquitin
ligase. The APC-Hctl complex leads to the destactf mitotic cyclins, thereby
inactivating Cdk (20). Sicl is a Cdk inhibitor, a®Wi5 is a transcription factor
responsible for Sicl expression. Sicl as well asi5Sware activated by

dephosporylation (19,21,22 ). Furthermore, the piite kinase Cdc5 acts in a
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complex way on MEN signalling: On the one hand, £crequired for Dbf2 activity,
on the other hand, Cdc5 negatively regulate MENallgng, acting upstream of Tem1
(23).

In addition to mitotic exit, MEN proteins are aldoectly involved in cytokinesis. It
was shown that mobl mutants displayed cytokinesfeats even under conditions
where mitotic exit was not disturbed. In these mt#athe contractile ring at the bud
neck was present, but the ring failed to contrau disassemble (8). The MEN
components Dbf2 and Mobl are localized to the deiqble body (SPB) during
anaphase but subsequently move to the bud neclsistemt with their role in
cytokinesis (24). The localization of Dbf2 and Moisldependent on the activity of
the protein phosphatase Cdc14, which is high wheatimexit is completed (8,25).
Taken together, Mob1 and the NDR family kinase Déf@ important components of
signalling networks required for exit from mitosiad the completion of cytokinesis.
Mob1 is required for the kinase activity of Dbf2dabinds directly to Dbf2 (4,23). In
vitro, Mobl and the Ste20-like kinase Cdcl5 arefigaht to promote the
phosphorylation of the activation segment site &&¥-and the hydrophobic motif site
Thr-544. Cdc15 alone does not efficiently phosplateyDbf2 (17).

S. cerevisiae Mob2 is 90% identical to Mobl. Mohg&iacts with the NDR family
kinase Cbk1 (26), the closest relative of human Nirse. Cbkl has two different
functions: it is important for the maintenance ofgpized cell growth and is required
for cell separation (27). Cell separation, the ddgtion of the septum after
cytokinesis, requires the transcription of genestroied by the Ace2 transcription
factor (28. Cbk1 kinase activity is required foreRedependent transcription. Mob2 is
required for the kinase activity as well as for glater-cell specific localisation of

Cbk1l (29,30). The control of polarized growth, ome tother hand, is Ace2-
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independent. During polarized growth, Cbkl and Mddx&lise interdependently to
the bud cortex, while they localize to the bud neokl the daughter nucleus late in
mitosis. Cbk1l kinase activity is cell cycle depemgleéhe activity is high in G1, low
after release from G1, high during budding and maxilate in the cell cycle when the
cells are large budded, consistent with the roléMob2-Cbk1l in mating projection
formation and cell separation. The Cbk1-Mob2 nekwisr connected to the MEN
network, since signalling from the MEN is required nuclear localization of Cbk1-
Mob2. (30). Other components of the network, whielgulates Ace2 dependent
transcription, and the maintenance of polarizedmfnowere discovered. The RAM
network (Regulation of Ae2p activity and cellular anphogenesis) consists of Cbkl,
Mob2, Tao3, a 270 kda protein of unknown molecfleaction, Hym1, a relative of
human MO25, the Ste20 like kinase Kicl and the ifedch repeat containing
protein Sog2. All the components are required fdskIC kinase activity. The
localization to the daughter nucleus of Cbk1-Molepehds on all other components
of the RAM-network and all RAM components localizesites of polarized growth
and interact physically (31). The components of BR%®M network are conserved
throughout the eukaryotic world.

3.2. S. pombe:

In S. pombe, the components of the MEN and RAM aigrg networks are well
conserved. S. pombe Mob1 is required for the itndaof medial ring constriction and
septation. Mob1l localizes to spindle pole bodigsughout mitosis and to the cell
division site later in mitosis. It interacts withet NDR family kinase Sid2, a close
relative of S. cerevisiae Dbf2. Sid2-Mob functiam the SIN (&ptation _hitiation
Network), a network that coordinates late mitotiemg with cytokinesis (32,33). The

SIN consists, a part from Sid2 and Mobl, of the &3&° Spgl (34), the GTPase
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activating proteins (GAP) Cdc16-Byr4, which negelywregulate the SIN (35,36), the
Polo like kinase Plol (37), the Ste20-like kinasgdc7 (38) and Sidl with its
activating subunit Cdc14 (39, 40), the phospha@ipé (41), and the scaffold proteins
Cdcl1l (42) and Sid4 (43). The SIN is required fotomyosin ring constriction and
septum formation after chromosome separation is pbeted. The SIN proteins
localize to the spindle pole body, where Sid2 gatsvated when sister chromatide
separation is completed. The activated Sid2-Mobinmex translocates to the
actomyosin ring prior to cell separation (44). Rodetailed review of SIN and MEN
signalling, see reviews (45-47). Mobl is essent@l Sid2 kinase activity and
localization and binds directly to the N-terminalnaain of Sid2 (48), a region that is
highly conserved amongst NDR-family members.

The serine/threonine kinase Orb6 is the closestivel of human NDR and budding
yeast Cbkl in S. pombe. Orb6 is important for naamng the cell polarity and for the
coordination of cell morphogenesis with the celtley Reduction of the Orb6 level
leads to loss of polarized cell shape and to nsitatlvance, while overexpression of
Orb6 delays mitosis by affecting th&guic2 mitotic kinase. The delay is dependent on
Orb6 kinase activity. Orb6 localizes to the cepstiduring interphase and to the
division site during mitosis (49). Orb6 geneticallyteracts with the Tao3/Pagl
relative Mor2/Cps12. Mutation of Mor2/Cps12 resuttdost of cell polarity, the same
phenotype as the Orb6 knock-down, and a G2 delay,olaserved by Orb6
overexpression (50). The methyltransferase Skbichwis implicated in cell cycle
control, the control of the coordination of cellcty progression with morphological
changes and in hyperosmotic stress response,dtgavih Orb6 (51). Skb1 as well as
Orb6 genetically interact with the S. pombe p2ivateéd kinase Pakl/Shkl (49,51).

Skbl affects the localisation of Orb6 (51). The NEdnily kinase Orb6 interacts
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genetically and physically with Mob2. The phenotypg Mob2 mutants and Mob2
overexpression are identical to the ones desciie@rb6 (52). Mob2 binds directly
to the N-terminal domain of Orb6 (48), a domaint tisahighly conserved in all NDR

family kinases.

Taken together, Mob proteins in budding and fissywast are components of
important signalling networks, which are involvedthe coordination of the cell cycle
with cell morphology. Mob proteins interact dirgctvith NDR-family kinases and

they act as activating subunits of these kinases)as to the role cyclins play in

regulating cyclin dependent kinases.
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Fig.3: Conserved components of the RAM, Orb6 and NDR pathway in S.
cerevisiae, S. pombe and H. sapiens. Cbk1/Orb6/NDR kinase binds to Mob proteins.
This interaction is important for kinase activatiénSte20 like kinase (Kicl/MST3) is
supposed to be responsible for the phosphorylatighe hydrophobic motif site. The

Tao3/Mor2/hFURRY proteins act most likely as schalifog proteins.
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4. Role of Mob in other organisms:

Proteins related to the components of the MEN, 8id RAM networks are well
conserved throughout the eukaryotic world. It isrétiore likely that similar networks
exist in other organisms. In human cells, NDR k&nphysically interacts with MOB
proteins. MOB proteins function as kinase activ@tsbunits of human NDR kinase
(53, 54). To date, nothing is published about & for MOB proteins in cell cycle
regulation and cell morphology in mammalians, itseand nematodes. But
preliminary results in our lab point to a role tbe MOB regulated kinase NDR in the
control of the cell cycle and cell division: NDRtaity and phosphorylation of its
hydrophobic motif site Thr-444 is tightly cell cgctegulated. Activity and Thr-444
phosphorylation increases at the G1/S boundary pedists until mitosis and
cytokinesis. Mouse embryonic fibroblasts deriveaiirNDR1 knockout mice display
severe proliferation defects, including delayednernmto S-phase accompanied by
reduced expression of cyclin A, and deceleratecsist Elimination of NDR2 in
mouse embryonic fibroblasts from NDR1 knockout nleads to an exacerbation of
the proliferation blocks, extensive cell death aadaccumulation of polyploid and
multinucleated cells, which is due to cytokinesisfedts. (R. Tamaskovic et al,
manuscript in preparation.). Human Mobl was foumndbé localized to centrosomes
(55). These data indicate that mammalian MOB pnsteby regulating NDR kinase,
may have a similar role as the yeast MOB protainthé regulation of the cell cycle
and cell division.

The protein kinases LATS (large tumor suppress@hd LATS2 are members of the
NDR family of kinases as well; they localize to thetotic apparatus and the

centrosomes, respectively, and are involved inrdwulation of the cell cycle and
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apoptosis (56-60). Furthermore, LATS1 localizeghe actomyosin contractile ring
during cytokinesis, and colocalizes with and binds LIM kinase 1. LATS1
knockdown affects cytokinesis (61). But to dategréhis no genetic or physical
interaction between LATS and Mob proteins reported.the other hand, Drosophila
Lats kinase was shown to be in a pathway with Hif§»64), a Ste20 like kinase
related to human MST2 and MST1. MST kinases aratedlto the MEN, SIN and
RAM kinases Cdcl5, Sidl and Kicl. But confusinglty,was shown that hippo
phosphorylates a part of the Drosophila Lats kirthagis not conserved in any other

NDR family kinase (62).
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5. Mechanism of activation of NDR kinase by MOB proteins.

NDR kinases belong to the AGC group of serine/thi® kinases. Human NDR1 and
NDR2 are activated by phosphorylation of the atiorasegment site, Ser-281/282,
and the hydrophobic motif site in the C-terminahwon, Thr-444/442 (66,67). The
activation segment site is autophosphorylated, evttile hydrophobic motif site is
phosphorylated by a not yet identified upstreamage(68). The signals that activate
NDR kinase are not yet known. Treatment of cellthwhe protein phosphatase
inhibitor PP2A induces activation of NDR kinase ,@8. Activation is in vivo
dependent on &§ and the C&-binding protein S100B binds to a sequence in the N
terminal domain and activates NDR kinase in vig8,69).

It is shown that the human Mob proteins MOB1A, M@B4nd MOB2 interact with
NDR kinase 1 and 2. The interaction of MOB1A witbbRl is dependent on okadaic
acid induced modification of MOB1A (54) MOB1A and®B2 stimulate NDR kinase
activity. (53, 54). MOB1A bind to the N-terminal mhain of NDR, the SMA (800
and MOB asociation) domain (54). The SMA domain is highlynserved among
NDR family members which interact with MOB, and tBepombe NDR kinases Orb6
and Sid2 interact with Mob proteins through thehtexminal domain as well (48)
Highly conserved residues within the N-terminal @damare essential for NDR
activity and interaction with MOB (54). A 30-60 amoi acid insert between
subdomains VII and VIII interrupts the kinase domai all NDR family kinases.
These insert act autoinhibitory, since the mutatainthis AIS (aito inhibitory
sequence) mutation leads to kinase activation iroviNDR with mutated AIS has a
kinase activity similar to wild type NDR stimulatdy MOB1A, and it cannot be

significantly further stimulated by addition of MQB. These indicate that MOB1A
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acts by inducing a conformational change that leanlsthe release of the
autoinhibition. Furthermore, the AIS mutant hasaragrom the increased kinase
activity, an increased phosphorylation of Thr-4é4vivo (54). The release of the
autoinhibition therefore facilitated phosphorylatiby the Thr-444 upstream kinase.
Interestingly, it is known for the S. cerevisiae RiEamily kinase Dbf2 that binding of
Mob1 facilitates phosphorylation by the Ste20 kkease Cdc15 (17).

NDR kinase phosphorylated on the hydrophopic nsitéf Thr-444 is localised mainly
to the cytoplasm, and hMOB1A and hMOB1B is foundniyain the cytoplasma as
well, while hMOB2 localises to the cytoplasm analeus. All of these three hMOB
isoforms co-localise with NDR in the cytoplasma atdcertain sites at the plama
membrane. Nuclear targeted NDR1 recruits hMOB1 e tucleus. The co-
localisation is dependent on the ability of NDRbind to hMOB1, since a NDR form
mutated on a residue that is important for MOB Migdis important for co-
localisation. Membrane targetting of NDR activatd¢DR kinase activity
constitutively, and overexpression of hMOB1 furtiBEmulates NDR kinase activity.
Membrane targeting of hMOB1 leads to recruitmentN&iR kinase to the plasma
membrane and rapid stimulation of NDR kinase atgtishd phosphorylation on Ser-
281 and Thr-444. These data suggestravivo model for NDR activation through
rapid recruitment to the plasma membrane by hMOBteums (Hergovich et al,
manuscript in preparation).

The three dimensional structure of hMob1A has be#wed by X-ray cristallography
(70) and the one of the closely related Xenopus M®B nuclear magnetic resonance
(71). The core structure of these MOB proteins msof a four-helix bundle that is
stabilized by a bound zinc atom. The N-terminalixhelf this bundle is solvent

exposed and forms together with adjacent seconddrycture elements an
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evolutionary conserved surface. This surface isatregly charged and may interact
with basic regions of NDR. Interestingly, S. cesta® Mob1l mutations that affect the
biological function of Mob1 are localized on thigface, either affecting its charge or
structure. For example, the acidic residue Glu-d63. cerevisiae Mobl is changed in
mutants that are unable to interact with Dbf2, Hredcorresponding conserved residue

Glu-50 is situated on the negatively charged serfadiMOB1 (70,71).
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Fig4d. Model of NDR activation. A) Inactive state: Ser-281 and Thr-444
dephosphorylated by PP2A, insert in the catalytemdin prevents Ser-281
phosphorylation, MOB is perhaps bound to anothetgimm X and, therefore, cannot
bind to NDR. B) OA-induced modification of MOB erab MOB to interact with the
N-terminal domain of NDR. C) MOB binding inducesnémrmational change of
NDR, thereby releasing the autoinhibitory effect thfe insert. This increases
autophosphorylation and the kinase activity of NIRosphorylation of T444 by an

upstream kinase leads to a fully activated kinase.
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6. Concluding remarks

Mob proteins act as kinase activating subunitskfoases of the NDR family. They
are involved in pathways that are important for ¢berdination of cell division with
the cell cycle as well as for the regulation of pelarity. Many questions concerning
the role of a possible MEN- or RAM- like network inammalian cells remain to be
answered. Further investigation of these netwanksnammalian systems is required
for a better understanding of mammalian cellulasldgy. This could open new
possibilities for drug development. NDR kinases amigracting proteins may be
involved in tumor development: NDR1 mRNA is upreggald in highly necrotic and
progressive ductal carcinoma in situ of the brg@s€IS) (72), and NDR kinase
activity is elevated in several melanoma cell li(@3). NDR2 mRNA is upregulated
in the highly metastatic non-small cell lung cancefl line NCH-H460 (73). The
MRNA encoding human Mob2 is upregulated in hepédiidee carcinomas (53,74).
These findings suggest a role for NDR protein kinasthe regulation of cancer cell

morphology and migration.
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6. Aim of the study

The human serine/threonine kinases NDR1 and NDBR2n@mbers of the AGC group
of kinases. Human NDR kinases belong to a kinaselyahat is highly conserved
throughout the eukaryotic world. Members of thisdde family are implicated in the
regulation of cell morphology and the cell cycleaffaskovich et al, 2003). In S.
cerevisiae, signalling networks (RAM, MEN), implicay the NDR kinases Cbkl1 and
Dbf2, were discovered (Nelson et al, 2003, Bardid Amon, 2001). The components
of these networks are highly conserved proteinswaf. The aim of the work
presented herein was to further elucidate the atitir mechanism of NDR kinase.
Based on the high conservation of the components®@RAM and MEN networks,
we investigated the effect of hMOB1, a conserveatgin whose yeast relatives are
part of the RAM and MEN signalling networks, on NIXRase activity. Thereby we
developed a new model for the activation mechandnNDR kinases by MOB
proteins, which act as kinase activating subuitsthermore, we further refined the
phosphorylation mechanism of NDR, showing that NIBRohosphorylated on the
activation segment site by autophosphorylation amdhe hydrophobic motif site by

an upstream kinase, and that both phosphorylaimn€4'- dependent.
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7. Results
7.1 Mechanism of Activation of NDR kinase by the hM OB1 protein
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Summary

NDR (nuclear_[bf2-related) kinase belongs to a family of kinases ihdtighly
conserved throughout the eukaryotic world. We shlibpeeviously that NDR is
regulated by phosphorylation and thezbhinding protein S100B. The budding
yeast relatives oHomo sapiens NDR, Cbkl and Dbf2, were shown to interact
with Mob2 (Mps e binder 2) and Mobl, respectively. This interactian i
required for the activity and biological functiof these kinases. In this present
study, we show that hMOB1, the closest relativeyefst Mobl and Mob2,
stimulates NDR kinase activity and interacts witbRlbothin vivo andin vitro.
Point mutations of highly conserved residues witthie N-terminal domain of
NDR reduced NDR kinase activity as well as hMOBadimmg. A special feature
of NDR kinases is an insert within the catalytierdon between subdomains VI
and VIII. A sequence within this insert shows ahhizasic amino acid content in
all kinases of the NDR family known to interact wwiiOB proteins. We show
that this sequence is autoinhibitory, and our dad&cate that binding of h(MOB1

to the N-terminal domain of NDR induces the releafsthis autoinhibition.
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I ntroduction

NDR kinasé belongs to a highly conserved family of kinasesuhclass of the
AGC (protein kinase A, G and C) group of kinase®)1The NDR family
consists of the mammalian protein kinases NDR1 &HdR2, Drosophila
melanogaster NDR, Caenorhabditis elegans SAX1, mammalianD. melanogaster
and C. elegans large tumour suppressor (LATS) kinaségurospora crassa
COT1, Udtilago maydis UKC1, Saccharomyces cerevisiae Cbkl, Dbf2 and
Dbf20, Schizosaccharomyces pombe Orb6 and Sid2, and several plant kinases
(1,2). These kinases share a high sequence cotisanand some possess
conserved functions, mainly involving regulationagfl morphology and the cell
cycle (2-15).

The kinase domain sequence of NDR is related tbodhather members of the
AGC group of kinases, e.g. PKA, PKG, PKCs, PRK, $70p90** and PDK1
(1). NDR contains all 12 subdomains of the kinaasgalgtic domain as described
by Hanks and Hunter (16). However, the catalytimdms of all members of the
NDR family are interrupted by an insert of 30 60 amino acids between
subdomains VII and VIII. This inserted sequencenas well conserved but is
always rich in the basic amino acids arginine aygink. The catalytic domain
insert has been shown to act as a non-consensleantacalisation signal in the
case of NDR1: NDR1 localises predominantly to theleus in COS1 cells,
whereas mutant NDR1 with a deletion in the insefbcalised to the cytosol (17).
A further special feature of NDR-family kinases as highly conserved N-
terminal domain. In the case of NDR1, this domainsists of 81 amino acids and
encompasses a region predicted to form an ampiuphihelix that binds to the

EF-hand C& binding protein S100818). Finally, the C-terminal extension of
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NDR kinase contains a broadly conserved hydropholuitf phosphorylation site
that is an important regulatory site within the AG@up of protein kinases (19).
NDR kinase is efficiently (20 to 100-fold) activdtepon treatment of cells with
the PP2A inhibitor okadaic acid (OA). OA treatmérduces phosphorylation of
the activation segment site Ser-281 and the hyaroighmotif site Thr-444 (20).
We have shown that Ser-281 is autophosphorylatbéremas Thr-444 is targeted
by an as yet unidentified upstream kinase. Bottssitre crucial for NDR activity
in vivo andin vitro. NDR activation is Cd dependent, as shown by treatment of
COS1 cells with the Gachelator BAPTA-AM, which abolishes NDR activation.
It has been shown that the EF-hand’Ganding protein S100B binds to the N-
terminal domain of NDRn vivo andin vitro and that C&/S100B activates NDR
in vitro. S100B induces increased autophosphorylation or2&ke During
investigations of the mechanism of S100B-inducetb@hosphorylation, a third
autophosphorylation site, Thr-74 in the N-termidamain, was discovered (21).
This site is also crucial for NDR activation, sint® mutation to alanine affected
NDR activityin vivo.

The results of several recent studies indicate eelnoconserved signalling
pathway involving NDR kinase family members. It hheen shown inD.
melanogaster that NDR genetically interacts with FURRY, a 300&protein of
unknown function (22). Ir& cerevisiae, the FURRY relative Tao3/Pagl lies on
the Cbkl pathway. Furthermore, Tao3/Pagl and Chidract physically and
their localisation is interdependent (23). 3nh pombe, the FURRY-like protein
Mor2/Cps12 interacts physically with Orb6, tBepombe NDR orthologue (24).
The FURRY-like proteins are conserved in mammabs, anus, it is likely that

other proteins interacting genetically and/or pbgy with S. cerevisiae Cbkl or
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Dbf2 also play a role in the NDR kinase family padly in higher eukaryotes.
Most of these proteins are fairly well conservetighout evolution.

S cerevisae Mobl is a member of the mitotic exit network (ME(?p, 26). Dbf2
associates with Mob1, and Mobl1 is required for phosylation and activation of
Dbf2 (27).S. cerevisiae Mob2, a close relative of Mobl, is a member of @k 1
pathway. Mob2 is required for the biological fuectiof Cbk1 in mother/daughter
separation after cytokinesis and maintenance oér{ald cell growth. Mob2
associates physically with Cbk1, and Cbk1 kinaswiacis dependent on Mob2.
Furthermore, Mob2 and Cbkl show interdependent ligatoon (28, 29).
Similarly, S pombe Mob2 interacts physically with the protein kina3e6 and is
required for Orb6 function in the coordination @flgoolarity with the cell cycle
(30). Multicellular organisms possess highly conedrMOB proteins. hMOB4d
shares a sequence identity/similarity of 50/65%h 8t cerevisiae Mob2 and of
57/78% withS pombe Mobl. The human MOB protein family consists of two
almost identical proteins, hMOBland hMOBZJ, (Gi8922671 and 27735029)
sharing a sequence identity/similarity of 95/97%nare distantly related protein,
hMOB2 (Gi 38091156) that is 41/60% identical/simita hMOBIa, three other
related proteins, hMOBA@, 3 andy, (Gi18677731, 41350330 and 3809115) with
an identity/similarity of about 50/73% to hMOB] and the weakly similar
protein phocein (Gi41349451) that is 24/45% ideaitggmilar to hMOB. Since
the nomenclature of MOB proteins in the databaseather confusing, we use the
above terminology based on homology as also praposeently by Stravridi et
al. (31). To date, no functional domains have kdentified in MOB proteins and

the hMOB proteins have no known functions. It hasrbshown that the MOB
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relative phocein interacts with the PP2A regulatsgpunit striatin and with
proteins involved in vesicular traffic (32,33).

Here, we characterise the interaction of hM@B1he closest relative of yeast
Mobl and Mob2, with human NDR kinase. We show thsOB1 binding is
dependent on the N-terminal domain of NDR and HMOB1 stimulates NDR
kinase activity bothin vivo and in vitro. Furthermore, we show that a basic
sequence within the insert in the catalytic don@itNDR has an autoinhibitory
function and that hMOB1 may stimulate NDR activity releasing the

autoinhibitory effect of this sequence.
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Experimental procedures

Cell culture — COS-1 cells were maintained in Dulbecco’s modifiedgle’s
medium containing 10% FCS, 100 U/ml penicillin &k@D pg/ml streptomycin.
Cells were transfected at the subconfluent stagh Wigene-6 transfection
reagent (Roche) according to the manufacturer’struogons. In some
experiments, the cells were treated for 60 min wigtM OA in 0.1% N,N-
dimethylformamide (DMF) or 5uM BAPTA-AM in 0.1% DMSO 48 h after

transfection.

Plasmids — Mammalian expression vector pCMV5 encoding HA-tah§OR1
was described previously (21). pCMV5-hMQdB Wwas constructed by PCR using
the Image clone 4854541 (BG 754693) as templatetang@rimers 5 GGG GTA
CCA CCA TGG AAC AGA AAC TCA TCT CTG AAG AGG ATC TGAGCT
TCC TCT TCA GCA GCC GCT C3 and 5'GCT CTA GAC ATTAT CTG
TCT TTT GAT CCA AGT TTC TCT ATT AAT TCT TGA AGA GG3 and
subcloned into the Kpnl and the Xbal sites of tieetor. pGex2T-hMOB1 was
constructed by PCR using the primers 5’CGG GAT CG&T TCC TCT TCA
GCA GCC GCT C3' and 5'CCG CTC GAG CAT TTA TCT GTCIT TGA
TCC AAG TTT CTC TAT TAATTC TTG AAG AGG3’ and subched into the
BamH1 and Xhol sites of the vectéior the bacterial production of NDR protein
kinase, NDR2 was fused to a capsid-stabilising gmobf lambdoid phage 21
(SHPY. The cloning details and vector maps are availapten request. pPCMV5
HA-NDR1 and pSHP-NDR2 point mutations were generat®m wild-type

vectors using the QuickChange site mutagenesisog@bt(Stratagene) and
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appropriate primers (primer sequences upon requestuences of all plasmids

were confirmed by DNA sequencing.

Antibodies — Anti-Ser-281P and anti-Thr-444P antibodies weredascribed
previously (21). Anti-Thr-74P rabbit polyclonal adrum was raised against the
synthetic peptide AHARKET(PO4)EFLRLK. The 12CA5 (HAnd the 9E10
(myc) monoclonal antibody hybridoma supernatantsewsesed for detection of
HA-NDR and myc-hMOB1. Anti-GST-NDR polyclonal antily was as

described previously (17).

Western blotting — To detect HA-NDR, SHP-NDR and myc-hMOB1, samples
were resolved by 10% or 12% SDS-PAGE and transfend®VDF membranes.
Membranes were blocked in TBST (50 mM Tris-HCI p#3,7.50 mM NaCl and
0.05% Tween-20) containing 5% skimmed milk powded avere then probed
overnight at 4C with anti-GST NDR rabbit polyclonal antibody, 12& (HA)
monoclonal antibody supernatant, 9E10 anti-myc mlomal antibody
supernatant, anti-Thr-444P, anti-Ser-281P or ahti-7AP. Bound antibodies
were detected with horseradish peroxidase-linkembrsgary antibodies or, for
detection of myc-hMOB1 in HA-immunoprecipitationgjth HRP-conjugated

Protein A/G, and ECL.

Bacterial expression of human-GST-fused hMOB1 and -SHP-fused NDR2 — XL-1
blue E. coli was transformed with the pGEX-2T-hMOB1 plasmid. Mid
logarithmic phase cells were induced with 0.1 mMopi®wpyl B-D-

thiogalactopyranoside (IPTG) overnight at@0 Bacteria were disrupted using a

67



68

French press in the presence of 1 mg/ml lysozyniethe fusion proteins were
purified on glutathione-agarose. SHP-NDR2 wild-tyyel mutant plasmids were
transformed into XL-1 blue E. coli and the protgiroduced as described for

GST-hMOB1 and purified on Ni-NTA Sepharose.

HA-NDR kinase assay- Transfected COS-1 cells were washed once witlcade -
PBS and harvested in 1 ml ice-cold PBS containingM. NgVO,4 and 20 mMVB-
glycerolphosphate before lysis in 5QDof IP buffer (20 mM Tris-HCI pH 8.0,
150 mM NacCl, 1% Nonidet P-40, 10% glycerol, 1 mM3¥a@s;, 20 mM [3-
glycerolphosphate, UM microcystin-LR, 50 mM NaF, 0.5 mM PMSF, iM
leupeptin, and 1 mM benzamidine. Lysates were degéd at 20000 g for 20
min and duplicate aliquots (254y) of supernatant were precleared with protein
A-Sepharose for 60 min and mixed subsequently fdr & 4°C with 12CA5
antibody prebound to protein A-Sepharose. The beats then washed twice
with IP buffer, once for 10 min with IP buffer caiming 1 M NacCl, again for 10
min with IP buffer, and finally twice with 20 mM BHCI pH 7.5 containing 4
UM leupeptin and 1 mM benzamidine. Thereafter, beaele resuspended in 30
ul buffer containing 20 mM Tris-HCI pH 7.5, 10 mM M, 1 mM DTT, 100
UM [y-**P]JATP (~1,000 cpm/pmol), JuM cAMP-dependent protein kinase
inhibitor peptide, 41M leupeptin, 1 mM benzamidine, M microcystin-LR and
1 mM NDR1 substrate peptide (KKRNRRLSVA). After &0in incubation at

30°C, the reactions were processed as describepsty (21).

SHP-NDR kinase assay — 1 pg purified recombinant SHP-NDR wild type and

mutants (without further treatment or pre-autophosplated in the presence of

68



69

10 uM GST-hMOBL1 or GST) were assayed in aiB@eaction mixture containing
20 mM Tris-HCI pH 7.5, 10 mM MgGJ 1 mM DTT, 100uM [y-**P]ATP (~1,000
cpm/pmol) and 1 mM NDR1 substrate peptide (KKRNRRBS  After
incubation at 30°C, reactions were processed andski activity determined as

described for the HA-NDR kinase assay.

Immunoprecipitations- COS-1 cells transfected with HA-NDR wild type or
mutants and myc-hMOB1 were harvested as describedea Cell lysate protein
(0.5 mg) was precleared with protein A or G Sepbarand mixed subsequently
for 3 h at 4°C with 12CA5 antibody prebound to pintA Sepharose or with
9E10-antibody prebound to protein G Sepharose. Bdsgls were then washed
twice with IP buffer, once with IP buffer contaigiiM NaCl, once again with IP
buffer, and finally twice with 20 mM Tris-HCI pH ¥ containing 44M leupeptin
and 1 mM benzamidine. Samples were resolved by $P6-PAGE and myc-

hMOB1 and HA-NDR detected by western blotting.

GST pull down — 25 pg aliquots of GST or GST-hMOB1 were incubated with
gluthathione Sepharose for 2 h 8C4 The beads were washed three times with
TBS and then Jug aliquots of SHP-NDR wild type or mutants were ediind
incubated for 3 h at °€. The beads were washed five times with TBS,
resuspended in 30l 1xSDS sample buffer and the samples resolved 2% 1

SDS-PAGE. NDR bound to GST-hMOB1 was detected bsteva blotting.
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Results

hMOB1 activates NDR in COSL cells as well as in vitro — Previous work by
other groups has shown in yeast that Mob1l and Mwb2equired for the activity
of the NDR-related kinases Dbf2 and Cbk1, respebti{26, 27). To test whether
hMOBL1 also plays a role in NDR activation, we cosfected myc-hMOB1 or the
empty vector with HA-NDR1 into COS1 cells. The sellere treated with the
PP2A-inhibitor OA. OA is, to date, the only knowntent activator of NDRnN
vivo (20, 21) and it has been shown that yeast Mobbrhes phosphorylated
after OA treatment (27). The kinase activity of inmmoprecipitated HA-NDR1
was stimulated 35-fold by a 45-minuM OA treatment (Fig. 1A). Coexpression
of myc-hMOBL1 induced a further two- to three-foldciease in NDR kinase
activity (Fig.1A). At the 45 min OA time point, HNDR1 coexpressed with
myc-hMOB1 was stimulated 100-fold compared to thatwl. This indicates a
role for hMOB1 in NDR activation. To test whetheM@B1 acts directly on
NDR, we performedn vitro kinase assays of bacterially expressed SHP-NDR2 in
the presence of GST-hMOB1 or GST. We used NDRZrforitro experiments
because it can be readily produced in sufficienoams. NDR2, which is 86%
identical to NDR1, has been shown to be regulatetheé same way as NDR1
(34). Furthermore, we confirmed with NDR1 produ@e&f9 cells that wild-type
NDR1 behaves vitro similar to NDR2 with respect to hMOB1 (data notwsin).
GST-hMOB1 stimulated SHP-NDR2 autophosphorylatithow two-fold (data
not shown). Furthermore, SHP-NDR2, which was pre@hwsphorylated in the
presence of GST-hMOBL1, has an up to sixfold hidgtiease activity against the

NDR substrate peptide than SHP-NDR pre-autophogfdtied in the presence of
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GST (Fig. 1B). These results show that hMOB1 habrect, positive effect on
NDR kinase activity. We tested the effect of hMO@1ithe phosphorylation state
of the NDR phosphorylation sites Thr-74, Ser-28d &nhr-444 (Thr-75, Ser-282
and Thr-442 in the case of NDR2; the phosphorytatsites of NDR2 were
recognised by phosphospecific antibodies generagainst the corresponding
phosphorylation sites of NDR1). SHP-NDR2 phosphaiigh on the

autophosphorylation sites Ser-282 and Thr-75 waghtl}l increased, whereas
Thr-442 of SHP-NDR2, which is known to be targellgdan upstream kinasa

vivo, showed no autophosphorylation (Fig. 1B).
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Figure 1
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Fig. 1. hMOBL1 stimulates NDR kinase activity. A) HA-NDR was cotransfected with myc-hMOB1
or the empty vector and treated for the indicated times with 1 ¢M OA. 12CA5 immunopr ecipitates
were then assayed for kinase activity. Also shown is the expression of HA-NDR and myc-hMOB1
in the total cell lysates. B) GST-hMOBL1 or GST were added to bacterially-expressed SHP-NDR2
and autophosphorylation reactions performed for the indicated times. After autophosphorylation,
half of the reaction was added to a mixture containing *P-ATP and NDR substrate peptide to
perform kinase assays. The other half was stopped with SDS sample buffer and resolved on a 10%

DSgel for western blots with phosphospecific antibodies.
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hNDR1 interacts with hMOB1 - To investigate whether hMOB1, the closest
relative of yeast MOB2 and MOBL1 in mammals, is ablenteract with NDR1,
epitope-tagged NDR1 and hMOB1 were cotransfectéal @OS1 cells. In co-
immunoprecipitation of myc-hMOB1 with HA-NDR1 (FigA), as well as in co-
immunoprecipitation of HA-NDR with myc-hMOB1 (Fig2B), hMOB1
associated with NDR1. The protein level of myc-hMOBras dramatically
increased upon OA stimulation, whereas myc-hMORBhgfected without NDR1
was present at similar levels in OA-treated andaatéd cells. We did not address
the molecular basis of this phenomenon. The kirthessed mutant with mutated
catalytic lysine in the ATP binding site, K118A, svatill able to interact with
hMOB1 after OA stimulation (Fig. 2A). Thus, theenction was not dependent
on NDR kinase activity. Furthermore, we tested Wwhethe two important in vivo
phosphorylation sites of NDR, Ser-281 and Thr-444, well as a recently
identified in vitro autophosphorylation site, Th4;7play a role in NDRMOB
interaction. The NDR mutants S281A and T444A stiteracted with hMOB1
after OA stimulation, while the T74A mutant showadthost complete absence of

interaction with hMOB1 (data not shown).

NDR-hMOBL1 interaction depends on OA-induced modification on hMOB1,
while phosphorylation of NDR is not required — Myc-hMOB1 interacted with
HA-NDR1 in OA-treated COS1 cells, but it was natarl whether OA acted just
by increasing the myc-hMOBL1 protein level or whet@&-induced modification
of NDR1, hMOB1 or both promoted the interaction.aduress this question, we
transfected HA-NDR1 and myc-hMOB1 separately int®@S2 cells and

stimulated them with UM OA or left them unstimulated. We then pooled the
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lysates (NDR1+ OA with hMOB1 + OA) and immunoprecipitated with-HA
antibody. In the two combinations containing myc®Bll of OA-treated cells,
myc-hMOB1 strongly associated with HA-NDR, regasdleof whether the HA-
NDR was expressed in OA-treated or unstimulateds.célyc-nMOB1 from
unstimulated cells showed only a weak interactiath iHA-NDR from both
unstimulated and OA-stimulated cells (Fig. 2C). 3huOA-induced
phosphorylation of NDR is not required for interantbut hMOB1 modification
is necessary. Furthermore, GST-hMOB1 was phospiteqyl by
immunoprecipitated HA-NDR. The phosphorylation o8TGhMOB1 increased
three- to fourfold when HA-NDR was immunoprecipaatfrom OA-stimulated
COS1 cells. However, phosphorylation of GST-hMOBdsvalso observed when
kinase dead HA-NDR was immunoprecipitated (Fig..2@)e conclude that a

kinase that co-immunoprecipitates with NDR is abl@hosphorylate h(MOB1.

74



Figure 2
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Fig. 2. NDR interacts with hMOB1. A, B) HA-NDR, wild type and kinase dead (kd), and myc-
hMOB1 were cotransfected into COSL cells and the cells treated with OA prior to lysis. A) HA-
NDR was immunoprecipitated and the co-immunoprecipitated myc-hMOB1 detected. B) myc-
hMOBL1 was immunoprecipitated and the co-immunoprecipitated HA-NDR detected. C) HA-NDR
and myc-hMOBL1 were transfected separately into COSL cells and the cells treated with OA or
solvent alone prior to lysis. Lysates of OA-stimulated and unstimulated cells containing HA-NDR1
and lysates of OA-stimulated and unstimulated cells containing myc-hMOB1 were combined. HA-
NDR was immunoprecipitated from these combined lysates and co-immunoprecipitated myc-
hMOBL1 was detected. D) HA-NDR wild type and the kinase dead mutant K118A were transfected
into COSL cells and the cells treated for 60 min with 1 1M OA or the solvent alone prior to lysis.
HA-NDR was immunoprecipitated out of 1 mg lysate protein. HA-NDR kinase reactions were
performed for 2 h with 10 M GST-hMOB1 or GST instead of the NDR substrate peptide. The
reactions were resolved on a 10% SDSPAGE and the incorporated *P visualised with a

Phosphorlmager.
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The highly conserved N-terminal domain of NDR is required for kinase
activation — The N-terminal regulatory domain of NDR kinase igghty
conserved in the closest relatives of NDR througtibe eukaryotic world (Fig.
3A). Several residues are completely invariantughmut evolution from single
cell organisms to humans. This prompted us tothestunctional significance of
these residues with respect to NDR kinase actiiiytations of highly conserved
residues induced strong inhibition of OA-stimulatedase activity (Fig 3B). The
first part of the N-terminal domain covering amiacids 1 to 33 and containing a
predictedB-sheet in hNDR proved to be important for kinastvation. Deletion
of the first 30 amino acids completely abolishedakie activation (data not
shown). Point mutations in this region stronglyueeld kinase activity: mutation
of Thr-16, Glu-18 and Glu-28 reduced activity tmab40%, whereas mutation of
Lys-24 and Tyr-31 reduced activity to about 20%.tMion to alanine of Arg-41,
Arg-44 or Leu-48, all of which lie in a predicteidst a-helix covering the amino
acids 40-55 and are situated close together orsdahee side of the predicted
helix, reduced kinase activity to below 20% of wijghe activity. Mutation of
residues in a predicted secom¢helix situated in the previously described S100B
binding region of NDR and covering amino acids @0aso led to inhibition of
kinase activity. Mutation of Lys-72, Glu-73, Thry7#rg-78 and Leu-79 to
alanine reduced kinase activity to 20% or lowelkelratogether, the results imply
that the high conservation of the N-terminal domé&inther termed SMA_(800B
and MOB Association) domain, is due to an absolute requinenw the
conserved residues for proper kinase function,eeithy ensuring the correct
structural conformation of the protein or beingedity involved in the binding to

interacting proteins.
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Figure 3
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Fig. 3. The N-terminal SMA domain of NDR is essential for kinase activity. A) Alignment of the
N-terminal domain of NDR and its relatives. Numbering based on NDRL. B) Relative kinase
activities of HA-NDR1 point mutants from OA-stimulated COSL cells. The kinase activities of HA-
NDR and the indicated mutants were measured. The data are a summary of three experiments
(mutants amino acids 16-31, 40-60 and 61-79). NDR wild type was stimulated 20- to 30-fold by
OA in these experiments. The activities of the NDR mutants were compared to the activity of wild-
type NDR in each experiment. Smilar expression levels of NDR wild type and mutants were

confirmed in each experiment by HA-western blotting.
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The SMA domain isrequired for NDR-M OB interaction — Thr-74, which was
previously shown to be important for NDR kinaseidist and interaction with
S100B, also turned out to be required for NDRIOB1 interaction in COS1
cells. Therefore, we investigated the involvemdrthe conserved residues of the
SMA domain in NDRhMOB1 interaction. Cotransfection of HA-tagged NDR
mutants and myc-hMOB1 and subsequent co-immungptatton of myc-MOB
with HA-NDR revealed that several of the conservedidues important for
kinase activation are also required for NBIRIOB1 interaction (Fig. 4A-C). Tyr-
31, Arg-41, Thr-74 and Arg-78 seem to be absolutelyuired for interaction,
while the Lys-24, Arg-44 and Leu-79 mutants displhyeduced interaction. Only
three of the mutants with a strongly reduced kirsavity (Arg-48, Lys-72, Glu-

73) showed no decrease in ability to bind hMOBL1.
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Figure 4
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Fig. 4. The SMA domain of NDRis required for NDR-hMOB.1 interaction. HA-NDR N-terminal
point mutants and myc-hMOB1 were cotransfected into COS1 cells that were treated with OA
prior to lysis. HA-NDR mutants were immunoprecipitated and co-immunoprecipitated myc-
hMOBL1 was detected. A) Point mutants amino acids 16-31, B) point mutants amino acids 40-60,

C) point mutants amino acids 61-79.
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Tyr-32 of NDR2 kinase is essential for activation by hMOBL1 in vitro — The
residues Tyr-31, Arg-41, Arg-44, Thr-74 and Arg-QT8BNDR1 were shown to be
important for kinase activation and interactionhMtMOB1 in COS1 cells. We
examined whether these residues are involved dirgcthe interaction of NDR
and hMOBL1 or indirectly by influencing interactiomsth other proteins in the
cells. We used bacterially-produced SHP-NDR2, wige and the mutants
Y32A, RR4245AA, E74A, T75A and R79A (correspondioghe NDR1 mutants
Y31A, RR4144AA, E73A, T74A and R78A), together WBET-hMOB1 protein
to perform in vitro kinase assays to measure thectieffect of hMOB1 on NDR
kinase activity (Fig. 5A). Mutation of Glu-74, asidue that affects kinase activity
but not interaction with hMOB1 in COS1 cells, led teduced kinase basal
activity in vitro. This very highly conserved Glu-74 seems to havengortant
intrinsic role for the function of NDR kinase, atigh it is not involved in the
binding to hMOB1. Mutation of residues Arg-42 andgAl5, which lie on the
same side of a predictea-helix and whose mutation affects NBRVIOB1
interaction as well as kinase activation in COSlIlscéed to a reduction in kinase
activity in vitro but did not completely abolish the activation by®B1. NDR
with mutated Tyr-32 showed an intact basal kinas&ity but was not activated
by hMOBL1 at allin vitro, pointing to an important role for this residuetire
direct interaction with hMOBL1. Activation of the B& and the R79A mutants by
hMOB1 was not different to wild-type NDR, suggesgtithat Thr-75 and Arg-79
are not directly involved in binding to hMOB1 ana dot affect the kinase
activity of NDR per se. Furthermore, pull-down assays showed that NDRB wi
mutated Tyr-32 does not bind to hMOB1, while the@dog of NDR2 with
mutated Arg-42 and Arg-45 is not abolished (Fig).5B
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Figure 5
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Fig. 5. Influence of SMA domain mutants on the in vitro kinase activation of NDR by hMOB1
and the NDR-hMOBL interaction. A) 1 ug wild-type SHP-hNDR2 and the indicated mutants was
pre-autophosporylated in the presence of 10 4/M GST-hMOBL1 or GST for 2 h. The reactions were
subsequently mixed with )*?P-ATP and NDR substrate peptide and incubated for 60 min to
determine the NDR peptide kinase activity. B) 25 pg GST or GST-hMOB1 was incubated with 20
M gluthathione Sepharose for 2 h at 4 C. The beads were washed three times with TBSand 5 1g
SHP-NDR wild type and mutants were then added and the mixture incubated for 3 h at 4 <C. The
beads were washed five times with TBS resuspended in 30 g 1x DS sample buffer and the
samples resolved by 12% SDS PAGE. Bound NDR was detected by western blotting using the anti-

NDR antibody.
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The insert in the catalytic domain acts as an autoinhibitory sequence — A
common feature of the NDR family of kinases is lasert in the catalytic domain
of 30-60 amino acids between subdomains VIl and.Mlhe insert sequence is
not highly conserved, but contains in all cases ynaositively charged amino
acids. Therefore, we tested the importance of themsitive residues for NDR
activity and NDR-hMOBL1 interaction. Mutating the sequence amino 21&65-
KRKAETWKRNRR-276 to amino acids 265-AAAAETWAANRR-B7increased
both kinase activity and phosphorylation of Thr-3ér-281 and Thr-444 in COS1
cells (Fig. 6A, B), but did not affect NDRIOB binding (data not shown). To test
whether this insert sequence has an autoinhibifornction, we produced
recombinant SHP-NDR2 insert mutant and testechitgtro activity. NDR with
the mutated insert sequence had a four- to six€dtdgated basal kinase activity,
similar to hMOB1 stimulated NDR2, proving that thesert sequence is
autoinhibitory. Moreover, NDR2 with a mutated antubitory sequence (AIS)
was only slightly, about 1.5-fold, stimulated by @®1. Furthermore, we
examined the effect of the combined mutation of-3%rand the AIS. Mutation of
Tyr-32, which abolishes binding of hMOB1 to NDRddiot affect the activity of
the AlS-mutant NDR2, and the AIS Y32A mutant was activated by hMOB1
(Fig. 6C). Altogether, these results indicate thsOB1 binding induces the

release of the autoinhibition caused by the AlS.
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Figure 6
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Fig. 6. Mutation of the insert in the catalytic domain activates NDR kinase. A) Kinase activity of
HA-NDR insert mutant. The amino acid sequence 265 KRKAETWKRNRR 276 was mutated to 265
AAAAETWAANRR 276. HA-NDR, wild type and insert mutant were expressed in COSL cells and
the cells treated with OA or solvent alone, as indicated. HA-NDR was immunoprecipitated and
NDR kinase activity against the NDR substrate peptide measured. B) Western blots showing the
expression levels (anti-HA western blot) and the phosphorylation states of Thr-74, Ser-281 and
Thr-444. C) In vitro kinase activity of NDR insert mutant. 1 pg SHP-NDR2 wild type, insert
mutant (AlS=autoinhibitory sequence) and insert mutant with mutated Tyr-32 were pre-
autophosphorylated in the presence of 10 ¢/M GST-hMOBL1 or GST for 2 h. Reactions were mixed
with ~**P-ATP and NDR substrate peptide and incubated for 60 min to determine NDR kinase

activity.
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The Ca?* chelator BAPTA-AM reduces NDR-MOB interaction in cells, but
the action of hMOB1 on NDR in vitro is Ca**-independent — Previously, we
showed that treatment of COS1 cells with thé*@aelator BAPTA-AM reduces
OA-induced NDR kinase activation (21). Therefore t@sted whether treatment
of COS1 cells with BAPTA-AM influences NDRIMOBL interaction. In co-
immunoprecipitation of myc-hMOB1 with HA-NDR of BARA- and OA-treated
cells, BAPTA-AM reduced NDRhMOB1 interaction corresponding to the
observed reduction in NDR kinase activation (Fi@\).7Therefore, we tested
whether C4' influences the action of h(MOB1 on NDRvitro. Addition of C&”

to NDRin vitro kinase assays, in the presence or absence of GI®Bh, had no
effect on NDR kinase activity (Fig. 7B). Thus ‘Cdas no direct influence on

NDR-hMOB1 interaction.
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Figure 7
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Fig.7. Ca®* depletion of COSL cells reduces NDR-hMOBL1 interaction but Ca*" has no direct
role in NDR-hMOBL interaction A) HA-NDR1 and myc-hMOBL were cotransfected into COSL
cells and the cells treated with BAPTA-AM and OA or the solvents alone, as indicated. HA-NDR
was immunopr ecipitated and the co-immunopr eci pitated myc-hMOBL1 detected. The kinase activity
of the HA-NDR immunopr eci pitates was measured in a peptide kinase assay.

B) 1 1g SHP-NDR2 was pre-autophosphorylated for 2 h in the presence of 10 1M GST-hMOBL or
GST at 0, 10, 100 and 1000 M Ca?*. Zero Ca®* was achieved by the addition of 2 mM EGTA to
the kinase reactions. The reactions were subsequently mixed with y*?P-ATP and NDR substrate

peptide and incubated for a further 60 min to deter mine the peptide kinase activity of NDR.
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Discussion

We found that NDR kinase is activated by and imesravith hMOB1in vitro and
in COS1 cells. MOB proteins, similar to NDR famikinases, are highly
conserved throughout the eukaryotic world. h(MOBthesclosest relative of yeast
Mob1l and Mob2. The yeast NDR family kinases Dbfd &bkl were both shown
to interact with yeast Mobl and Mob2. The finditgitt hMOB1 activates and
interacts with NDR supports the existence of a lgigtonserved signalling
pathway. The interaction of NDR and hMOB1 in CO8llscincreased when cells
were treated with OA. We have shown that intermctd NDR1 and hMOBL1 in
cell lysates depends on an OA-induced modificaibhMOB1 but not of NDR.
A possible explanation for this is that hMOBL1 igjsestered by interaction with
another protein and hMOBL1 is released upon OA rireat and interacts with
NDR. Therefore, the observed activation of NDR by @ay not be due solely to
direct inhibition of Ser-281 and Thr-444 dephosptation and activation of the
pathway leading to Thr-444 phosphorylation, bubdls an increase in hMOB1
interaction with NDR. The observed phosphorylatioh GST-hMOB1 by
immunoprecipitated wild-type and kinase dead HA-NDRuggests that OA
stimulates a kinase that phosphorylates hMOB1 suidl & complex with NDR. It
is conceivable that this phosphorylation is respgmeador the binding of NDR to
hMOB1 in COS1 cells. There is now a need to idgntie phosphorylation sites
on hMOBL1 and the kinase that phosphorylates hMOB&. showed previously
that NDR activation depends on“t#21). Treatment of COS1 cells with the’Ca
chelator BAPTA-AM led to a decrease in NBffVIOB interaction. However,

C&* had no effect on hMOB1-stimulated NDR activityvitro. Therefore, C&
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may be required for MOB modificatioim vivo but it plays no role in the direct
activation of NDR by MOB.

Several residues within the N-terminal SMA domailQ0B and _MDB
association domain) of NDR are important for NERMMOBL1 interaction and for
the kinase activatiom vivo. On the other hand, only one of these residues, Ty
32, proved to be important for interaction with audivation by hMOBIin vitro.

In contrast, it has been shown by NMR studies Xhédevis MOBL1 interacts with
a synthetic peptide covering the S100B bindingaegf NDR (35). This region
also contains residues Thr-74 and Arg-78, which engortant for NDR
activation and interaction with hMOBIn vivo. Furthermore, the previously
resolved crystal (31) and NMR (35) structures of@Bla andX. laevis MOBL1,
respectively, revealed that MOB1 has a negativélgrged, exposed potential
interaction surface. Thus, it is likely that pogly charged residues of the NDR
SMA domain, such as Arg-78, are involved in thesiattion with hMOB1 but
that its mutation is not sufficient to disrupt irgetion with NDR undern vitro
conditions. The residues Arg-41 and Arg-44, whighdn the same side of a
predicteda-helix, may also participate in the interaction bwir mutation is not
sufficient to disrupt the interactiam vitro. Mutation of Tyr-32, however, might
disrupt the overall structure of the SMA domairerttby disabling the interaction
with hMOBL1, or Tyr-32 of NDR might interact diregtivith hMOB1.

Although the sequence of the insert in the kinaatalgtic domain between
subdomains VII and VIl is not well conserved betmeNDR and the yeast
kinases Cbkl and Dbf2, they all have a sequende avitigh basic amino acid
content. Since this sequence is located just intfad the activation segment
phosphorylation site, the question arises of wireihéhas a regulatory role.

Mutation of the basic residues in this insert lekinase activation both in cells
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and in vitro, showing that the sequence acts autoinhibitoryeiVNDR with
mutated AIS was mutated on Tyr-32, a residue esdeftr NDR-hMOB1
interaction, unstimulated kinase activity was nfie@ed. This points to a new
mechanism of kinase activation: binding of MOB magluce a conformational
change that leads to release of the autoinhibittmused by the AIS.
Crystallographic studies of MOB-bound and —unboNR would be required to
test this model. It is noteworthy that phosphoiglatof the hydrophobic motif
site Thr-444 of the NDR AIS mutant in COS1 cellsaincreased. Thus, the
release of autoinhibition also facilitated phosptetion by the hydrophobic motif
upstream kinase. In accordance with this, it wagested previously that binding
of yeast Mobl to Dbf2 enables the Ste20-like kin@slel5 to phosphorylate
Dbf2 (27).

It has been shown that the autoinhibitory sequerate as a nuclear localisation
signal in COS1 cells in the case of NDR1 (17).dast, Mob2 is important for the
localisation of the NDR relative Cbkl (28, 29). i possible that the
conformational change induced by hMOB1 also infaesnNDR localisation and
this will be addressed in future studies. It wilb@ be interesting to examine
whether other members of the MOB family (hMOBJS3, hMOB2, hMOB3
a,B,y) act as kinase activatois vivo. During preparation of this article, it has
been reported that hMOB2 interacts with NDR1 andR20rom Jurkat cells and
that h(MOB2 stimulates NDR kinase activity (36).

S100B, a previously described activator of NDR;asstitutively bound to NDR
in cells independent of OA stimulation (21). S100Ry constitutively maintain
the correct conformation of the SMA domain. It leen shown recently that the
NDR-derived S100B-binding peptide adopts its h¢koaformation after binding
to S100B (37). A high concentration of S100B intaier cell types, for example
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melanoma cells (18), may thus lead to constitufied¢vated NDR activity. MOB
proteins, in contrast, may transmit a signal byctihation of the MOB protein
level during the cell cycle, as was reported foc&evisiae Mob1 (38), and/or by
post-translational modification of MOB that prometihe interaction with NDR,

as we have suggested for the mechanism of OA-iNER kinase activation.
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7.2. Mechanism of Ca?" -mediated regulation of NDR1 and NDR2 through
autophosphorylation and phosphorylation by an upstream kinase
In this section, | present the results which wardéhe basis of the publications by

Tamaskovic et al and Stegert et al (see sectign 10.

7.2.1. NDR1 is phosphorylated on the activation segment site Ser-281 by
autophosphorylation, while the hydrophobic motif site Thr-444 is
phosphorylated by an upstream kinase

NDR1 kinase is efficiently phosphorylated in vivpam okadaic acid treatment on
the activation segment site Ser-281 and the hyaroiphmotif site Thr-444.

To examine the mode of phosphorylation of thesesphorylation sites, HA-
NDR phosphorylation site mutants, kinase dead HARNKIL18A and wild type
HA-NDR were transfected into COS-1 cells. The COE&ells were treated with
1uM OA prior to lysis. HA-NDR, wild type and the muis were
immunoprecipitated and the kinase activity measuMdtation of Ser-281 as
well as of Thr-444 reduces NDR kinase basal agtiés well as the OA-
stimulated activity (A). Western blot analysis wighosphospecific antibodies
revealed that Thr-444 is phosphorylated independeMDR kinase activity; the
kinase dead NDR mutant is phosphorylated on Thr-@#the other hand, Ser-
281 phosphorylation is dependent on NDR kinaseiagtithe kinase dead mutant
is not phosphorylated on Ser-281 (B). We can catelthat the activation
segment site Ser-281 is phosphorylated by autopioogiation, while the

hydrophobic motif site Thr-444 is phosphorylatedamyupstream kinase.
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NDRL is phosphorylated on the activation segment site Ser-281 by autophosphorylation, while
the hydrophobic motif site Thr-444 is phosphorylated by an upstream kinase in vivo. A) COS1
cells expressing either wild-type HA-NDRL or the indicated mutants were treated for 1 h with 1
LM OA or with solvent alone. HA-tagged NDR kinase mutants were then immunoprecipitated (of
250 g detergent extracts) and assayed for kinase activity by a peptide kinase assay. B) 1ug of
protein extracts from transfected COS1 cells was immunblotted with 12CA5 to verify similar
expression level of each HA-NDR construct (top panel). For analysis of the phosphorylation
status, 12CA- immunoprecipitated HA-NDR1 variants were analysed by immunoblotting with
phosphospecific antibodies directed against phosphorylated Ser-281 or phosphorylated Thr-444

(second and third panel).

7.2.2. NDR2 is phosphorylated on the activation segment site Ser-282 by
autophosphorylation, while the hydrophobic motif site Thr-444 s
phosphorylated by an upstream kinase

The kinase domain of hNDR2 is 91% identical to hNDRlere we tested if the
mode of activation of NDR2 is similar to that of RD. HA-NDR2, wt ,
phosphorylation site mutants and kinase dead Kldfifant, were transfected
into COS-1 cells. The COS-1 cells were treated it OA prior to lysis. HA-

NDR, wild type and the mutants were immunoprecipdaand the kinase activity

95




96

measured and the phosphorylation state of Ser-2882Tar-442 determined. The
results lead to the same conclusions as for NDRie &ctivation segment
phosphorylation site is an autophosphorylation, siteile the hydrophobic motif

site is phophorylated by an upstream kinase.
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NDR?2 is phosphorylated on the activation segment site Ser-282 by autophosphorylation, while
the hydrophobic motif site Thr-442 is phosphorylated by an upstream kinase in vivo. COS1
cells expressing either wild-type HA-NDR2 or the indicated mutants were treated for 1 h with 1
LM OA or with solvent alone. HA-tagged NDR kinase mutants were then immunoprecipitated (of
250 wg detergent extracts) and assayed for kinase activity by a peptide kinase assay( top) 1449 of
protein extracts from transfected COS1 cells was immunblotted with 12CA5 to verify similar
expression level of each HA-NDR construct. For analysis of the phosphorylation status, 12CA-
immunoprecipitated HA-NDRL variants were analysed by immunoblotting with phosphospecific
antibodies directed against phosphorylated Ser-281 or phosphorylated Thr-444 (these antobodies

recognise the corresponding phosphorylated residues Ser-282 and Thr-442 of NDR2).
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723. The Ca* -chelator BAPTA-AM reduces NDR activity
andphosphorylation on Ser-281 and Thr-444

Previously, it has been shown that NDR kinase fivated by C&" -dependent
binding of S100B protein in vitro (Millward et al998). Here we examined the
importance of intracellular ¢4 on NDR activity and Ser-281 and Thr-444
phosphorylation. For this purpose, transfected QQ®ils were treated with the
membrane permeable agent BAPTA-AM, which is fraaken up into cells were
it is hydrolysed by esterases and trapped intnaleely as the active and
membrane impermeable €achelator BAPTA. The result show that treatment
with 50 uM BAPTA-AM dramatically reduces OA induced NDR aetiion. The
phosphorylation of the activation segment site Za%; but also of the
hydrophobic motif site Thr-444 is reduced. Therefointracellular CH is
important for the autophosphorylation of Ser-281 waell as for the

phosphorylation of Thr-444 by an upstream kinase.

98



99

J
AN
T o

=
L2, ]

activity mU/m
5

e
[=]

0 0 45 45 60 60 minutes OA

= + - + - + BAPTA-AM
a-HA e ——
«P-Tadd | -
o-P-§281 ‘ IR———— ,_,\

Phosphorylation ofr both Ser-281 and Thr-444 is dependent on intracellular Ca®".

HA-NDR1- expressing COS-1 cells were treated for 1h as indicated with 1 4M OA, 50 M
BAPTA-AM or the solvents alone. 12CA5 immunopreci pitates (of 200 4g of protein extracts) were
then assayed by peptide kinase assay for NDR kinase activity (top). Protein extracts were
immunblotted with the 12CA5 antibody to verify equal expression levels. For the analysis of the
phosphorylation status, 12CA5-immunoprecipitated HA-NDR (of 200 g of protein extract) was
analysed by immunobl otting with the the phosphospecific antibodies directed against P-281 or P-

T444.
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8. Discussion:

8.1. Regulation of NDR kinases

It has been shown that human NDR kinases possegsh@sphorylation sites that
are important for kinase activation (Millward et 4999). These two sites are the
activation segment site that is phosphorylated hbytoghosphorylation
(Tamaskovic et al, 2003) and the hydrophobic nsité that is phosphorylated by
a Ste20 like kinase (Stegert et al, manuscriptép@ration). Human NDR kinases
are dephosphorylated by the action of protein phatgse 2A (PP2A) (Millward
et al, 1999). This phosphorylation sites are higldnserved among all members
of the NDR kinase family. Therefore it is likelyahall other members of the
NDR family are regulated by phosphorylation/depimsplation on these two
sites. Indeed, it has been shown for the buddiagtyelative Dbf2 that these two
sites are phosphorylated, essential for activityd ahat the phosphorylation
depends on the Ste20 like kinase Cdc15 (Mah €08l1).

Treatment of cells with the PP2A inhibitor okadaicid efficiently stimulates
NDR kinase activity, but to date, nothing is knoaiout physiological stimuli
that induce NDR kinase activation. The budding ye&iBR kinases Dbf2 and
Dbf20 are activated in a cell cycle dependent marthe activity peaks after the
metaphase to anaphase transition (Toyn et al, 20#restingly, human NDR
kinase activity is cell cycle dependent as welltitity and hydrophobic motif
phosphorylation increases at the G1/S boundary pamndists until mitosis and
cytokinesis. (Tamaskovic et al, manuscript in prapan). Therefore, it is likely
that NDR kinases are not activated by an extetimautus, but rather by internal
signals that are generated during the cell cycle.

NDR kinase activation depends on internaf’Cand C&*-binding protein S100B

activates NDR kinase in vitro (Millward et al, 199%8amaskovic et al, 2003). The

100



101

regulatory role of C& in vivo is not absolutely clear. Overexpressiors@D0B in
COS-1 cells does not activate NDR. Treatment of AO&lls with a C&-
ionophore stimulates NDR activity only slightly wiC&*-depletion of COS-1
cells leads to a dramatic reduction of NDR kinastvéy and Ser-281 and Thr-
444 phosphorylation. S100B is in vivo bound to activated as well as activated
NDR. Nevertheless, endogenous NDR from certain mostea cell lines with
elevated S100B-levels shows a higher kinase agtiMillward et al, 1998).
Therefore, S100B may be necessary to keep NDRdcorct conformation, so
the higher activity of NDR from S100B positive matemas may reflect a higher
level of properly folded NDR, while S100B/€amay not fulfil a short term
regulatory role. To date, there is nothing knownuta role for C& and S100B
related proteins for the regulation of NDR famiip&ses in other organisms.
Mob proteins bind to and activate the NDR familpdses Cbkl and Dbf2 in
budding yeast and Orb6 and Sid2 in fission yeasib Mroteins are, like NDR
family kinases, highly conserved throughout theasyétic world. Human NDR
kinase is activated by hMOB1, and hMOB1 binds te Myterminal domain of
NDR. The interaction with MOB apparently inducesa@nformational change,
which induces the release of an autoinhibition. @bwinhibition is caused by an
autoinhibitory sequence situated in the insertionthe catalytic domain. This
insertion, which is high in basic amino acids, isu@cteristic for all NDR family
kinases. The activation mechanism of NDR kinaselslbly proteins appears to be
highly conserved during evolution.

The budding yeast kinase Cbkl interacts with the2®tlike kinase Kicl
(Jorgensen et al, 2002), and Dbf2 is phosphorylétedhe Ste20 like kinase

Cdc15. The phosphorylation of Dbf2 by Cdc15 depesridudding yeast Mob1l.
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(Mah et al, 2001). It has been shown in our lal tha Ste20-like kinase MST3
phosphorylates NDR2 kinase at the hydrophobic nsdef Thr-442 (Stegert et al,

manuscript in preparation).

8.2. Function of NDR kinase:

Members of the NDR kinase family in unicellular angsms are involved in the
regulation of cell morphology and the cell cycledsntroduction). The function
of the NDR kinase orthologues in multicellular angans has been previously

investigated in D. melanogaster and C. elegans.

8.2.1. D. melanogaster

The D. melanogaster orthologue, TRC, encoded byribernered (trc) gene, is
70% identical and 79% similar to human NDR kina3ec mutations are
organismal recessive lethal, but cell viable. Tizentutation has been used as a
cuticular marker in genetic screens. The Trc phgreotof genetic mosaic flies
shows splitting, clustering, or branching of padad structures, like epidermal
hairs decorating the adult cuticular surface, thafts of bristle sense organs, the
lateral extensions of the arista, and the larvaitidee (Geng et al, 2000). The
morphology and polarity of these structures is, &eoav, normal except for the
region of the branch point. This is different frarutations in the frizzled tissue
polarity pathway such as inturned or actin cytost@ components such as
crinkled, singed, or forked which exhibit an altépolarity of cellular projections
or abnormal morphology all regions of the struct(&edler and Lee, 2001). But
Trc might interact with the actin cytoskeleton, &ese treatment of differentiating

cells by cytochalasin D or latrunculin A, inhibisorof actin polymerisation,
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phenocopied the branched hairs and bristles foartdcimutant clones. A weak
trc mutant was hypersensitive to cytochalasin &ttrent (Geng et al, 2000). But
the treatment with these drugs also results in tshiat and occasionally
malformed hairs and bristles, which does not ocicurtrc mutants. These
differences indicate that TRC is not simply reqdifer actin polymerisation; it is
more likely that TRC interacts with the actin cykeketon in a more subtle way.
In drosophila sensory neurons, TRC is important tfe control of dendritic
branching and tiling (tiling refers to the complét&t nonredundant coverage of a
receptive field by dendrites of functionally homgdas neurons). Dendrites of trc
mutants display excessive terminal branching arib téa avoid homologous
dendritic branches, resulting in significant ovpriaf the dendritic fields (Emoto

et al, 2004).

8.2.2. C. elegans

The C. elegans gene sax-1 encodes a protein kim#seé6% identity and 74%
similarity to human NDR1. Sax-1 mutants are orgaisviable, but they possess
defects in neuronal cell shape and polarity. Cetigpes of neuronal cells of sax-
1 mutants have expanded to irregular cell bodiési@itiate ectopic neurites. This
suggests that SAX-1 functions to restrict cell amalrite growth (Zallen et al,
2000). SAX-1 kinase is important for mechanosenswyrite termination and
tiling. SAX-1 functions in a pathway with SAX-2,Furry like protein. During C.
elegans development, the posterior PLM mechanosgaendrite overlaps with
the anterior ALM mechanosensory neuron. The PLMgss growth slows down
during a discrete period of time, between an gaglyod of rapid outgrowth and a
later period of maintained growth. Thereby the tamris eliminated. In sax-2

mutants, anterior and posterior mechanosensoryepses overlap, because the
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growth of the PLM sensory dendrite does not slowmdetween the active

growth and maintenance growth phases (Gallego8arginann, 2004).

8.2.3. Function of NDR kinasesin mammalians

New results from our lab point to a role for NDRi&se in the control of the cell
cycle and cell division: NDR activity and phospHhation of its hydrophobic
motif site Thr-444 is tightly cell cycle regulatedActivity and Thr-444
phosphorylation increases at the G1/S boundary pamndists until mitosis and
cytokinesis. Mouse embryonic fibroblasts derivednfrNDR1 knockout mice
display severe proliferation defects, including ayeld entry into S-phase
accompanied by reduced expression of cyclin A, aedelerated mitosis.
Elimination of NDR2 in mouse embryonic fibroblaftsm NDR1 knockout mice
leads to an exacerbation of the proliferation bépobxtensive cell death and to
accumulation of polyploid and multinucleated cellgich is due to cytokinesis
defects. (R. Tamaskovic et al, manuscripts in pagp.).

Furthermore, it was shown that ANDR2 mRNA is indlgethe mouse amygdala
during fear memory consolidation. Transfection BCIR2 in PC12 cells leads to

decreased cell spreading and changes in neurigeosth (Stork et al, 2004).

8.2.4 Role of NDR kinase in disease
Members of the NDR kinase family are involved ie tiegulation of the cell cycle
and cell morphology. Therefore, human NDR kinasg i involved in control

of cell proliferation and cancer. The Ndrl as veslithe Ndr2 gene location 6p21
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and 12p11 respectively belong to regions that wleseribed as cancer amplicons
(Manning et al, 2002). NDR1 mRNA is consistentlyregulated in ductal
carcinoma in situ with intraductal necrosis (DEf8*Sj compared to DCIS
without intraductal necrosis. DCI¥**cases have a higher risk of recurrence
and/or theprogression of DCIS to invasive tumors (Adeyinkalet2002). NDR1
kinase was found to be hyperactivated in some S10@tive melanoma cell
lines (Millward et al, 1998). S100B activates NDiRvitro (Tamaskovic et al,
2003), and S100B serum levels are used as a priigmoarker for tumors with
poor prognosis (Hauschild et al, 1999). Human NDOR2ip regulated in the
highly metastatimmon-small cell lung cancer cell line NCI-H460 (Rossks al,
2000). Taken together, NDR kinases are involvea isignalling pathway that
controls cell proliferation and morphology, and deregulation may be involved
in the pathogenesis of some malignant disorders.

Furthermore, NDR1 and NDR2 kinases were shown tmd&@porated into HIV-

1 particles. NDR1 and NDR2 were cleaved by the Hlprotease both within the
virions and within the producer cells, and thesmdation inhibited NDR kinase

activity. (Devroe et al, 2005).
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9. Conclusions and futur e prospects

NDR kinase is highly conserved during evolution. RIRinase is part of a novel
conserved signalling pathway, which is implicated the control of cell
morphology and the cell cycle. The signalling pakvinvolves MOB proteins.
The results presented in this thesis describe ameghanism of kinase regulation
by MOB proteins. Binding of MOB to the SMA 180 and_MDB association)-
domain of NDR induces the release of the autoitibibithat is caused by the
autoinhibitory sequence (AIS) and thereby stimga®R kinase activity.

In the future, the identity and function of othentgponents of the NDR signalling
pathway will be unravelled. For example, the kindlsat phosphorylates the
hydrophobic motif site has been identified as the-Z like kinase MST3
(Stegert et al, manuscript in preparation). Thefiom of other proteins which are
orthologues of components of the yeast RAM-signglinetwork, like the human
Furry-like protein, need to be investigated.

NDR family kinases are involved in the regulatidrcell morphology and the cell
cycle. The most important future task will be torawel the function of
mammalian NDR1 and NDR2 kinase. New results inlabrshow that NDR is
cell cycle regulated and seem to play a role ihaalle progression. Further work
will be required to investigate the exact role oDRI in the cell cycle. The
physiological role of NDR is also investigated Ine tuse of NDR1 and NDR2
knockout mice. There was no phenotype detectedasdof the NDR1 single
knockout mice, therefore it is likely that the twsoforms compensate each other.
The NDR2 and the double knockout will help to sligtt on the physiological

function of NDR kinase.
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