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ABSTRACT

Takala, Heikki

Three proteins regulating integrin function - filamin, 14-3-3 and RIAM
Jyvéskyld: University of Jyvaskyld, 2011, 78 p.

(Jyvaskyla Studies in Biological and Environmental Science

ISSN 1456-9701; 232)

ISBN 978-951-39-4523-7 (nid.)

ISBN 978-951-39-4524-4 (PDF)

Yhteenveto: Kolme integriinin toimintaa sédételevad proteiinia - filamiini, 14-3-3
ja RIAM

Diss.

Integrins are transmembrane adhesion receptors important in cell adhesion,
migration and survival. Integrin activation is regulated by cytoplasmic protein-
protein interactions. Talin activates integrins by binding to integrin cytoplasmic
tails. As dozens of other cytoplasmic proteins interact with integrins, their
mutual interactions and function in integrin cytoplasmic adhesion structures
have to be carefully regulated. This is achieved, e.g., by protein recruitment,
competitive binding, alternative splicing and protein phosphorylation. The
Rap1-GTP interacting adapter molecule (RIAM) recruits talin to integrins with
Rapl GTPase, thereby facilitating integrin activation. Filamins compete with
talin for integrin binding. This is expected to be particularly important for a
splice variant-1 (var-1) of filamin A (FLNa) that lacks a segment with an
autoinhibitory role in integrin binding. The cytoplasmic tail of 2 integrin is
phosphorylated on a threonine residue upon inside-out activation events,
which is accompanied by 14-3-3 binding. In this thesis, the structural and
functional properties of RIAM, FLNa var-1 and 14-3-3C were studied. RIAM
contains a Ras-association (RA) domain followed by a pleckstrin homology (PH)
domain. We showed that the RA domain is responsible for the binding to Rapl,
whereas the PH domain accounts for the stability of the protein. FLNa var-1
lacks a segment of 41 residues. We showed that this absence causes domain 19
to be unstructured and unable to bind ligands, but it does not seem to
significantly affect the binding properties of domain 21. The crystal structure of
14-3-3C in complex with the phosphorylated p2 integrin peptide reveals at the
atomic level how this interaction is dependent on the phosphate moiety. The
same phosphorylation abrogates FLNa binding but does not affect the binding
of talin. However, talin binding to the phosphopeptide is outcompeted by 14-3-
3(, which is explained by the partially overlapping binding sites on the integrin.

Keywords: 14-3-3(; cytoplasmic interactions; filamin A variant-1; integrin;
phosphorylation; RIAM; talin.
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1 INTRODUCTION

Integrins are important proteins in several biological processes that involve de-
velopment, immunity and hemostasis. These transmembrane receptors mediate
the signals and mechanical force between the cytoskeleton and the extracellular
surroundings. Cells require integrins for adhesion and migration, and their
function has to be carefully regulated (Hynes 2002). Integrin activation and sig-
naling are regulated by intracellular protein-protein interactions and phosphor-
ylation.

This doctoral thesis deals with integrins and their intracellular binding
partners. First, the current literature is reviewed. The experimental part focuses
on three proteins that regulate integrin interactions with talin, the main integrin
activating factor and linkage to actin cytoskeleton. Rap1-GTP interacting adapt-
er molecule (RIAM) has a role in talin recruitment to integrins, filamin A (FLNa)
competes with talin for integrin interaction and 14-3-3C binds to an integrin af-
ter phosphorylation events. The structural aspects and binding properties of
RIAM (I) and FLNa var-1 (II) were investigated with various biochemical meth-
ods. The crystal structure of 14-3-3C in complex with a phosphorylated integrin
was determined, and the effects of phosphorylation and 14-3-3 binding were
studied (III).



2 REVIEW OF THE LITERATURE

2.1 Integrins

Integrins are transmembrane adhesion receptors that mediate interactions and
signals between a cell and the extracellular matrix (ECM) or another cell.
Integrins also act as a transmembrane mechanical link by binding between ex-
tracellular contacts and intracellular cytoskeleton. Integrins play a critical role
in many biological events, including development, immunity, hemostasis and
cancer, thus acting as important therapeutic targets in cancer, inflammation and
thrombosis. At the cellular level, integrins have a profound role in cell migra-
tion, cell adhesion, differentiation, cell cycle progression and apoptosis (Hynes
2002, Gahmberg et al. 2009).

Integrins are found only in the metazoa. In mammals, 18 different a subu-
nits and 8  subunits can form 24 distinct integrin dimers. Each integrin dimer
has its specific ligand specificity and nonredundant function. For example,
allbp3 is important in platelet function whereas alLp2 in leukocyte function.
According to the a subunit, integrins can be divided into laminin receptors, col-
lagen receptors, leukocyte-specific receptors, a4/a9-containing receptors and
arginine-glycine-aspartic acid (RGD) receptors (Johnson et al. 2009). For exam-
ple, the RGD receptors can bind to fibronectin and vitronectin, and the leuko-
cyte-specific integrins mediate cell-cell adhesion by recognizing immunoglobu-
lin (Ig)-superfamily counterreceptors, such as intercellular adhesion molecules
(ICAMs) (Humphries et al. 2006).

Integrins can transmit signals bidirectionally. As many other receptors,
integrins transmit signals from the outside of the cell to the cell interior via an
outside-in signaling cascade. The engagement of extracellular ligand can result
in changes in cytoplasmic regions and further downstream events. These events
include changes in actin cytoskeleton arrangement, kinase signaling cascades,
gene expression and the cell cycle. Secondly, integrin affinity for extracellular
ligands can be regulated from inside the cells. In this inside-out signaling, intra-
cellular signals lead to interactions of cytoplasmic proteins with integrins. The
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cytoplasmic interactions lead to changes in the integrin extracellular parts, lead-
ing to an increase in integrin affinity for extracellular ligands (Ginsberg et al.
2005, Abram & Lowell 2009, Harburger & Calderwood 2009).

Cell adhesion involves the coordinated assembly and disassembly of
integrins into adhesion-based mechanosensory structures. These structures in-
clude focal complexes, focal adhesions (FAs) in adherent fibroblasts,
hemidesmosomes in epithelial cells, immunological synapses in T-lymphocytes,
podosomes in macrophages and invadopodia in cancer cells (Shattil et al. 2010).
In these complexes, integrin cytoplasmic parts are linked to the cell cytoskeleton
and signaling cascades via various proteins (Zaidel-Bar et al. 2003, Legate &
Fassler 2009). There are three described stages in the development of the cul-
tured cell-ECM contacts: focal contacts, focal adhesions (FAs) and fibrillar adhe-
sions. Each stage has its characteristic protein composition that consists of
integrins and associated proteins (Zamir et al. 1999, Geiger et al. 2001). The
complexity of the adhesion structures enables the modulation of cell adhesion
and signaling.

2.1.1 Integrin structure

The integrins are type I transmembrane proteins that span plasma membrane
once (Fig. 1). They form large non-covalent heterodimers (about 280 A long)
consisting of one a subunit (150-180 kDa) and one P subunit (about 90 kDa).
Each integrin subunit consists of a large N-terminal extracellular domain (ap-
proximately 800 residues), a single transmembrane (TM) a-helix (approximately
20 residues) and a short cytoplasmic domain or tail (usually 13-70 residues).

Ectodomains

Since the first breakthrough crystal structures of a complete aVp3 integrin
ectodomain (Xiong et al. 2001, Xiong et al. 2002), only a few integrin heterodi-
mer structures have been determined. These include resting structures of allb33
(Zhu et al. 2008), a more complete aVp3 (Xiong et al. 2009) and aXp2 (Xie et al.
2010). All of the structures are roughly similar, except the aXp2 structure in-
cludes an inserted (a-I) domain. The integrin a chain ectodomain consists of -
propeller, thigh, calf-1 and calf-2 domains; the B chain ectodomain consists of
plexin/semaphorin/integrin (PSI), hybrid, p-I, four epidermal growth factor
(EGF), and B-tail (B-TD) domains (Luo et al. 2007). Additionally, nine of the 18 a
subunits also contain an a-I domain, also named the von Willebrand factor A
domain (Lee et al. 1995). The crystal structures reveal that the ectodomain can
be considered an ovoid head standing on two legs (Fig. 1A). Accordingly, the
integrin dimers can be divided structurally into three parts (head, upper legs,
lower legs) or into two parts (headpiece, tailpiece).
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Structure of integrin extracellular and transmembrane domains. A. The extra-
cellular parts of aVp3 integrin (Protein Data Bank (PDB) code: 3IJE) (Xiong et
al. 2009). The domain names and the metal-ion-dependent adhesion site
(MIDAS) are explained in the text. Genu/knee denotes the bending point.
The two alternatives for naming structural units are shown on the right. The
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bent PDB structure is split into a headpiece and a tailpiece and presented as
an extended for the sake of clarity. B. The bent ectodomain of aXp2 that con-
tains an a-I domain (PDB code: 3K6S) (Xie et al. 2010). A model of the
transmembrane (TM) domain of allbp3 (Lau et al. 2009) fused with integrin
cytoplasmic parts (Vinogradova et al. 2002) is also included. C. The
transmembrane domain of allbB3 (PDB code: 2K9]) (Lau et al. 2009) where
key residues of the outer membrane clasp (OMC) and the inner membrane
clasp (IMC) are indicated. The integrin P chain is extended after D723 with a
cytoplasmic solution structure (PDB code: 1IM8O) (Vinogradova et al. 2002).
Figure was prepared by using the PDB coordinates referred.

When present, the a-I domain is the major or only ligand-binding site in
integrins. The domain consists of a Rossman fold with a central -sheet sur-
rounded by seven a-helices (Lee et al. 1995). On the upper surface of the do-
main resides a divalent cation-binding site where Mg?* is coordinated by three
loops. The residues coordinating the metal constitute a conserved metal-ion-
dependent adhesion site (MIDAS). The MIDAS and the residues on the sur-
rounding surface bind ligands in a cation-dependent way (Emsley et al. 2000).
An a-I domain can exist in three conformations (closed, intermediate, open)
that differ in coordinating the MIDAS site. The integrin a subunit head always
contains a seven-bladed p-propeller domain. The domain has seven four-
stranded antiparallel sheets that are radially arranged as blades. When included
in the integrin, the a-I domain is inserted between two [-sheets of the (-
propeller (Luo et al. 2007).

The integrin B subunit head consists of a 3-I domain that is inserted into a
loop of the hybrid domain. The -I domain is homologous to the a-I domain
with a central six-stranded {-sheet surrounded by eight a-helices. p-I domains
have two conformations (closed, open). The -1 domain has three metal-binding
sites. In addition to the MIDAS, there is a Ca?* ion-binding site adjacent to the
MIDAS (ADMIDAS). The third metal-binding site, the Ca2*-binding ligand-
induced metal ion-binding site (LIMBS) or synergistic metal ion binding site
(SYMBS), resides near the B-propeller. In integrins that lack an a-I domain, the
ligand binds to a crevice between the a and 3 subunits (Takagi et al. 2003, Adair
et al. 2005). The ligand interacts with a MIDAS within the B-I domain and with
the pB-propeller domain (Xiong et al. 2002, Xiao et al. 2004). The propeller do-
main and the B-I domain form a large interface, and this interface is the main
extracellular contact between the integrin chains (Xiong et al. 2001).

The leg region of the integrin a subunit comprises three p-sandwich do-
mains. The upper leg consists of an Ig-like thigh domain, and the lower leg con-
tains two domains called calf-1 and calf-2. In the  subunit, the hybrid domain
forms the upper portion of the upper leg. The hybrid domain has an Ig-like fold
with extensive contacts with the f-I domain. Surprisingly, the hybrid domain
actually is an insertion in the PSI domain - a second component of the upper
leg segment (Xiao et al. 2004). The rest of the flexible leg comprises four cyste-
ine-rich integrin epidermal growth factor (I-EGF) domains, and a p-tail domain
(B-TD).

In the ectodomain crystal structures, the legs are in a bent conformation
(Fig. 1B) (Xiong et al. 2001). This same conformation is also determined by other
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structural methods (Takagi et al. 2002). The bending point, termed the knee or
genu, resides between the thigh and calf-1 domains (a-knee), and between the 3
integrin I-EGF1 and I-EGF2 domains (p-knee). The structures of the complete
resting or bent ectodomains reveal a defined, well-packed interface between the
lower leg parts. This a/p stalk interface (Kamata et al. 2005), together with an
interface between I-EGF2 and the thigh domain (Xiong et al. 2009), can stabilize
the resting state of integrins (Ulmer 2010). In addition, interactions between the
B-TD and the head part can have a stabilizing role. As will be discussed later,
this bent or resting conformation represents a low-affinity state of integrins
(Luo et al. 2007).

Transmembrane domains

In a nuclear magnetic resonance (NMR) model of the allbB3 integrin TM com-
plex, both a- and P-chains form membrane-spanning helical structures that
were at first thought to constitute a coiled-coil-like arrangement (Vinogradova
et al. 2002, Gottschalk 2005). In the present asymmetric model (Fig. 1C), the a-
chain helix is approximately perpendicular to the plasma membrane while the
longer B chain is tilted by 25°. These conserved TM helices form two interacting
association elements. The first element is termed the outer membrane clasp
(Partridge et al. 2005, Lau et al. 2009). The outer membrane clasp is an interface
with glycine-centered packing interactions where the central residues include
allb G972 and G976, and 33 G708.

The second element, the inner membrane clasp, has hydrophobic and elec-
trostatic bridges. The inner membrane clasp has an allb chain backbone rever-
sal (a G-cap motif in GFF sequence) that packs a successive pair of hydrophobic
phenylalanines (F992, F993) against the p TM helix residues. Additionally, the
3 K716 participates in the interface by interacting with allb (Zhu et al. 2009).
This arrangement promotes an electrostatic interaction between 3 D723 and
allb R995 (Lau et al. 2009), which is referred as the D723-R995 salt bridge. The
salt bridge and the clasps are postulated to stabilize the association of the mem-
brane proximal regions and thus the inactive state of integrins (Hughes et al.
1996, Partridge et al. 2005). However, the role of this salt bridge is not necessari-
ly applicable to all integrins (Czuchra et al. 2006).

Cytoplasmic domains

The integrin cytoplasmic tails have highly conserved motifs that are important
for integrin function (see Fig. 7 in chapter 2.3 below). These involve membrane-
proximal GFFKR and HDR(R/K)E motifs of the a and  subunits, respectively,
that have a role in integrin subunit association, as discussed above (Peter &
O'Toole 1995, Hughes et al. 1996, Vinogradova et al. 2002). After these con-
served sequences, the integrin B3 cytoplasmic domain consists of a stable helix
contiguous with the TM helix. This helix is followed by a p-turn at the first con-
served NPxY motif (residues 744-747) (Ulmer et al. 2001, Li et al. 2002,
Vinogradova et al. 2002, Metcalf et al. 2010). The NPxY motif is followed by a
Ser/Thr-rich sequence that contains a threonine triplet in some integrins. This
region usually adopts an a-helical structure (residues 748-755) that is surround-
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ed by unstructured regions (Li et al. 2002, Vinogradova et al. 2004, Ma et al.
2006). This C-terminal helix is followed by a second conserved B-turn motif
(NxxY).

Some NMR studies indicate that the cytoplasmic tails of allb and 3 inter-
act weakly (Li et al. 2002, Vinogradova et al. 2002, Ulmer et al. 2003), and this
interaction influences the conformation of the (3 tail (Vinogradova et al. 2002,
Metcalf et al. 2010). However, the results regarding the exact structure of cyto-
plasmic tails and the mutual interactions are not consistent. This is probably
due to the transient and weak nature of the interactions measured (Ulmer et al.
2001, Wegener & Campbell 2008).

2.1.2 Integrin activation

Regulation of cell adhesion, migration and assembly —thus, integrin activa-
tion—1is essential for virtually all cells. For example, normal integrin function is
pivotal in the cell migration during multi-cellular organism development (Bokel
& Brown 2002). In addition, the switch from the non-adherent to adherent cells
is of great importance in blood cells. In platelets, the adhesion and aggregation
in response to injury require rapid fibrinogen receptor (allbp3 integrin) activa-
tion. This enables platelets to stop bleeding in a controlled way. Also at sites of
inflammation, leukocyte integrins (e.g., aLP2) are activated in a coordinated
way in order to get cells to adhere and migrate across the endothelium to the
infected tissues, or in the T-cell interactions in immunological synapses (Abram
& Lowell 2009). Consequently, abnormal integrin function can result in devel-
opmental defects, bleeding disorders (e.g., arterial thrombosis and Glanzmann's
thrombasthenia) or leukocyte adhesion deficiencies (LADs) (Abram & Lowell
2009).

Integrin conformation reflects its activity state. Integrins are thought to ex-
ist in three major conformational states: in low-affinity (inactive), high-affinity
(active or primed) and ligand-occupied states. The transition from low- to high-
affinity state is referred to as integrin activation (Calderwood 2004). This phe-
nomenon can result from integrin clustering and from the changes in integrin
conformation. Integrins are unique among adhesion molecules in that their ad-
hesiveness can be regulated from inside the cell. In this inside-out signaling,
stimuli received by other receptors start intracellular signals that alter integrin
affinity for an extracellular ligand. In the outside-in signaling, extracellular lig-
and binding can induce integrin signaling that is conveyed directly from the
integrin extracellular domain to the cytoplasm. Ligand-bound integrins recruit
additional proteins to the cytoplasmic domains, which provide a link to a reper-
toire of signal transduction pathways and mechanical connection to the cyto-
skeleton (Abram & Lowell 2009).

The key event in inside-out integrin activation is the talin binding to the
cytoplasmic 3 subunit of integrin (Tadokoro et al. 2003). In addition, the kindlin
family of proteins is found to be essential integrin co-activators (Karakose et al.
2010), as will be discussed later. The binding of talin disrupts the D723-R995
salt bridge and reorients the 3 TM helix. The altered tilt or movement of the 3
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TM helix disrupts the TM clasp (Anthis et al. 2009). The outcome is the separa-
tion of the integrin TM domains and cytoplasmic tails (Kim et al. 2003), and de-
stabilization of the af stalk interface between the legs. This then leads to rear-
rangements in the extracellular thigh-knee interface (Ulmer 2010, Anthis &
Campbell 2011).

The conformational changes accompanying integrin leg separation are be-
lieved to lead to long-range conformation changes that propagate all the way to
the integrin ligand-binding headpiece. According to the current understanding,
integrin extracellular domains adopt an extended conformation in the high-
affinity state, whereas in the low-affinity state the domains are in a bent con-
formation. In the bent conformation, the integrin extracellular headpiece is
closely associated with the tailpiece (Fig. 1B) (Xiong et al. 2009). There are two
proposed structural models in integrin activation, called switchblade and dead-
bolt models. In the switchblade model, integrins bind to extracellular ligands
only when in extended conformation. This more accepted model assumes that
integrins have three conformations: bent, extended and extended with an open
headpiece (Takagi et al. 2002, Askari et al. 2009). In contrast, the deadbolt model
proposes that integrins extend only after ligand binding. The lifting of the con-
straints, which a-I experiences by a deadbolt interface with 3-TD, could induce
activation without integrin linearity (Xiong et al. 2003, Adair et al. 2005).

In general, the inactive integrin seems to adopt more compact confor-
mation, although both bent and extended versions have been reported (Ye et al.
2010). Still, there are plenty of reports in which an active or ligand-bound integ-
rin does not necessarily need to be in fully extended (Xiong et al. 2009). There is
a correlation between the activity and unbending, although the degree of exten-
sion depends on the agonist and integrin (Askari et al. 2009). Ultimately, the
integrin affinity for ligand depends on whether the integrin headpiece is in the
open or closed conformation (Xiao et al. 2004).

The integrin activation is accompanied by changes in the f-hybrid domain
orientation. In the bend state, the leg domains interact with each other and with
the hybrid domain, which prevents the outward swing movement (Takagi et al.
2002). Upon activation, the B-hybrid domain of integrin is predicted to swing
open, and the hybrid and PSI domains act as a rigid lever that relays this mo-
tion between the legs and the head. In the head, this swing-out pulls the a7 he-
lix of the p-I domain downwards, which then favors the al helix to move up-
wards. These changes cause the -1 domain conformation to change from low-
affinity to high-affinity, which includes some reorganization of the metal bind-
ing sites (Xiao et al. 2004). Structurally similar rearrangements are also seen in
a-I domains. These include rearrangements in the MIDAS coordination as well
as movements of al- and a7-helices (Emsley et al. 2000, Takagi et al. 2002, Tak-
agi et al. 2003). The allosteric activation signal is thought to be transmitted be-
tween B-I and a-I by an invariant glutamic acid. The Glu residue resides be-
tween the a-I and p-propeller domains, and scientists have proposed that it acts
as an intrinsic ligand for the p-I MIDAS site (Xiao et al. 2004, Luo et al. 2007).
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2.2 Integrin binding proteins - structure

2.2.1 Talin

Talin is a large (~270 kDa) cytoplasmic protein that activates integrins and links
them to actin cytoskeleton. Two talin genes in vertebrates code two talin
isoforms, talinl and talin2. Talin2 is predominantly associated with stable adhe-
sion structures in striated muscle and brain; talinl is widely expressed in more
dynamic adhesions of motile cells and is the only isoform in platelets (Senetar et
al. 2007). Talins are composed of an N-terminal head domain (~50 kDa) and a
C-terminal flexible rod domain (~220 kDa) (Fig. 2). A talin can form an anti-
parallel homodimer, and exists in extended and globular conformational states.
The talin head has reported binding sites for, e.g., integrins, phosphatidylinosi-
tol 4-phosphate 5-kinase y (PIPKly), focal adhesion kinase (FAK), layilin and
filamentous actin (F-actin); the talin rod has binding sites for vinculin, integrin
and F-actin (Critchley & Gingras 2008).
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FIGURE2  Opverall structure of talin and the head domain. A. The schematic structure of
the talin monomer, presented as in (Gingras et al. 2010). The binding sites of
some proteins are indicated as well as residue ranges. Vinculin binding sites
are colored red. B. Extended crystal structure of the complete talin head do-
main that includes a FERM domain (PDB code: 3IVF) (Elliott et al. 2010).

Talin head

The talin N-terminal head domain (residues 1-433) contains a band four-point-
one/ezrin/radixin/ moesin (FERM) domain subdivided into F1, F2 and F3 do-
mains (Hamada et al. 2000, Pearson et al. 2000) that is preceded by the FO do-
main (Fig. 2B). Both FO and F1 domains have ubiquitin-like folds including a
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five-stranded P sheet and an a-helix (Goult et al. 2010). The F2 domain contains
a core of four a-helices and a short linker similar to the structure of the acyl-
coenzyme A-binding protein. The F3 has a fold similar to other
phosphotyrosine-binding (PTB) or pleckstrin homology (PH) domains and con-
sists of a sandwich of two orthogonal antiparallel  sheets followed by a C-
terminal a-helix (Garcia-Alvarez et al. 2003).

Talin has some unique characteristics compared to other FERM superfami-
ly members. The FO domain is characteristic of talin, and the specific feature of
the domain is an extra helical turn not found in other ubiquitin-like folds. The
F1 subdomain has an unstructured loop insertion of 30 residues. This F1 loop
binds negative lipid bilayers, which induces helix formation. In a proposed fly-
casting model (Goult et al. 2010), the loop draws talin closer to the plasma
membrane while interacting with membrane phospholipids. The F2 and F3
domains also contain a phosphoinositide binding ridge that regulates talin
autoinhibition, facilitates talin membrane association and supports integrin
clustering (Saltel et al. 2009).

The consensus structure of FERM domains is characterized by a globular
clover-shaped arrangement with independently folded F1-3 domains (Pearson
et al. 2000). Surprisingly, the crystallized talin head adopts an extended con-
formation with linear domain arrangement (Fig. 2B) (Elliott et al. 2010). The
network of close contacts between interfaces FO-F1 and F2-F3 stabilize the do-
main orientations. In contrast, the F1-F2 interface is relatively loosely packed.
This F1-F2 flexibility and certain properties of F3 subdomain explain the non-
canonical arrangement of the talin head (Elliott et al. 2010).

Talin head interactions

Talin is the first cytoplasmic protein characterized as directly interacting with
integrins (Horwitz et al. 1986). It is shown to bind strongly with $1A, p1D, 2,
B3 and 5 and weakly to B7 integrin tails (Calderwood 2004). This interaction
takes place via the F3 subdomain of the head fragment that is usually sufficient
for activating integrins in cells (Calderwood et al. 1999, Calderwood et al. 2002).
Integrin activation also requires a stable  turn formed by an unphosphorylated
integrin NPxY motif (Calderwood et al. 2002, Calderwood et al. 2003). Talin
may be a general integrin activator because the motif for talin binding is well
conserved among integrin [ tails and talin F3 binds most integrins (Calderwood
et al. 2003). Talin F3 forms an extensive binding interface with p integrin tails.
This interface consists of membrane-distal and membrane-proximal regions of
interaction (Vinogradova et al. 2002, Garcia-Alvarez et al. 2003, Wegener et al.
2007, Anthis et al. 2009). The structural details (and thus affinities) of how dif-
ferent integrins bind to talin vary (Anthis et al. 2010), but the main interactions
are somewhat similar.

The membrane-distal interaction involves 3 residues
WDTANNPLYDEA7C (Fig. 3). Talin F3 interacts with the membrane-
proximal NPxY motif by way of a canonical PTB domain (Pearson et al. 2000).
Bound integrin 7#NPLY’# forms a reverse turn where the tyrosine Y747 side
chain projects into an acidic binding pocket of talin F3 (Garcia-Alvarez et al.
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2003). This binding pocket is strongly basic in other canonical PTB domains,
and it coordinates the phosphate moiety of phosphotyrosine. Consequently,
integrin binding is abrogated by NPxY phosphorylation in favor of other PTB
protein interactions. Talin F3 also has a distinctive pocket that is occupied by a
conserved B3 tryptophan (W739). In addition to NPxY, this aromatic residue is
a key player in integrin interaction (Garcia-Alvarez et al. 2003), and it is located
between the membrane-distal and membrane-proximal parts of the talin bind-
ing interface. When compared to other talin-binding NPxY-peptides, the
integrins have two extra residues between the conserved tryptophan and the
NPxY motif. This residue insert reduces the binding affinity to a more biologi-
cally optimal one (Anthis et al. 2010).

The membrane-proximal integrin-talin interaction is mainly hydrophobic
and a unique feature not encountered in other PTB proteins. This interaction
has also been shown to be critical in integrin activation (Wegener et al. 2007).
When bound to the talin head, the integrin tail adopts a helical conformation
extending from 3 A737 to the p TM domain (Anthis et al. 2009, Metcalf et al.
2010). A flexible loop of talin F3 forms an elongated, largely hydrophobic inter-
face that interacts with two 33 phenylalanine side chains (F727 and F730) (We-
gener et al. 2007).

When bound to integrin, the extended talin head may orient to enable fa-
vorable electrostatic contacts with acidic membrane phospholipids (Elliott et al.
2010). These contacts involve positive patches on talin F2 (Anthis et al. 2009)
and F3 (Wegener et al. 2007, Ye et al. 2010) and the basic F1 loop discussed
above (Goult et al. 2010). Talin F3 binding to integrin membrane-proximal re-
gion causes the [ tail helix to tilt in respect to the membrane bilayers. In addi-
tion, the FO domain is required for maximal integrin activation, but the exact
mechanism is still unclear (Bouaouina et al. 2008, Goult et al. 2010). These
membrane interactions of F0-3 domains are important for full integrin activa-
tion and clustering (Bouaouina et al. 2008, Saltel et al. 2009).
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FIGURE3  Structure of talin in complex with the  integrin tail. A. Talin F2-F3 domain
pair in complex with B3 integrin. The figure is prepared by superimposing
the crystal structure of the membrane-distal (MD) interaction (PDB code:
IMK?7, yellow) (Garcia-Alvarez et al. 2003) and the solution structure of
membrane-proximal (MP) interface (PDB code: 2H7E, green) (Wegener et al.
2007). Key residues are indicated. B. Crystal structure of talin2 F2-F3 in com-
plex with the f1D integrin peptide (PDB code: 3G9W) (Anthis et al. 2009). The
TM region is taken from the structure of allbp3 (PDB code: 2K9J) (Lau et al.
2009). Residues are named as in 33 integrin and talinl.

In the current inside-out activation model, talin initially binds to the NPxY mo-
tif and subsequently engages the membrane-proximal helix of the integrin 3 tail
(Fig. 3) (Campbell & Ginsberg 2004). As discussed above, this destabilizes the
integrin a-p subunit interactions leading to integrin activation. The D723-R995
salt bridge is disrupted by a new salt bridge between the F3 K324 and {33 integ-
rin D723 (Anthis et al. 2009). In addition, the tilt induced by the talin interaction
disrupts the inner membrane clasps leading to changes in the TM interface (Lau
et al. 2009). Indeed, it has recently been shown that talin binding to a single
allbp3 dimer in a phospholipid layer is sufficient to induce integrin extension
(Ye et al. 2010).

In addition to integrins, talin FERM is shown to bind layilin and an en-
zyme variant called phosphatidylinositol phosphate kinase type Iy-90 (PIPK1y-
90). Both PIPK1y-90 and layilin bind to the F3 subdomain with a canonical PTB-
like interaction. These interactions differ only subtly from the integrin mem-
brane-distal NPxY interaction. Consequently, the binding of these three pro-
teins to talin is mutually exclusive. The affinities, however, differ quite substan-
tially as the PIPK1y binding is the strongest and the integrin binding the weak-
est (Barsukov et al. 2003, Garcia-Alvarez et al. 2003, de Pereda et al. 2005, We-
gener et al. 2007, Anthis et al. 2010).



23

Talin has three reported actin-binding sites (ABS1-3): one in the head and
two in the C-terminal rod domain (Fig. 2A). The ABS1 resides on the F2 and F3
subdomains of FERM. The actin binding probably does not exclude integrin or
PIPK1y binding to the F3 subdomain, which could allow the formation of ter-
nary complexes with actin (Lee et al. 2004). In addition, phosphatidylinositol
4,5-bisphosphate (PIP2) binds to a site spanning the F2 and F3 subdomains.
This binding disrupts the interaction between the talin rod and head regions
(Martel et al. 2001, Saltel et al. 2009) but does not interfere with the talin-
integrin interaction (Goksoy et al. 2008). This PIP2 binding has a role in talin
activation, as will be discussed later.

Talin rod

The talin rod region consists of a total of 62 amphipatic a-helices (Fig. 2A). The-
se helices form mainly five-helix bundles with intervening four-helical bundles
(Roberts & Critchley 2009). The rod region starts with a five-helix bundle (resi-
dues 482-655) followed by a four-helix bundle (residues 656-786) that has
unique topology with multiple vinculin-binding sites (VBSs) (Izard et al. 2004,
Papagrigoriou et al. 2004). The middle region of the rod (residues 1359-1659)
consists of two unusual bundles with a four-helix bundle inserted into one loop
of the five-helix bundle. This region contains an actin-binding site, two VBSs
and a binding site for a-synemin (Gingras et al. 2010).

In addition to the three initially found vinculin-binding sites (VBS1-3),
around eight amphipatic talin a-helices are predicted to bind a hydrophobic
pocket in the vinculin D1 (Vd1) domain (Gingras et al. 2005). In intact VBSs of
talin, the key residues involved in the Vd1 interaction are buried within the hy-
drophobic core of the talin helical bundle. Consequently, the uncovering of the-
se cryptic VBSs may require regional unfolding of talin rod bundles, for exam-
ple, by mechanical force or phosphorylation (Izard et al. 2004, Papagrigoriou et
al. 2004).

A five-helix bundle of talin rod (residues 1655-1822) binds to the F3 of the
talin head and partially masks the integrin-binding site (Calderwood 2004,
Goksoy et al. 2008). This results in globular autoinhibited conformation of talin.
The head-rod interaction may also inhibit the association of the FERM domain
with the membrane interface (Goult et al. 2009).

The C-terminal part of the talin rod (residues 1974-2293) also contains a
second integrin-binding site (IBS2) (Gingras et al. 2009). This can be divided
into two five-helical bundles, called IBS2-A and IBS2-B, both of which are re-
quired for strong integrin interaction. The binding site is located within the
membrane-proximal region of the B integrin tails that includes the HDR(R/K)E
motif. The talin rod affinity for integrins is substantially lower than the head’s
(Yan et al. 2001). Unlike the FERM domain, IBS2 is not able to activate integrins
but probably contributes to integrin clustering (Tremuth et al. 2004, Gingras et
al. 2009).

The C-terminus of talin has a five-helix bundle (residues 2300-2482) that
resembles a talin/HIPIR/Sla2p actin-tethering C-terminal homology
(THATCH) core domain (Gingras et al. 2008). This bundle contains a conserved
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actin-binding site (ABS3) on a hydrophobic surface of its helices 3 and 4 that is
flanked by positively charged residues. The bundle is followed by a C-terminal
helix that is responsible for talin dimerization. Together, the talin C-termini
form a dimer that can bind to F-actin (Gingras et al. 2008).

2.2.2 Filamin

Filamins (FLNs) are large members of actin-binding proteins that were the first
actin cross-linking proteins to be found in non-muscle cells (Stossel & Hartwig
1975). They are found in Dictyostelium amoebas and all over the animal king-
dom but not in plants. In vertebrates, there are three filamin isoforms, filamin A
(FLNa), filamin B and filamin C. Filamins A and B are ubiquitously expressed,
whereas filamin C is mainly muscle-specific. The three isoforms have a largely
conserved domain structure and both common and specific binding partners
(Stossel et al. 2001, van der Flier & Sonnenberg 2001).

Human FLNa (or ABP-280) is a large (240-280 kDa) elongated protein that
forms a Y- or V-shaped homodimer with 80-90° branching angle (Fig. 4)
(Nakamura et al. 2007). The FLNa subunit is composed of an N-terminal actin-
binding domain (ABD) followed by a rod region that consists of 24 Ig-like do-
mains or repeats (van der Flier & Sonnenberg 2001). They form an immuno-
globulin-like B sandwich fold of two antiparallel p sheets that are usually com-
posed of seven P strands (named A-G). The first sheet is composed of strands A,
B, E and D; the second sheet consists of strands C, F and G (van der Flier &
Sonnenberg 2001, Pudas et al. 2005). Two flexible hinge regions separate the
domains into two segments: rod1 (domains 1-15) and rod2 (domains 16-23). The
dimerization of filamins occurs through the most C-terminal domain, FLNa24
(Pudas et al. 2005).

In electron micrographs, FLNa rodl appears as an extended chain with
end-to-end domain composition whereas rod2 has a more compact structure
(Nakamura et al. 2007). Filamin is shown to have more than 90 binding partners
that include intracellular signaling molecules, ion channels, enzymes, transcrip-
tion factors and membrane receptors (Nakamura et al. 2011). While the ABD
and flexible rodl bind F-actin, most of the filamin partner interactions occur
within the rod2 region (Nakamura et al. 2007). More than 50 binding partners
are reported to bind rod2. FLNa facilitates signal transduction between the
molecules by binding multiple partners with this region (Ohta et al. 2006).
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FIGURE 4  Opverall schematic structure of filamin A dimer, adapted from (Stossel et al.
2001). The binding sites of some proteins are included.

Filamin ABD consists of two helical calponin homology domains (CH1 and
CH2) with three actin-binding sites. There are several patient mutations report-
ed in the ABD (Clark et al. 2009, Ruskamo & Ylanne 2009). The amino acid se-
quence places ABD in the a-actinin or spectrin superfamily. Calmodulin regu-
lates the FLNa-F-actin interaction in a calcium-dependent way (Nakamura et al.
2005). A second actin-binding site of FLNa resides at the domains 8-15 of rod1
region, and this distal half of rodl facilitates the F-actin binding of ABD
(Nakamura et al. 2007).

Dimerization of FLNa is pivotal for the actin-crosslinking and F-actin
branching activity, which is consistent with the engagement of the N-terminal
part with F-actin (Nakamura et al. 2007). The dimerization domain (FLNa24)
adopts a seven-stranded Ig-like fold with a unique dimerization interface. This
extensive interface involves the strands C and D of both FLNa24 monomers.
The D strands extend the B-sheet of both monomers to form a single large -
sheet, whereas the {3 sheets formed by CFG strands remain separate (Pudas et al.
2005, Sjekloca et al. 2007, Seo et al. 2009). Although FLNa dimerizes in an anti-
parallel fashion, the whole filamin dimer is predicted to run parallel (Fig. 4).

The ultrastructure of the rod2 dimer appears as three globular units that
form an L-shaped structure (Nakamura et al. 2007). The compactness of the
rod2 region is explained by the unique arrangement of the domains, where the
even-numbered domains form pairs with the next odd-numbered domain. This
arrangement forms pairs FLNal6-17, FLNal8-19, FLNa20-21 and FLNa22-23
(Heikkinen et al. 2009). The FLNa16 and FLNal7 domains interact side-by-side,
and the FLNa22-23 adopts a more elongated configuration without interdomain
interactions (Heikkinen et al. 2009).

Unexpectedly, the crystal structure of FLNa19-21 revealed a novel type of
arrangement between domains 20 and 21 (Fig. 5A) (Lad et al. 2007). The N-
terminal A-strand of FLNa20 extends from the domain and interacts with the
groove formed by strands C and D (the CD face) of the FLNa21. In this way,
FLNa20 extends the {3 sheet made by strands C, G and F of FLNa21. This kind
of interaction causes non-sequential domain order. The FLNa19 is followed by
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FLNa21 in a linear fashion, whereas the FLNa20 lies on top of FLNa21 roughly
perpendicular to the long axis. In addition, FLNa18-19 forms an interdomain
complex similar to FLNa20-21 but with some differences in relative domain ori-
entations (Heikkinen et al. 2009). This domain arrangement provides nonlinear
configuration and thus a compact fold of the rod?2.

A

A-strand

FIGURE5  Structure of FLNa rod 2 domains and a complex with 7 integrin. A. Crystal
structure of FLNa19-21 (PDB code: 2J3S) (Lad et al. 2007). The autoinhibitory
A-strand is flanked by C- and D-strands as indicated. B. Crystal structure of
FLNa21 in complex with 7 integrin peptide (PDB code: 2BRQ) (Kiema et al.
2006). Key binding residues are marked.

Filamin - integrin interaction

Filamin has been shown to bind p1A, 2, B3 and 7, but poorly to f1D integrin
cytoplasmic tails (Sharma et al. 1995, Pfaff et al. 1998, Calderwood et al. 2001,
Travis et al. 2004). The integrin  cytoplasmic tail binds mainly to filamin do-
main 21 and weaker to domain 19 (Kiema et al. 2006). The crystal structure of
FLNa21 in a complex with the integrin B7 cytoplasmic tail fragment reveals that
the interacting part of the integrin includes residues 77°PLYKSAITTTINP7#® (Fig.
5B) (Kiema et al. 2006). These residues reside at the conserved segment between
the two NPxY sequences. The bound integrin forms a -strand that extends the
f sheet formed by the CFG strands of FLNa21. The binding site consists of the
CD face of the FLNa that is otherwise occupied by the A-strand of the FLNa20
domain (Lad et al. 2007). In addition to the main-chain interactions, the contacts
are mainly hydrophobic. Three residues (Tyr778, 1le782 and Ile786) contribute
the most to the interaction surface, and these residues are identified as im-
portant for filamin binding (Zent et al. 2000, Calderwood et al. 2001, Kiema et al.
2006).

Small variations of the interacting residues modify the affinity of the in-
tegrin-filamin interaction. These changes include the sequence variations in in-
tegrin P tails (Calderwood et al. 2001) as well as changes in binding residues in
FLNa19 or other filamin domains (Kiema et al. 2006). The FLNA21/p7 complex
can be regarded as a general model for multiple integrin-filamin interactions,
and the specificity of the interactions is determined by the hydrogen bonding
and hydrophobic interactions of the side chains (Kiema et al. 2006). Other rod2
interactions are formed in a similar way, as seen in the complex structures of
FLNal7 and glycoprotein Iba (GPIba), FLNa21 and migfilin, and FLNa23 and
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filamin A-associated Rho guanosine triphosphatase-activating protein (FilGAP)
(Nakamura et al. 2006, Ohta et al. 2006, Lad et al. 2008, Nakamura et al. 2009).
Each binding interface consists of a B-strand of nine residues that positions it-
self in the groove of the CD face. Alternating residues face this groove in hy-
drophobic fashion.

In FLNal19 and FLNa2l, the A-strand of the preceding even-numbered
domain binds to the same site as the ligand. This leads to competitive binding
and is the basis for filamin autoinhibition. For example, the sequence of the
FLNa20 A-strand sequence is suboptimal compared to 7 integrin but does
compete for FLNa21 binding. Indeed the disruption or truncation of this inter-
action between FLNa20 A-strand and FLNa21 enhances the binding of integrin
(Lad et al. 2007). The CD faces of the domains 17 and 23 are not masked by an
A-strand. Instead, the non-bound A-strand allows free interaction with other
proteins, such as glycoprotein Iba (GPIba) and FilGAP (Heikkinen et al. 2009).

223 14-3-3

The 14-3-3 proteins are small (~30 kDa) acidic cytoplasmic proteins that are ex-
pressed in all eukaryotic organisms (Aitken 2006). The 14-3-3 proteins are
among the most abundant proteins in cell. In mammals, these proteins are
widely expressed, especially in the nervous system. The seven mammalian 14-
3-3 isoforms are named as Greek letters (B, vy, €, {, 1, /0 and o), two of which (3
and () also have phosphorylated forms (a and §, respectively) (Aitken 2002,
Aitken 2006). The 14-3-3 proteins are highly conserved in their sequence and
structure, with deviations mainly in their dimerization site (Gardino et al. 2006).

The crystal structures of 14-3-3 isoforms reveal a highly helical fold unre-
lated to other protein families (Liu et al. 1995, Xiao et al. 1995, Aitken 2002). The
14-3-3¢ monomer consists of a bundle of nine antiparallel a-helices (aA-al) that
are connected by short loops (Fig. 6). Four N-terminal a-helices form a dimeri-
zation site where the A- and B-helices face the C- and D-helices of the adjacent
monomer. Dimerization interactions include three salt bridges, and hydropho-
bic and polar interactions. Consequently, the 14-3-3C proteins form horse-shoe-
like concave dimers with a large central canal. Helices aC, aE, aG and al en-
close an amphipatic groove. The aG and al helices form a hydrophobic surface
on one side of the groove, whereas the side chains of the aC and aE helices
form a polar and charged surface on the other side. Residues Lys49, Argh6 and
Arg127 form the basic ligand-binding pocket (Liu et al. 1995).

The last al helix is followed by a diverse region that is not visible in crystal
structures. This unconserved segment has certain Asp and Glu residues that
bind the basic ligand-binding site of the amphipatic groove (Obsilova et al. 2004,
Silhan et al. 2004). This C-terminal stretch is assumed to have an autoinhibitory
role, as the 14-3-3C with truncated C-terminus binds ligands more readily (Tru-
ong et al. 2002).



FIGURE 6  Structure of 14-3-3C in complex with a phosphopeptide. The crystal structure
is shown from the front (A) and above (B). Nine helices are indicated, as well
as the phosphorylated residue of the extended mode I peptide (PDB code:
1A37) (Petosa et al. 1998). All the loop regions connecting the helices were not
visible in the crystal structure.

The 14-3-3 proteins are reported to interact with more than 200 partners, includ-
ing DNA (Aitken 2006). The 14-3-3 proteins mainly bind to motifs that are
phosphorylated on serine or threonine (Muslin et al. 1996). Several optimal
binding motifs are defined, including mode I (RSxpSxP), mode II (RxYxpSxP)
and mode III motifs (Yaffe et al. 1997, Rittinger et al. 1999, Ganguly et al. 2005).
Most of the interactions resemble modes I and II, but the 14-3-3 proteins have
also been found to bind unphosphorylated sequences (Petosa et al. 1998, Aitken
2006). The actual biological interactions with 14-3-3 usually deviate from the
optimal mode interactions and have lower binding affinities, and the overall
binding can also be affected by sites outside the binding pocket (Obsil et al.
2001, Gardino et al. 2006).

The structures of 14-3-3 in complex with ligand peptides show that 14-3-3
conformation is unaffected by a ligand (Yaffe et al. 1997, Petosa et al. 1998,
Rittinger et al. 1999). An extended ligand peptide is aligned in the amphipatic
groove and interacts with the side chains of helices aE, aG and al. The positive-
ly charged basic pocket binds to the negative phosphoserine or -threonine of the
ligand. In addition, the interaction is further strengthened by a hydrogen bond
between phosphate and Tyr128 of 14-3-3C. Only a few solved structures of 14-3-
3 proteins are in complex with entire proteins as with serotonin N-
acyltransferase (Obsil et al. 2001), and no structures are directly related to
integrins.

2.3 Regulation of integrin function by binding proteins

Integrin outside-in and inside-out signaling involves numerous cellular com-
ponents that assemble and disassemble in a regulated way. Short integrin cyto-
plasmic tails do not show any enzymatic activity or ability to bind actin, micro-
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tubules or intermediate filaments. However, integrins work as signaling hubs.
Recently, over 40 proteins were reported to interact directly with integrin p tails
(Legate & Fassler 2009) (Table 1). These interacting proteins form an adhesion
complex, integrin adhesome. Integrin adhesion complexes consist of an exten-
sive network of proteins that interact with each other (Zaidel-Bar et al. 2007).
Spatially, the proteins of the adhesion complex seem to organize into distinct
horizontal layers with a specific function. Three layers have been proposed: in-
tegrin signaling layer, force transduction layer and actin regulatory layer
(Kanchanawong et al. 2010).

The integrin-associated proteins can be divided into several categories.
One way to group these proteins is to 1) cytoskeletal or structural proteins, 2)
scaffolding adapters and 3) catalytic and signaling proteins. Although different
integrin-binding proteins can be divided into three classes, their function is re-
markably redundant in cells (Legate & Fassler 2009). The proteins that are re-
ported to interact with P integrin tails are tabulated in Table 1.

TABLE 1 Proteins that interact with integrin 3 cytoplasmic tails. The table is modified
from (Legate & Féssler 2009).
Protein Integrin tail Reference

Cytoskeletal or structural pro-
teins

a-actinin B1, B2, p3 (Otey et al. 1993, Pavalko & LaRoche
1993)

Bullous pemphigoid antigen 4 (Schaapveld et al. 1998, Koster et al.

180 (BP180) 2003)

Filamin B1, B2, B3, p7 (Sharma et al. 1995, Pfaff et al. 1998,
Calderwood et al. 2001, Travis et al.
2004)

Myosin B1, B3, 5 (Jenkins et al. 1998, Sajid et al. 2000,
Zhang et al. 2004)

Plectin 4 (Geerts et al. 1999)

Skelemin B1, B3 (Reddy et al. 1998)

Talin B1, B2, B3, B5, p7 (Horwitz et al. 1986, Pfaff et al. 1998,
Sampath et al. 1998, Calderwood et
al. 1999, Calderwood et al. 2001, Cal-
derwood et al. 2003)

Tensin B1, B3, B5, p7 (Calderwood et al. 2003, McCleverty
et al. 2007)

Scaffolding adapters

14-3-3 B1, B2, B3, p4 (Han et al. 2001, Santoro et al. 2003,
Fagerholm et al. 2005)

[3-endonexin B3 (Shattil et al. 1995, Eigenthaler et al.
1997)

Disabled 1 (Dabl) B1, B2, B3, 5, 7 (Calderwood et al. 2003)

Disabled homolog 2 (Dab2) B3, 5 (Calderwood et al. 2003)

Docking protein 1 (Dok1) B2, B3, B5, 7 (Calderwood et al. 2003)

Four and a half LIM domains B1, B2, B3, p6 (Wixler et al. 2000)

protein 2 (Fhl2)

Table 1 continues



30

Table 1 continues

Four and a half LIM domains p1 (Samson et al. 2004)

protein 3 (Fhi3)

Growth factor receptor-bound 3 (Blystone et al. 1996, Law et al. 1996)

protein 2 (Grb2)

Integrin-associated protein B3 (Brown et al. 1990)

(IAP)

Integrin cytoplasmic domain- p1 (Chang et al. 1997, Zhang & Hemler

associated protein-la (ICAP- 1999)

la)

Integrin-linked kinase (ILK) B1, B3 (Hannigan et al. 1996, Pasquet et al.
2002)

Jun activation domain-binding (32 (Bianchi et al. 2000)

protein 1 (JAB1)

Kindlin 1 B1, B3 (Harburger et al. 2009)

Kindlin 2 B1, B3 (Ma et al. 2008, Montanez et al. 2008)

Kindlin 3 B1, B2, B3 (Moser et al. 2008, Moser et al. 2009a)

Melusin p1 (Brancaccio et al. 1999)

Numb B3, 5 (Calderwood et al. 2003)

Paxillin B1, p3 (Schaller et al. 1995, Chen et al. 2000)

Receptor for activated protein ~ p1, B2, B5 (Liliental & Chang 1998)

kinase 1 (Rack1)

Shc B3, p4 (Law et al. 1996, Dans et al. 2001)

Theta-associated protein 20 35 (Tang et al. 1999)

(TAP20)

WAIT1 B7 (Rietzler et al. 1998)

Catalytic and signaling proteins

Cytohesin 1 B2 (Kolanus et al. 1996)

EGF receptor pathway sub- B1, B3, p5 (Calderwood et al. 2003)

strate 8 (Eps8)

Extracellular signal-regulated 6 (Ahmed et al. 2002)

kinase 2 (ERK?2)

Focal adhesion kinase (FAK) B1, B2, B3, p5 (Schaller et al. 1995, Chen et al. 2000,
Eliceiri et al. 2002)

Fyn B3 (Arias-Salgado et al. 2005)

Lyn B1, B2, B3 (Arias-Salgado et al. 2005)

Protein kinase D1 (PKD1) B1, p3 (Woods et al. 2004, Medeiros et al.
2005)

Protein phosphatase 2A (PP2A) p1 (Kim et al. 2004)

Shp2 B4 (Bertotti et al. 2006)

Src B3 (Arias-Salgado et al. 2003, Arias-
Salgado et al. 2005)

Yes B1, B2, B3 (Arias-Salgado et al. 2005)

Other proteins

Cluster of differentiation 98 B1, B3 (Zent et al. 2000)

(CD98)

Muscle-specific betal integrin p1 (Li et al. 1999)

binding protein (MIBP)
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There is prominent overlap between protein binding sites on the integrin { tails,
which leads to competition between interacting proteins (Fig. 7). There are three
conserved regions on P tails, so-called hot spots that are the preferred binding
sites of several proteins. According to Legate and Féssler, these spots include a
membrane-proximal HDR(R/K)E motif, a membrane-proximal NPxY motif and
a membrane-distal NxxY motif (Legate & Fassler 2009). Additionally, an inter-
vening Ser/Thr-rich sequence located between the NPxY/NxxY motifs has an
important role in several protein interactions (Ma et al. 2006).

HDR(R/K)E NPxY Ser/Thr NxxY

motif motif -rich site motif
ﬂlA - WKLLMII HDRREFAKFEKEKMNAKWDTGENPIYKSAVT TVVNPKYEGK
1D - WKLLMII HDRREFAKFEKEKMNAKWDTGENPIYKSPINNFKNPNYGRKAGL
p2 - WKALIHLSDLREYRRFEKEKLKSQWNND-NPLFKSATTTVMNPKFAES
p6e - WKLLVSFHDRKEVAKFEAERSKAKWQTGTNPLYRGSTS TFKNVTYKHREKQKVDLSTDC
B7 - YRLSVEI YDRREY SRFEKEQQQLNWKQDSNPLYKSAITTTINPRFQEADSPTL
B3 - WKLLITI HDRKEFAKFEEERARAKWDTANNPLYKEATS TETNITYRGT

1\ Talin F3 - Kindlins

Tensin, Dok1
D723
Filamin

FIGURE7  Alignment of integrin B cytoplasmic tails with some key interactions (Legate
& Fassler 2009, Anthis & Campbell 2011). Manual alignment of the integrins
shows the three conserved sites that are highlighted. The possible phosphory-
lation sites of the Ser/Thr-rich sequence are colored in red, and the 2 threo-
nine triplet is highlighted. D723 that is important in integrin activation is
marked. The binding sites of the discussed proteins are indicated.

Integrin function has to be carefully coordinated in order to enable proper cellu-
lar function. Therefore, the activation of integrins is regulated spatially and
temporally (Gahmberg et al. 2009). There are several ways of regulating integrin
cytoplasmic interactions and integrin function (Fig. 8):

1) Protein autoinhibition

Several integrin-binding proteins can exist in an auto-inhibited form (Lad et al.
2007, Goksoy et al. 2008). This autoinhibition can be unraveled by several ways,
as discussed in the context of the proteins talin and filamin.

2) Integrin p tail phosphorylation

The main locations for integrin phosphorylation are the hot spots regions. Sev-
eral PTB domains are shown to bind NxxY motifs in integrins (Calderwood et al.
2003), but the specificity for the motif phosphorylation varies; the phosphoryla-
tion status can either increase or abrogate this binding (Garcia-Alvarez et al.
2003, McCleverty et al. 2007, Oxley et al. 2008). In addition, p integrin cytoplas-
mic serine and threonine residues can be phosphorylated (Fagerholm et al.
2004).

3) Competitive or co-operative adapter binding to integrin tails
The overlap of the integrin-binding sites causes the interacting proteins to com-
pete for integrin binding. Other proteins can either compete or cooperate with
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talin, hence modulating integrin activation (Kiema et al. 2006, Moser et al. 2008).
In addition, the phosphorylation of integrin can sometimes be considered a mo-
lecular switch that displaces one protein in favor of another (Oxley et al. 2008).

4) Recruitment by other proteins (co-adapters)

The intracellular localization and recruitment of integrin-binding proteins is
one way to regulate the integrin cytoplasmic interactions (Anthis & Campbell
2011). Talin recruitment to the plasma membrane is discussed later.

2.3.1 Regulation of integrin-talin interaction

Talin plays a vital role in integrin-mediated events such as cell adhesion, migra-
tion and survival. Depletion of talin can cause phenotypes similar to those gen-
erated by defective integrins. Talinl is important for animal development since
its absence in mice is embryonically lethal (Monkley et al. 2000). In T-cells, talin
is required for T-cell receptor (TCR)-mediated ICAM-1-adhesion, regulation of
affinity, migration, polarization and clustering of the alLp2 integrin. Talin ac-
cumulates F-actin and integrin at the immunological synapse. Talin is also re-
quired, e.g., for platelet adhesion and macrophage phagocytosis (Critchley &
Gingras 2008).

Talin acts as a mechanical link between integrins and the actin cytoskele-
ton (Roberts & Critchley 2009). Therefore, it is essential for coupling the cyto-
skeleton to adhesion structures and ECM, and to related signaling events
(Zhang et al. 2008). Talin acts as a scaffold for other proteins, and it recruits the-
se proteins, like vinculin, to FAs. Talin also promotes integrin clustering (Cluzel
et al. 2005). With multiple integrin-binding sites, it can cross-link or cluster
integrins into adhesive structures. Therefore, talin is required for FA assembly,
signaling and stabilization (Roberts & Critchley 2009). As already discussed,
talin is essential for integrin activation (Calderwood 2004, Campbell & Ginsberg
2004). Because of this crucial role, integrins can be regulated by controlling the
talin-integrin interaction itself. This regulation is achieved by various elaborate
mechanisms that include post-translational modifications, other proteins and
interacting molecules (Fig. 8).

Talin autoinhibition

Intact talin can exist in autoinhibited form in which the integrin-binding site of
the head domain can be masked by the rod region. Consequently, full-length
talin is a relatively poor integrin activator whereas the talin head only is a nota-
bly more potent one (Goksoy et al. 2008). Talin belongs to the band 4.1 super-
family that also includes the ezrin/radixin/moesin (ERM) protein family. In
ERM proteins, the interaction sites are masked by intramolecular masking that
resembles talin autoinhibition. The unmasking of the ERM ligand-binding site
is achieved by several ways that include protein cleavage, binding to
phosphoinositides and the phosphorylation of the tail region (Hamada et al.
2000, Pearson et al. 2000). In addition, talin autoinhibition seems to be released
in similar ways.
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” talir;-binding filamin-binding é
proteins proteins

(e.g. layilin) (e.g. migfilin)

Recruitment?

(e g.RIEH) proteolysis Integrin mechanical force
lipids phosphorylation phosphorylation
phosphorylation alternative splicing

mechanical force proteolysis?

Other
integrin-binding

d Talin Filamin
autoinhibition autoinhibition
(e.g. kindlin, Dok, 14-3-3)
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proteins

FIGURE8  Regulation of integrin-talin and integrin-filamin interaction. The interactions
are affected by the ways presented in the boxes. Talin and filamin can exist as
an autoinhibited form (bottom corners). This autoinhibition is unraveled by
several means also discussed in the text. The interaction with integrins can be
further regulated by integrin phosphorylation. Other proteins can compete
with talin and/or filamin for binding to the integrin tail; or other proteins can
compete with the integrin tail for binding to talin or filamin. In addition, the
proteins can be recruited to the integrins by other proteins.

The calpain family of proteases is implicated in multiple cellular processes, in-
cluding cell migration and spreading. Calpains regulate the dynamics of integ-
rin-mediated adhesions, and their substrates include numerous adhesion com-
plex proteins (Franco & Huttenlocher 2005). Calpain is shown to cleave talin
resulting in a talin head and a talin rod fragment. Because the talin head has six
times higher binding affinity for the 3 tail than full-length talin has, the cleav-
age can facilitate talin binding and integrin activation (Yan et al. 2001). Calpain
contributes to the activation of aVp3 and allbP3 integrins. However, calpain
also acts downstream of integrin activation and cleaves integrin cytoplasmic
tails, which makes the role of calpain in integrin activation more complicated
(Calderwood 2004). Although calpains promote talin-mediated integrin activa-
tion, they do not appear for the assembly of adhesion complexes. Instead,
calpain-mediated proteolysis of talin is shown to have a major role in FA disas-
sembly (Franco et al. 2004, Franco & Huttenlocher 2005).

Talin binding to PIP2 causes conformational changes that disrupt talin
autoinhibition and facilitate the binding of talin to integrin (Martel et al. 2001,
Goksoy et al. 2008, Saltel et al. 2009). Talin binds to the C-terminal part of
PIPKIy-90, and this interaction has been shown to activate the enzyme (Di Paolo
et al. 2002, Ling et al. 2002). Active PIPKIy-90 induces localized synthesis of
PIP2 and recruitment of talin to focal adhesions. Thus, PIPKIy-90 is a potential
positive regulator of integrin activation and FA assembly (Di Paolo et al. 2002,
Ratnikov et al. 2005b). On the other hand, there is a possibility of counteracting
factors such as competitive binding of integrin and PIPKIy-90 on the talin head.
Src kinase, a major player in integrin outside-in signaling, is shown to phos-



34

phorylate PIPKIy-90. This phosphorylation greatly facilitates PIPKIy-90 binding
to talin and thus outcompetes the talin-integrin interaction. Therefore, Src
phosphorylation could act as a switch from integrin binding to PIPKIy-90 bind-
ing by talin (Barsukov et al. 2003, Ling et al. 2003, de Pereda et al. 2005).

As in other FERM family proteins, phosphorylation can be important in
talin function. Phosphorylation could alter the tendency of talin for calpain
cleavage or change talin interactions. In agonist-induced platelets, talin is
shown to be phosphorylated mainly on T144, T159 and S446 (Ratnikov et al.
2005a). These sites reside in the F1 loop of talin FERM and in a hinge near the
calpain cleavage site, respectively. Indeed, phosphorylation of residues 1144
and T150 is shown to inhibit talin membrane association, thereby modulating
integrin activation (Goult et al. 2010).

Scientists have also proposed that talin has mechanosensory characteris-
tics. When talin forms a link between integrins and actin cytoskeleton, it is a
subject of external mechanical force. Force exerted by actomyosin contraction
may alter the conformation of the rod helical bundles and exposes the buried
VBSs (Lee et al. 2007). The greater the force, the larger the number of cryptic
VBSs exposed. This then enables the vinculin binding to increase progressively,
which would gradually strengthen the interface between cytoskeleton and
integrins (Ziegler et al. 2006, Humpbhries et al. 2007). However, whether the ex-
erted force had an effect on the unmasking of the integrin-binding site is not
known.

Integrin phosphorylation

The interactions between talin and integrin cytoplasmic tails are controlled by
integrin phosphorylation. The integrin outside-in signaling is accompanied by
tyrosine phosphorylation of the p cytoplasmic tails. For example, allbp2 integ-
rin-dependent platelet aggregation causes increased tyrosine phosphorylation
of signaling proteins (Law et al. 1996). The tyrosine phosphorylation of the 3
integrin tail is shown to be important in cell transformation (Sakai et al. 2001,
Datta et al. 2002), cell migration (Sakai et al. 1998) and hemostasis (Law et al.
1999). The integrin membrane-proximal NPxY motif is phosphorylated by Src-
family kinases (Law et al. 1996, Sakai et al. 2001), which is shown to lead to im-
paired cell adhesion (Wennerberg et al. 2000, Datta et al. 2002). The NPxY
phosphorylation by Src abrogates the binding of talin (Garcia-Alvarez et al.
2003, Ling et al. 2003). Thus, the tyrosine phosphorylation of integrins can be
regarded as a negative regulator of integrin activation.

Other PTB proteins

Integrin cytoplasmic tails have two recognition sites for PTB domains: a mem-
brane-proximal NPxY motif and a membrane-distal NxxY motif (Calderwood et
al. 2003). In addition to talin, several other proteins with a PTB domain can bind
to these motifs. These proteins include tensin, Numb, docking protein 1 (Dok1),
integrin cytoplasmic domain-associated protein-la (ICAP-la) and kindlins.
Depending on the type of the PTB domain, the protein can show a preference
for either phosphorylated or unphosphorylated tyrosine, or can be independent
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of the phosphorylation state. In addition, the integrin sequence upstream of the
NPxY or NxxY motifs accounts for the specificity of interactions. Naturally, the
binding of these proteins to integrin tails has to be regulated spatially and tem-
porally. As with talin, this regulation can be achieved by lipids and integrin
tyrosine phosphorylation (Calderwood 2004, Legate & Fassler 2009).

The recruitment of tensin is temporally distinct to talin: talin is recruited
to early adhesion sites whereas tensin resides at mature FAs and fibrillar adhe-
sions (Zamir et al. 1999, Zaidel-Bar et al. 2007). The relatively weak binding of
tensin to integrins is insensitive to NPxY phosphorylation, which is caused by
the flexibility of the PTB domain binding pocket (McCleverty et al. 2007). While
this same phosphorylation abrogates talin biding (Garcia-Alvarez et al. 2003,
Ling et al. 2003), it can be considered a talin-tensin phosphotyrosine switch.
This switch can have a role in the conversion from a structural focal adhesion to
a fibrillar adhesion with signaling functions (Geiger et al. 2001, Legate & Fassler
2009). Indeed, FA maturation is characterized by tyrosine phosphorylation of
integrins by the Src kinase (Ling et al. 2003).

Dokl negatively regulates integrin activation and interacts exclusively
with the canonical membrane-proximal NPxY motif. While talin also binds to
this motif, the proteins compete in integrin binding (Wegener et al. 2007, Oxley
et al. 2008). The Dokl binding to unphosphorylated NPxY is relatively weak but
is greatly increased by the integrin tyrosine phosphorylation. This suggests that
integrin phosphorylation can act as a switch between talin and Dokl binding
(Oxley et al. 2008). ICAP-1a is shown to bind the membrane-distal NxxY motif
in a P1A integrin-specific way. This binding requires an unphosphorylated
72NxxY7% motif and an upstream valine (V787) (Chang et al. 2002). Conse-
quently, ICAP-1a binding competes with the neighboring talin-integrin interac-
tion and facilitates FA disassembly in cells (Bouvard et al. 2003).

The kindlins (Karakose et al. 2010) are found to assist talin in integrin ac-
tivation, hence acting as integrin co-activators. Three kindlins are expressed in
mammals, kindlin-1, kindlin-2 and kindlin-3, and each one localizes to integrin
adhesion sites. Kindlins are important components in integrin adhesion since
failure of their function leads to integrin activation-deficient phenotypes. Dis-
eases related to kindlins include Kindler syndrome, leukocyte adhesion defi-
ciency type III (LAD-III) and some bleeding disorders. The mechanism underly-
ing kindlin function is still unknown, but it requires direct contact with integrin
P tails. Additionally, kindlins are known to bind migfilin and integrin-linked
kinase (ILK), and to orchestrate protein recruitment to FAs (Mackinnon et al.
2002, Tu et al. 2003).

Like talin, kindlins consist of a FERM domain with an acidic binding
pocket and a preceding FO subdomain (Goult et al. 2009). In addition, kindlins
have a PH domain inserted into the F2 subdomain. The F3 subdomain of
kindlins resembles that of talin but binds to the membrane-distal NxxY of integ-
rin 3 subunits. Indeed, mutation of this motif abrogates cell spreading (Yldnne
et al. 1995). Additionally, the Ser/Thr-rich site between the NxxY motifs is im-
portant for kindlin, but not talin, binding (Garcia-Alvarez et al. 2003, Ma et al.
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2008). Because talin and kindlins bind to different NxxY motifs, the simultane-
ous integrin binding might in theory be possible, thus enabling cooperative
roles in integrin activation. This hypothesis is supported by the results where
integrin activation requires simultaneous expression of talin and kindlins (Ma
et al. 2008, Moser et al. 2008, Meves et al. 2009, Moser et al. 2009b, Karakose et al.
2010).

2.3.2 Integrins, Rapl and RIAM

Several different signaling pathways can regulate integrin activation, and often
these pathways converge to the talin-integrin interaction. Proteins that have
membrane-targeting motifs can associate directly or indirectly with talin. Con-
sequently, these proteins have an ability to target talin to the plasma membrane
and to integrins. For example, platelet agonist stimulation increases allbp3 af-
finity that is accompanied by talin redistribution from cytoplasm to the plasma
membrane (Beckerle et al. 1989). One of these recruiting pathways includes
WASP-family verprolin homologue 2 (WAVE2) that recruits vinculin and talin
to the immunological synapse (Nolz et al. 2007). Another pathway includes
PIPKIy and the second messenger PIP2 that, in concert with protease calpain,
facilitate talin recruitment and integrin activation (Anthis & Campbell 2011).
One major group of signaling intermediates that regulate integrin activation is
the Ras superfamily of small guanosine triphosphatases (GTPases).

More than 21 members of the Ras GTPase exist, and they act as molecular
switches that cycle between active GTP-bound and inactive GDP-bound forms.
The GTPase-activating proteins (GAPs) facilitate the inactive ‘off’ state while
guanine nucleotide exchange factors (GEFs) induce the active ‘on’ state. The
activity state of small GTPase determines its ability to bind effectors. The switch
regions (switch I, switch II and P-loop) that border the nucleotide-binding site
are flexible and stabilized in the GTP-bound state so that effectors are allowed
to interact. Ras-family proteins are structurally conserved and share some acti-
vators and effectors, but these proteins have distinct biological functions (Bos et
al. 2001, Kinbara et al. 2003, Raaijmakers & Bos 2009).

Small GTPases have major roles in cell growth and proliferation, and they
are also involved in cell adhesion and migration. Integrin function can be regu-
lated by several small GTPases, including H-Ras, R-Ras and Rap. The proteins
share overlapping pathways; therefore, crosstalk between them in integrin reg-
ulation is possible. H-Ras can suppress or promote integrin-mediated adhesion,
depending on the cell type. H-Ras prevents integrin activation in fibroblasts but
activates integrins in hematopoietic cell lines. The effectors mediate the effects
of the H-Ras onwards. For example, Rafl suppresses integrin activation, but
phosphatidylinositol 3-kinase (PI3K) enhances integrin activation; the effector
chosen by H-ras depends on the cellular context. R-Ras promotes integrin acti-
vation and consequent behavior change in Chinese hamster ovary (CHO) cells,
breast epithelial cells and macrophages. R-Ras also counters the suppressive
effect of H-Ras. The membrane association of R-ras is important in integrin ac-
tivation, as well as effector phosphatidylinositol 3-kinase that propagates sig-
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nals to Rac and protein kinase Ce. These proteins then could further regulate
integrin-dependent cells spreading (Kinbara et al. 2003).

Rapl GTPase

The Rap GTPases are the closest homologs of the Ras GTPases. Mammals have
four Rap isoforms, RaplA, RaplB, Rap2A and Rap2B. The RaplA and RaplB
proteins are 97 % identical and functionally equivalent, often referred to com-
monly as Rapl. Rapl is activated by several transmembrane receptors that in-
clude cytokine receptors, growth factors receptors, receptor tyrosine kinases, G-
protein-coupled receptors and cell adhesion molecules. Therefore, it can be re-
garded as a ubiquitous mediator between integrins and other surface receptors
(Bos et al. 2001, Kinbara et al. 2003). The signals from these receptors are medi-
ated by second messengers such as AMP, Ca2* and diacyl glycerol (DAG). GEFs
that activate Rapl include Ca?"- and DAG-regulated guanine nucleotide ex-
change factor 1 (CalDAG-GEF1), C3G, members of Epac and PDZ-GEF sub-
families. GAPs regulating Rap1 include at least the Rap1GAP and Spal family
of GAPs (Boettner & Van Aelst 2009, Raaijmakers & Bos 2009).

Whereas Ras mainly plays a role in cell proliferation and survival, Rap1 is
involved in integrin- and cadherin-dependent cell adhesion and cell spreading
(Boettner & Van Aelst 2009). Rapl regulates f1, 2 and p3 integrins, therefore
affecting integrin activity (affinity) and clustering (avidity) (Bos 2005). The first
evidence of the role of Rapl in integrin function came from leukocytes where
Rapl regulates aL2-dependent adhesion upon agonist TCR ligation (Katagiri
et al. 2000, Reedquist et al. 2000). RaplA enhances integrin-mediated T-cell ad-
hesion through avidity modulation in vivo (Sebzda et al. 2002). Rapl also has a
role in chemokine-induced integrin activation and transmigration of T-cells
(Shimonaka et al. 2003). In mouse platelets, the lack of Rap1B leads to impaired
allbp3-dependent platelet aggregation. This causes bleeding defects and re-
duced thrombus formation, which indicates that Rapl is required for normal
hemostasis (Chrzanowska-Wodnicka et al. 2005).

Rapl effectors
Many Rapl effectors have been found. Some are involved in integrin signaling;
some are involved in other cellular events (Bos et al. 2001, Bos 2005,
Raaijmakers & Bos 2009). Among the effectors, afadin (AF6), a regulator for cell
adhesion and polarization enriched in lymphoid tissues (RAPL), and RIAM are
associated with Rapl-mediated integrin activation (Bos 2005). The unifying
characteristic of these effectors is the Ras-association (RalGDS/AF6; RA) do-
main or structurally similar Ras-binding domain (RBD). These domains form a
ubiquitin-like fold that interacts with small GTPases in a conserved way. This
binding depends on the activation state of the GTPase, whereas other secondary
interactions define the specificity of Rapl-effector interaction (Nassar et al. 1995,
Herrmann 2003).

Effector AF6 contains two RA domains, and it binds Ras and Rap GTPases.
In T-cells, AF6 has been shown to act as a negative regulator of Rapl-induced
integrin adhesion (Zhang et al. 2005). RAPL regulates Rapl-induced integrin
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activation and adhesion in lymphocytes. RAPL is probably recruited by active
Rapl to the plasma membrane where RAPL associates with the a cytoplasmic
tail of aLP2, which results in integrin activation (Katagiri et al. 2003). Still,
RAPL has been shown not to mediate the Rapl-induced recruitment of talin in
platelets integrin allbB3 (Han et al. 2006).

RIAM

RIAM (or PREL1) is a Rap1 effector that has been shown to induce integrin ac-
tivation and to regulate actin cytoskeleton dynamics (Lafuente et al. 2004,
Jenzora et al. 2005). RIAM is enriched in hematopoietic cells, such as platelets
and lymphocytes, whereas lamellipodin, a RIAM paralogue, is present in fibro-
blasts and other cells (Krause et al. 2004). In T-cells, overexpression of RIAM
promotes B1 and 2 integrin-mediated adhesion, and the existence of RIAM is
required in Rapl-induced T-cell adhesion. RIAM also has a role in recruiting
Rapl at the plasma membrane. In cells, RIAM resides at the locations where
integrin activation is expected to take place: leading edge, lamellipodia and
filopodia (Lafuente et al. 2004, Watanabe et al. 2008).

Active Rapl stimulates the membrane localization of talin and its associa-
tion with allbB3 integrin (Han et al. 2006). This recruitment is mediated by
RIAM (Watanabe et al. 2008, Lee et al. 2009). By binding both Rapl and talin,
RIAM forms a ternary integrin activation complex that facilitates integrin acti-
vation in platelets and fibroblasts (Fig. 9A) (Han et al. 2006). The most N-
terminal part of RIAM constitutes an amphipatic a-helix that binds talin. This,
in addition to the RA domain, is sufficient for talin-mediated integrin activation
(Lee et al. 2009). Activated Rapl is targeted to the lipid membrane due to its
membrane-targeting CAAX motif that is prenylated in cells. Membrane target-
ing of the talin-binding site of RIAM via CAAX prenylation can bypass Rap1 for
talin-mediated integrin activation. The RIAM/Rap1l complex thus recruits talin
to the plasma membrane where talin can induce integrin activation (Lee et al.
2009).
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FIGUREY9 RIAM signaling and structure. A. Signaling events preceding talin recruit-
ment, adapted from (Shattil et al. 2010). Agonist (e.g., thrombin) ligation of
the receptor (e.g., thrombin receptor) causes the release of second messengers.
These include inositol triphosphate (IP3), calcium (Ca2+) and diacyl glycerol
(DAG). The second messengers in turn activate GEFs and protein kinase C
(PKC) that activate Rapl GTPase (Shattil et al. 2010). Rap1 then forms a com-
plex with RIAM that recruits talin to integrins. B. Domain structure of select-
ed Mig-10/RIAM/Lamellipodin (MRL) and related Grb7 family proteins as
in (Lafuente et al. 2004, Jenzora et al. 2005). Abbreviations: C, coiled-coil; P:
Proline-rich region; SH2: Src-homology region 2; BPS: Between PH and SH2.

RIAM binds to profilin and Enabled/protein vasodilator-stimulated
phosphoprotein (Ena/VASP) and therefore regulates actin cytoskeleton remod-
eling (Lafuente et al. 2004, Jenzora et al. 2005). Interestingly, RIAM interaction
with VASP and talin has also been shown to have a role in the 3 integrin-
dependent regulation of adhesion dynamics and p1 integrin activation. 33 in-
tegrin promotes VASP phosphorylation that abrogates RIAM-VASP interaction,
but the loss of 33 leads to enhanced association of the VASP/RIAM/talin com-
plex and {1 activation (Worth et al. 2010). Additionally, RIAM has been shown
to bind a complex of adhesion and degranulation-promoting adapter protein
(ADAP) and 55-kDa src kinase-associated phosphoprotein (SKAP-55) with its
RA-PH domain region. This ADAP/SKAP-55 module then recruits RIAM and
Rapl to the plasma membrane, thereby facilitating integrin activation
(Ménasché et al. 2007).

In addition to recruiting effects, RIAM may function in relieving talin
autoinhibition. An activated talin head fragment that consists of F2 and F3 sub-
domains can bypass the need for Rap1 activity, whereas full-length talin cannot
(Han et al. 2006). Therefore, RIAM binding to talin could expose the masked
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integrin binding site (Calderwood 2004, Goksoy et al. 2008). Still, the RIAM-
binding site in talin is yet unknown as well as the possible conformational
changes accompanied by this interaction.

RIAM belongs to the Mig-10/RIAM/Lamellipodin (MRL) family of
adapter proteins (Lafuente et al. 2004). The MRL proteins include RIAM and
lamellipodin in human and related orthologs Mig-10 in nematode and pico in
the common fruit fly. MRL family members consist of a conserved RA-PH do-
main pair that is preceded by coiled-coil regions and flanked by several proline-
rich regions (Fig. 9B). Another family of proteins, the Grb7-related proteins,
shares a similar RA-PH domain pattern with MRL proteins. RIAM interaction
with Rapl has been shown to require an intact RA-PH domain pair (Lafuente et
al. 2004). Although in contrast the PH domain was shown not to be necessary in
integrin activation in CHO cells (Lee et al. 2009). The exact role of the PH do-
main in the RIAM-Rapl1 interaction remains to be solved.

2.3.3 Regulation of integrin function by filamins

FLNa expression is essential for the development of mammals, and the vast
number of FLNa’s divergent roles is reflected by related diseases. In mice, the
loss of FLNa is embryonically lethal with defects in bone development and car-
diac and vascular development. In humans, mutations of the FLNa gene cause
X-linked periventricular heterotopia that is caused by defective neuronal migra-
tion. Disorders related to filamin mutations include many congenital, skeletal
and cardiac anomalies. FLNa mutations also cause familiar cardiac valvular
dystrophy (Robertson 2005, Nakamura et al. 2011).

FLNa has been shown to orthogonally cross-link F-actin into a three-
dimensional gel representing a characteristic structure of the cortical actin net-
work (Flanagan et al. 2001). These networks are responsible for the mechanical
integrity and movement of cells. Cells lacking FLNa exhibit unstable surfaces
(blebbing phenotype), locomotion defects and impaired mechanical resistance
(Cunningham et al. 1992, Flanagan et al. 2001, Kainulainen et al. 2002). At the
same time, filamins can accommodate sufficient flexibility to account for elastic-
ity and binding to other ligands (Nakamura et al. 2007). Filamins anchor
transmembrane receptors to the actin cytoskeleton and act as scaffolds for nu-
merous proteins, such as receptors, adapters and signaling proteins. This pro-
vides membrane stability, integration of signaling as well as mechanoprotection
(Stossel et al. 2001, Nakamura et al. 2011).

Filamin A binds to integrin [ cytoplasmic tails, thus linking them to the
actin cytoskeleton (Calderwood et al. 2001). One role of FLNa interaction with
integrin is to regulate cell spreading and survival (Kim et al. 2008). Filamin also
seems to act as a negative regulator of integrin activation, since FLNa knock-
down increases integrin activation (Kiema et al. 2006). The binding site of
filamin on integrin {3 tails overlaps that of talin (Fig. 7), which results in compet-
itive binding in integrin 3 cytoplasmic tails. Increased filamin-integrin associa-
tion causes decreased integrin-mediated cell migration with impaired cell po-
larization and membrane protrusion (Pfaff et al. 1998). In support of that, FLNa



41

suppresses the invasive behavior of breast cancer cells and regulates calpain-
mediated FA disassembly in (Xu et al. 2010).

The filamin binding site on integrins overlaps with several other integrin-
binding proteins. These proteins include 3 endonexin, ICAP-1a and kindlins
(Legate & Féssler 2009). Still, the competitive effects of these proteins are poorly
known. As with talin, the interaction between filamin and integrins is regulated
by several means (Nakamura et al. 2011). These include mechanical force, alter-
native splicing, phosphorylation, proteolysis and competition with binding
partners (Fig. 8).

Filamin autoinhibition

As discussed earlier in this thesis, the main integrin binding site is masked in
resting filamin (Lad et al. 2007). Computational analyses have shown that the
cryptic binding sites can be exposed by a physiologically relevant mechanical
force (Chen et al. 2009, Pentikdinen & Yldanne 2009). Similar to the case of talin
and vinculin (Lee et al. 2007), the force applied by the actomyosin contraction
could lead to the displacement of filamin A-strands and increased integrin
binding. The mechanosensory characteristic of FLNa has also been implicated
in several phenomena in vivo (Nakamura et al. 2011). For example, filamin has
been shown to have mechanoprotective effects by preventing cell death in-
duced by mechanical force and mediated by integrins (Kainulainen et al. 2002).
Filamin has also been shown to have a mechanosensory role as the FLNa/[31
integrin complex regulates cell response to matrix tension. The FLNa-p1 inter-
action is important for contracting and remodeling collagen in response to ma-
trix stiffness (Gehler et al. 2009).

FLNa is phosphorylated by several kinases, which can lead to increased
resistance to calpain cleavage or altered binding to actin (van der Flier &
Sonnenberg 2001, Nakamura et al. 2011). Many of the kinases are reported to
phosphorylate FLNa at Ser2152 that resides near the A-strand of FLNa20. This
phosphorylation is believed not to affect integrin binding and autoinhibition,
but currently there are conflicting results whether it might affect force-induced
relieving of autoinhibition by decreasing the required mechanical force (Travis
et al. 2004, Chen et al. 2009, Pentikdinen & Yldnne 2009).

The third way to regulate FLNa interaction with integrins is alternative
splicing of the filamin (van der Flier & Sonnenberg 2001). Several filamin vari-
ants have been found (van der Flier & Sonnenberg 2001). Two heart-specific
FLNb variants (var-2 and var-3) lack their last four C-terminal domains, but
their role is unknown (van der Flier et al. 2002). Some found splice variants of
FLNDb and FLNCc lack the hingel region between FLNal5 and FLNal6. This de-
letion has an effect on myogenesis. The FLNb double variant (var-1 with hingel
deletion) induces a change in filamin localization and accelerated muscle differ-
entiation (van der Flier et al. 2002).

FLNa and FLND have a naturally occurring splice variant (var-1) that is
widely distributed in human tissues. The splice variant lacks a segment of 41
amino acids that corresponds the C-terminal part of FLNa19 and the N-terminal
part of FLNa20 (van der Flier et al. 2002). The missing fragment also includes
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the autoinhibitory A-strand of domain 20 (Fig. 5A) (Lad et al. 2007). Therefore,
the var-1 binds different integrin isoforms more strongly (van der Flier et al.
2002), as it is also shown for FLNa with 1 and p7 integrins in cells and in vitro
(Travis et al. 2004, Lad et al. 2007). The same interactions were not necessarily
detectable in the non-variant filamin constructs, probably due to the present
autoinhibition (van der Flier et al. 2002, Lad et al. 2007). Still, the structural and
functional details of FLNa var-1 remain to be elucidated.

The two hinge regions of filamin A are cleaved by calpain, which gener-
ates the rodl, rod2 and self-association domain fragments. This proteolysis is
followed by rod2 translocation into the nucleus with the interacting transcrip-
tion factors (Loy et al. 2003). Ankyrin repeat-containing protein with a suppres-
sor of cytokine signaling box 2 (ASB2) targets filamins to proteosomal degrada-
tion. Proteolysis by these proteins inhibits cell spreading but not migration. This
is probably due to the altered FA dynamics (Nakamura et al. 2011).

Proteins can compete with integrin cytoplasmic tails for FLNa binding.
One of them, migfilin, is thought to provide a connection between the ECM and
the actin cytoskeleton (Wu 2005). In cultured cell lines, migfilin is required for
efficient integrin-mediated cell spreading and possibly achieves this in concert
with kindlin-2 (Tu et al. 2003). Migfilin localizes with cell-matrix adhesion
structures, where it is recruited by kindlin-2. Migfilin is also associated with
actin filaments via filamin. Migfilin consists of an N-terminal portion, a central
proline-rich region and three C-terminal LIM domains. The LIM domains bind
to kindlin-2, and the largely disordered N-terminal region binds filamins (Tu et
al. 2003, Lad et al. 2008). There are multiple migfilin binding sites in the rod1
and rod2 regions of filamins (Takafuta et al. 2003, Tu et al. 2003). In the rod2
segment, the preferential interaction is with FLNa21, with weaker binding at
domains 19 and 22 (Lad et al. 2008). The migfilin binds to the CD-face of
FLNa2l in a very similar way to integrins but with a higher affinity; hence,
migfilin can readily compete for filamin binding. Consequently, migfilin acts as
a molecular switch in integrin activation via its binding to filamin. Migfilin
competitively inhibits binding of filamin to -integrin tails, and enhances integ-
rin activation in cells (Lad et al. 2008, Ithychanda et al. 2009a).

Integrin phosphorylation

The filamin binding region of f tails contains several potential phosphorylation
sites (Fagerholm et al. 2004). Filamin binding to integrins is abrogated by Tyr to
Ala substitution of the membrane-proximal NPxY motif (Pfaff et al. 1998, Kiema
et al. 2006). Talin binding depends on this Tyr residue, but the impact of the
phosphorylation on filamin binding is not known. The serine and threonine
phosphorylation of the Thr/Ser-rich region has been predicted to have an im-
pact on filamin interaction (Calderwood et al. 2001). Indeed, filamin binding is
obstructed by phospho-mimicking residues in this triplet in p7 integrin, where-
as talin binding is unchanged (Kiema et al. 2006). Therefore, the threonine
phosphorylation of this site can modulate the competition status of the filamin
and talin in integrin tails.
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2.3.4 Regulation of integrin function by 14-3-3

The 14-3-3 proteins participate in many cellular processes. These include cell
signaling, cell cycle progression, stress responses, transcription, apoptosis, cyto-
skeletal structure, as well as adhesion and migration (van Hemert et al. 2001,
Aitken 2006). Therefore, the changes in the normal function of especially 14-3-
3o isoform relate to cancer (Tzivion et al. 2006). The 14-3-3 proteins are also as-
sociated with several neuronal disorders, such as Creuzfeld-Jakob, Alzheimer’s
and Parkinson’s disease (Wilker & Yaffe 2004, Tzivion et al. 2006). Animal mod-
els lacking one 14-3-3 appear normal, probably due to the redundant function of
the different isoforms (Aitken 2006).

It has been proposed that 14-3-3 proteins have various functions at the mo-
lecular level. The 14-3-3 binding can alter the target protein’s conformation by
acting as a rigid molecular anvil (Yaffe 2002), or by changing the target’s activi-
ty (Obsil et al. 2001), cellular localization or degradation. As dimeric molecules,
14-3-3 proteins could also function as adapters (van Hemert et al. 2001). The
interaction between a 14-3-3 protein and a target protein is regulated in several
ways. These include phosphorylation or dephosphorylation of the 14-3-3 or tar-
get protein, regulation of 14-3-3 dimerization, protein localization and isoform-
specific expression (Aitken 2006).

Whereas integrin tyrosine phosphorylation is related to integrin outside-in
signaling, threonine/serine phosphorylation (Fig. 7) may be important in in-
side-out activation events (Fagerholm et al. 2004, Gahmberg et al. 2009). Indeed,
the adhesion events of 1A, 2, B3 and P7 integrins involve phosphorylation of
threonines (Peter & O'Toole 1995, Valmu & Gahmberg 1995, Wennerberg et al.
1998, Valmu et al. 1999, Hilden et al. 2003). In platelets, the B3 cytoplasmic do-
main is phosphorylated on threonines in response to thrombin stimulation
(Parise et al. 1990, Lerea et al. 1999). The B1A tail can be phosphorylated at
Ser785, Thr788 and Thr789, and the B3 can be phosphorylated at Thr751 and
Thr753. These threonine residues are important for integrin activation, cell ad-
hesion and spreading, and phosphorylation can affect these events (Fagerholm
et al. 2004).

The leukocyte-specific 2 integrins are phosphorylated after cell stimula-
tion, either by TCR ligation or by phorbol esters. The 2 Ser756 can be phos-
phorylated in some circumstances (Hibbs et al. 1991, Fagerholm et al. 2004). The
2 threonine triplet (7>$TTT7¢0) has a role in the cytoskeletal interactions and in
modulation of cell spreading and adhesion (Valmu et al. 1999, Fagerholm et al.
2004). This triplet is also vital for 32-mediated adhesion to ICAM-1 (Hibbs et al.
1991). Protein kinase C phosphorylates the threonine triplet as well as Ser745 of
the 2 tail (Fagerholm et al. 2002). Moreover, cell activation by receptor ligation
induces Thr758 phosphorylation of B2 integrin. In addition, the corresponding
threonine triplet of B7 is phosphorylated after agonist stimulation, which leads
to increased cell adhesion (Valmu et al. 1999, Hilden et al. 2003).

The 14-3-3 proteins have been shown to bind Thr758-phosphorylated p2
integrins in response to TCR-induced inside-out activation (Fagerholm et al.
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2002, Fagerholm et al. 2005, Nurmi et al. 2006). This binding has a role in cyto-
skeletal rearrangements, cell spreading, adhesion to ICAM-1 and downstream
signaling events (Fagerholm et al. 2005, Nurmi et al. 2007). However, the role of
14-3-3 binding in integrin activation remains unknown.

In addition to B2 integrin, 14-3-3 has been shown to bind to 1, 3 and 34
integrin cytoplasmic tails (Han et al. 2001, Santoro et al. 2003). In contrast to 14-
3-3-B2 integrin interaction, the interaction between 14-3-3p and 1 and 3 integ-
rin has been proposed to be phosphorylation-independent. The 14-3-3 overex-
pression induced integrin-mediated cell spreading and migration, but via an
unidentified mechanism (Han et al. 2001). The interaction of 14-3-3 with P4 in-
volves integrin phosphorylation at serine in hemidesmosomes (Santoro et al.
2003).



3 AIMS OF THE STUDY

Cytoplasmic interactions are important in regulating talin-mediated integrin
activation. We examined with structural and biochemical methods three pro-
teins that affect these events. The structural characteristics of RIAM and its in-
teraction with Rapl are closely associated with talin recruitment to the plasma
membrane. Filamin A competes with talin in integrin binding, which can be
affected in splice variant-1 of FLNa. Phosphorylation of the f2 integrin has an
effect on the binding of proteins 14-3-3(, talin and FLNa. The detailed aims of
this thesis were as follows:

II.

II1.

To characterize the interaction between RIAM and the Rapl
GTPase, and to study the structural properties of the central part of
RIAM. How does the PH domain contribute to the RIAM-Rap1 in-
teraction?

To investigate the interaction between filamin splice variant-1 do-
mains 18-21 with its ligand peptide. Does domain 19 of var-1 bind
the ligand, and are the binding properties of the filamin C-terminus
unaffected by the lacking 41 residues in var-1?

To determine the structure of 14-3-3C in complex with the Thr758-
phosphorylated integrin 32 cytoplasmic tail, and, additionally, to
characterize the effects of the phosphorylation on talin, filamin and
14-3-3C binding with integrin.



4 SUMMARY OF THE METHODS

Table 2 summarizes the methods used in this thesis. More detailed descriptions
can be found in the original publications indicated by Roman numerals. The 14-
3-3C binding assay with integrin peptides is not included in the publications.

TABLE 2 Methods

Method Publication
DNA cloning and sequencing LI
QuikChange mutagenesis L1I
Protein expression and purification I 11, 111
Crystallization 1II
X-ray diffraction data processing I
Structure definition and refinement 111
Pull-down binding assay I 10, III
Thermal unfolding assay I
Limited proteolysis I, 11
Cell culture and transfection I
Western analysis with antibody detection I
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4.1 Integrin phosphopeptide binding to 14-3-3¢

The 14-3-3¢ was expressed and purified as in (III). The integrin peptides (Table
3) were coupled to vinyl sulphon-activated agarose (Sigma) according to the
manufacturer’s instructions. The interaction assay was conducted as in (I1II).

TABLE 3 Integrin peptides used in 14-3-3C interaction assays

Peptide name  Sequence* Source

Controlt CRRFEKEKLKSQWNNDNPLFKSATTTVMNPKFAES Helsinkit
B1A integrin CKFEKEKMNAKWDTGENPIYKSAV(pT)TVVNPKYEGK  EZBiolab
B2 integrin CRRFEKEKLKSQWNNDNPLEKSA (pT)TTVMNPKFAES Helsinki#
B3 integrin CKFEEERARAKWDTANNPLYKEA (pT)STFTNITYRGT EZBiolab
36 integrin CKFEAERSKAKWQTGTNPLYRGS(pT)STFKNVTYKHR EZBiolab
B7 integrin CQLNWKQDSNPLYKSAI(pT) TTINPREQE EZBiolab

* pT is phosphothreonine
t Unphosphorylated 2 integrin peptide
# Faculty of Biosciences, Division of Biochemistry, University of Helsinki, Helsinki, Finland



5 RESULTS AND DISCUSSION

5.1 The properties of RIAM and its interaction with Rap1B (I)

RIAM has been shown to be an important link between Rapl signaling and
talin-mediated integrin activation (Lee et al. 2009). By binding talin and Rapl,
RIAM forms an integrin activation complex that is recruited to integrins (Han et
al. 2006). The structural and binding properties of RIAM RA and PH domains
are largely unknown. Here, we studied the RIAM interaction with Rap1 and the
structural properties of the RIAM fragments.

5.1.1 The Ras-association domain of RIAM is sufficient for Rap1 interaction

In order to characterize the interaction between RIAM and Rapl GTPase, vari-
ous GST-RIAM fragments were tested using a pull-down assay (Table 4). The
constructs with an RA domain were able to bind the GTPase, whereas the con-
trols or constructs without an RA domain were not. The RA domain of RIAM
seemed to be both necessary and sufficient for the interaction with Rap1B.

TABLE 4 Interactions of RIAM constructs with Rap1B

Construct Including domains Binding to Rap1B
RIAM1-176 N* -
RIAM1-261 N-RA +
RIAM1-502 N-RA-PH +
RIAM150-261 RA +
RIAM150-502 RA-PH +
GST or agarose - -

*N, N-terminal region of RIAM (amino acids 1-176 or 1-150)
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The affinities of the RA domain construct (RIAM150-261) and the RA-PH do-
main pair construct (RIAM150-502) were further quantified with pull-down
affinity measurements (Table 5). RIAM150-261 bound active RaplB with a dis-
sociation constant that is comparable to other Ras-effector interactions
(Wohlgemuth et al. 2005). This interaction was specific for the GTPase activity
state because Rap1B-GDP was unable to bind the construct (I, Fig. 2). In addi-
tion, the RA-PH fragment (RIAM150-502) showed a similar binding affinity to
the RA domain only (RIAM150-261), which suggests that the PH domain does
not participate directly in the RIAM-Rap1B interaction in vitro.

TABLE 5 Dissociation constants of RIAM-Rap1B interactions

Sample Ka (uM) Std. Error
RIAM150-261 + Rap1B-GTP 03 0.1
RIAM150-502 + Rap1B-GTP 0.7 0.4
RIAM150-261 + Rap1B-GDP n.d.t n.d.

t n.d., could not be defined

The results are consistent with the hypothesis that the interaction between
RIAM and Rap1B is a canonical Rapl GTPase-effector interaction. This interac-
tion would take place between the switch regions of the GTP-bound Rapl and
an ubiquitin-like RA domain of RIAM (Nassar et al. 1995, Herrmann 2003). Ex-
periments with a yeast two-hybrid assay have previously implied that the
RIAM-Rapl interaction would require an intact RA-PH domain pair (Lafuente
et al. 2004). Our results however argue that the PH domain is not required for
this interaction. The finding that the RA domain is sufficient in Rapl-mediated
integrin activation events in CHO cells (Lee et al. 2009) supports our results.

The PH domain can have an indirect effect on the RIAM-Rapl1 interaction.
The PH domain has been shown to have an important role in Rap1 localization
in cells (Lafuente et al. 2004, Ménasché et al. 2007). The PH domain of RIAM can
bind to membrane phospholipids in a canonical way, or it can bind to other
membrane-targeting proteins. For example, RIAM interaction with the
ADAP/SKAP-55 protein complex depends on the intact RA-PH domain pair.
The ADAP/SKAP-55 then facilitates the recruitment of the RIAM/Rapl com-
plex to the plasma membrane (Ménasché et al. 2007). However, the lipid anchor
of Rap1 can compensate for the lost PH domain (Lee et al. 2009), at least to some
extent. In addition to localizing effects, the PH domain of RIAM was proposed
to influence the conformational state of the protein. This was studied next.

5.1.2 The pleckstrin homology domain stabilizes the fold of the Ras-
association domain in RIAM

The stability of the RIAM constructs was analyzed with limited proteolysis by
using a-chymotrypsin (I, Fig. 3A-D). The RIAM constructs yielded smaller
fragments that imply folded domains flanked by unstructured regions. The re-
sulting fragments included the predicted domains (Lafuente et al. 2004).
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RIAM1-261 yielded a fragment that contained an RA domain, and the construct
consisting of an RA domain only (RIAM150-261) did not result smaller frag-
ments. RIAM150-502 was trimmed to consist of the core RA-PH domain pair.
The rate of proteolysis was considerably faster in RIAM150-261 when compared
to glutathione S-transferase (GST), a stable control protein, which suggests the
unstable nature of the RIAM construct.

The stabilities of the proteins were further analyzed with a thermal stabil-
ity assay. We utilized the ThermoFluor assay (Pantoliano et al. 2001) where the
fluorescent dye binds only to hydrophobic areas of proteins exposed upon de-
naturation. ThermoFluor shows the thermal unfolding of the protein as a func-
tion of temperature. Each protein has its characteristic melting profile, and
therefore melting temperature (Tm). A high melting temperature indicates a sta-
ble and folded protein. The high fluorescent signal even in the ambient temper-
atures from the RA domain only (RIAM150-261), suggests that this construct is
largely unfolded or unstable. The N-terminal part of RIAM or included Rap1B
did not seem to stabilize the fragment (I, Fig. 3E-F). In contrast, the constructs
consisting of a complete RA-PH domain pair yielded profiles of a stable protein
with Tm around 50 °C. The turnover of RIAM constructs was further tested in
CHO cells. After transfection, the protein synthesis was abolished with
cycloheximide. The analysis of resultant cell lysate showed that the RA domain
was readily degraded within two hours, whereas the RA-PH pair was relatively
stable (I, Fig. 3G-H). Therefore, the RA domain is stabilized by the PH domain
in vitro and in cells.

The MRL proteins and Grb7-related proteins share a conserved RA-PH
domain pattern (Fig. 9B) (Lafuente et al. 2004). These domains are separated by
only a short linker, which could suggest close interdomain interactions. The
crystal structure of Grb10, a member of the Grb7-related protein family, shows
extensive interdomain interactions (Depetris et al. 2009). As the MRL proteins
share a similar domain pattern and sequence homology with Grb10, these fami-
lies probably share similar RA-PH domain structure. In several other proteins,
the RA domain forms an independent folded entity that is stable per se. On the
contrary, the RA domain of RIAM cannot fold properly in the absence of the PH
domain. These results therefore imply that the PH domain has a stabilizing role
in MRL proteins. Here we showed that the RA domain binds Rap1 regardless of
the PH domain, but the PH domain is needed to stabilize the RA domain.

5.2 Filamin variant-1 folding and binding characteristics (II)

Filamin A has a splice variant (var-1) that lacks 41 residues (residue numbers
2127-2167) (van der Flier & Sonnenberg 2001, van der Flier et al. 2002). These
residues include the last B-strand of domain 19 and the first strand of domain
20. FLNa var-1 binds integrins more strongly than the wild-type counterpart
(Travis et al. 2004, Lad et al. 2007), but the structural and functional details had
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remained obscure. Here, these properties were studied with several biochemical
and structural methods.

5.2.1 Filamin A variant-1 is partially unstructured

NMR and ThermoFluor data analysis suggested that the truncated domain 19 of
FLNal8-21 var-1 was a flexible structure, but the corresponding wild-type con-
struct (FLNa18-21) behaved as a folded protein (II, Fig. 2 and Fig. 3). The stabili-
ties of the constructs were further tested with limited proteolysis (Fig. 10). In
conditions where the wild type FLNa18-21 was largely resistant to chymotryp-
sin for 120 min, the FLNa18-21 var-1 segment readily degraded in 30 min to
fragments ranging between 22 kDa and 12 kDa. N-terminal sequencing re-
vealed that the emerged fragments spanned from the unstructured domain 19
to the ends of the construct. Therefore, domain 19 in var-1 seemed to be more
readily accessible to proteolysis than the wild-type counterpart. This together
with NMR and ThermoFluor data is consistent with the var-1 deletions
unstabilizing the structure of FLNa domain 19.
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FIGURE 10 Limited proteolysis of FLNa18-21 and FLNa18-21 var-1. The var-1 construct
was more readily digested and from the site of the unfolded 19th domain.
Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gels
stained for protein in the left, domain structure of the constructs in the right.
The figure is based on the Figure 3 of the original publication (II).

The small angle X-ray scattering (SAXS) measurements showed that the
FLNal8-21 forms a rigid L-shaped structure where the arms are formed by do-
main pairs 18-19 and 20-21 (II, Fig. 5). On the contrary, SAXS data and ensem-
ble-optimized model fitting to the data revealed that var-1 has a flexible struc-
ture with multiple possible conformations (II, Fig. 7). This is also consistent
with the unstructured nature of domain 19 in FLNa var-1.
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5.2.2 Filamin A variant-1 binding to migfilin peptide

Integrins and migfilin have several binding sites in the FLNa rod2 region. With-
in the fragment studied here, the primary binding site resides in FLNa21, and a
secondary site is in FLNa19 (Kiema et al. 2006, Lad et al. 2008, Ithychanda et al.
2009a, Ithychanda et al. 2009b). To study if these sites are functional in FLNa
var-1, we measured migfilin binding to FLNa18-21 var-1 constructs containing
mutations that abrogate the binding site on either FLNa19 (12092C) or FLNa21
(I2283C) (Kiema et al. 2006, Lad et al. 2008, Ithychanda et al. 2009a, Ithychanda
et al. 2009b). The affinities were quantified with a pull-down assay.

The approximate dissociation constant between migfilin and FLNa18-21
var-1 12092C (the FLNal9 mutation) was similar to that of migfilin and FLNa21
alone (Table 6). The Kq values between migfilin and canonical FLNal8-21 seem
to differ from those with FLNa21. This is consistent with the results obtained
with integrin binding (Lad et al. 2007), suggesting that in var-1 the masking of
FLNa21 binding site is released. When migfilin binding to the FLNa18-21 var-1
12283C construct (the FLNa2l mutation) was tested, no specific interaction
could be observed (II, Fig. 9A). This construct showed weaker interaction than
FLNal9 alone, although the K4 values could not be accurately determined even
with FLNa19. These results are consistent with the unfolded nature of domain
19 in FLNa var-1.

TABLE 6 Dissociation constants of FLNa fragments with a migfilin peptide

Sample Ka (M) Std. Error
FLNa18-21 62 16
FLNa18-21 12092C 41 21
FLNa18-21 var1 I 2092C 13 4
FLNa18-21 var-1 12283C n.d.t n.d.
FLNal9 ~150 ~70
FLNa21 20 7

t n.d., could not be defined

Our results suggest that, when compared to the canonical FLNA, the binding
site for migfilin in var-1 domain 19 is lost, and at the same time the masking of
domain 21 binding site is relieved. As the contribution of domain 19 binding is
rather small, the var-1 splice variants result in overall higher affinity interaction.
Considering the unfolded nature of domain 19 in var-1, other ligands cannot be
expected to interact with this domain in var-1, either. Our results regarding the
unmasking of the FLNa21 binding site of var-1 are in agreement with its in-
creased binding to various integrins as well (van der Flier et al. 2002, Travis et
al. 2004, Lad et al. 2007).
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5.3 The structure of 14-3-3¢/pf2 complex and competitive binding
(I1T)

5.3.1 Crystal structure of the 14-3-3C in complex with 2 integrin peptide

Following T-cell stimulation, 32 integrin becomes phosphorylated on Thr758
(Valmu & Gahmberg 1995, Hilden et al. 2003, Nurmi et al. 2007), and this phos-
phorylation is followed by 14-3-3 binding (Fagerholm et al. 2002, Fagerholm et
al. 2005). To reveal the atomic details of the 14-3-3C interaction with p2 integrin
tail, we co-crystallized the complex. The 14-3-3C crystals formed in conditions
reported earlier (Liu et al. 1995), and the phosphopeptide was applied to the
crystals by soaking. The crystals belonged to space group P65 and diffracted to
2.5 A resolution. The structure was solved using molecular replacement by us-
ing the PDB entry 1A40 (Liu et al. 1995) as the search model. Cumulative inten-
sity distribution of the diffraction data revealed that the crystals were
hemihedrally twinned. Accordingly, the structure was built and refined by tak-
ing this twinning into account.

The structure (Fig. 11) reveals that the 14-3-3 interaction involves P2 in-
tegrin residues 7KSApTTTVM7¢2 (pT, key phosphothreonine). The structure
resembles the canonical mode I interaction where the peptide is extended along
the 14-3-3 binding groove and the phosphate is the key determinant for interac-
tion (Yaffe et al. 1997, Petosa et al. 1998, Rittinger et al. 1999). The phosphate
group of Thr758 interacted with the key residues of the basic ligand-binding
pocket (Liu et al. 1995). The majority of the electrostatic interactions were with
the phosphate group whereas the side chains of the B2 peptide had only a few
polar interactions (Fig. 11B). The side chain of Ser756 forms hydrogen bonds
with 14-3-3C residues Glul80 and Trp228. In addition, the main chain atoms
flanking the pThr758 interact with the 14-3-3C.
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FIGURE 11 Structure of the 14-3-3C/p2 complex. A. 14-3-3¢ monomer shown as surface
presentation and bound peptide as sticks. Some integrin residues are marked.
The basic ligand-binding pocket can be seen as the blue area below the
pThr758 residue. B. Interactions between the peptide and 14-3-3¢. Hydrogen
bonds are shown as dashed lines, and interacting 14-3-3 residues are indicat-
ed.
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Protein 14-3-3C was the third type of protein crystallized in complex with an
integrin  cytoplasmic tail. The interaction resembles canonical 14-3-3 interac-
tion with a phosphorylated peptide. The bound integrin P tail adopts an ex-
tended conformation that differs from the conformation in complex with
FLNa21 (Kiema et al. 2006). When not bound to proteins, this intervening re-
gion of the P integrin tail seems to adopt a helical conformation (Li et al. 2002,
Vinogradova et al. 2004, Ma et al. 2006). The structures imply that integrin 3
cytoplasmic tails seem to be rather flexible regions that adopt a conformation
depending on the interacting protein. This integrin disorder allows weak but
specific protein interactions, controlled by the entropic cost of an interaction
(Anthis & Campbell 2011).

5.3.2 Effects of the Thr758 phosphorylation and 14-3-3C binding on filamin
and talin interactions

In cells, 14-3-3 is shown to bind only the Thr758-phosphorylated B2 integrin
peptide, whereas the same phosphorylation inhibited filamin binding (III, Fig.
1A, B). The surface plasmon resonance (Biacore) experiments also verified these
results in vitro. The 14-3-3C bound the Thr758 phosphorylated 2 integrin pep-
tide with an affinity (Kq ~260 nM) comparable to other similar 14-3-3 interac-
tions (II, Fig. 2A). In contrast, FLNa21 bound only to the unphosphorylated
peptide with relatively weak affinity (Ka ~0.5 mM) (III, Fig. 2C). The strong
binding of the talin head fragment (F2-F3) was unaffected by Thr758 phosphor-
ylation (III, Fig. 2B).

The crystal structures of both FLNa21 and 14-3-3C in complex with the {32
integrin peptide explain at the atomic level how Thr758 phosphorylation affects
the interactions. As discussed above, 14-3-3C interaction largely depends on the
phosphate moiety. The crystal structure of the FLNa21/p2 integrin complex (I1I,
Fig. 3) is very similar to the complex FLNa21 with f7 (Kiema et al. 2006). The
Thr758 of B2 points toward the hydrophobic interior of the CD face. The inser-
tion of the phosphate group should make this interaction highly unfavorable.
Therefore, B2 integrin phosphorylation on Thr758 acts as a molecular switch for
14-3-3C and FLNa interactions.

The effects of Thr758 phosphorylation and 14-3-3 on talin binding were
further analyzed with a competition assay (llI, Fig. 1C). In accordance with the
Biacore results, talin binding was unchanged by Thr758 phosphorylation or
Thr758 Ala mutation. This is also supported by previous results where this resi-
due did not participate in the binding of talin (Fagerholm et al. 2005), and the
structures of talin that do not overlap with the residue corresponding Thr758
(Garcia-Alvarez et al. 2003, Anthis et al. 2010). Surprisingly, the assay showed
that talin binding to the phosphopeptide is completely outcompeted by the 14-
3-3C (111, Fig. 1C). In addition, the crystal structure of the 14-3-3¢/2 complex
implies that the concomitant binding of these proteins is sterically unfavorable
and the binding sites overlap (Ill, Fig. 7D).

Talin is an important regulator of alLp2 integrins in TCR-induced T-cell
adhesion (Simonson et al. 2006). The interaction of talin with the B2 tail is im-
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portant in integrin activation, and this is not affected by Thr758 phosphoryla-
tion. On the contrary, the subsequent binding of 14-3-3C abrogates the p2-talin
interaction. The influence that these events have on integrin-mediated adhesion
can be explained with a sequential model (Fig. 12). In this model, filamins in-
hibit integrin activation by competing with talin (Kiema et al. 2006). This would
happen in early stages after TCR stimulation. The subsequent Thr758 phos-
phorylation inhibits FLNa binding, thus favoring talin interaction. However,
the phosphorylation indirectly inhibits talin interaction via 14-3-3C binding.

/
| T758 pT758 | pT758

filamin & % L
Rac 1
14-3-3 Cdc42
filamin
actin cytoskeleton tal|n talin

A B C D actin cytoskeleton

Figure12  Schematic presentations of the events that relate to f2 Thr758 phosphoryla-
tion. This figure summarizes the conclusions based on our observations.
Filamin binds to the unphosphorylated B2 integrin tail, therefore connecting
integrin to the cytoskeleton and other proteins (A). When Thr758 is phos-
phorylated, filamin cannot bind to integrin, which favors talin interaction (B).
14-3-3 binds to the phosphorylated 2 tail, which outcompetes talin binding
(C) and leads to downstream signaling effects such as actin cytoskeleton re-
organization (D).

The bound 14-3-3 then mediates further downstream signaling events, such as
small GTPase Rac-1 and Cdc42 activation and actin cytoskeleton reorganization
(Nurmi et al. 2007). These events further affect cell spreading and adhesion that
no longer depend on talin. The 14-3-3 proteins can affect these signaling events
by several mechanisms that include acting as a dimeric scaffold protein or as an
allosteric modulator (van Hemert et al. 2001, Yaffe 2002). However, the signal-
ing events that immediately follow 14-3-3 interaction with integrins are not
known.

5.3.3 Binding of 14-3-3 to other integrin  tails

The possibility that 14-3-3 also binds other integrins was also speculated. The
phosphorylated B2 sequence that binds 14-3-3C resembles closely the mode I
optimal binding motif (Yaffe et al. 1997). When other integrin cytoplasmic tail
sequences with mode I and mode II consensus motifs are compared, some simi-
larities can be seen (Fig. 13A). These include a positive Arg or Lys side chain
that follows the membrane-proximal NPxY motif. Several integrins have a
Ser/Thr residue at a site that correlates with the first threonine (Thr758) of the
B2 triplet. These include Thr788 in 1 that is phosphorylated and is important
for integrin function (Kim et al. 2004, Nilsson et al. 2006). In addition, Thr777 in
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3 integrin can be phosphorylated in cells (Parise et al. 1990, van Willigen et al.
1996, Lerea et al. 1999), as well as the threonine triplet of 37 integrins (Hilden et
al. 2003). The muscle-specific integrin 1D variant does not have a Ser/Thr res-
idue in the corresponding site (not shown), which indicates that it is regulated
in a different way.
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Figure 13  Integrins as canonical mode I ligands. A. Comparison of integrin tails with
mode I and mode II optimal binding motifs. Ser/Thr residues are in red, and
shared positive side chains (Arg/Lys) are in blue. B. Phosphorylated forms of
other integrins were tested for 14-3-3C binding (mean columns * standard de-
viation, n=4). The protocol and the peptides used were described in section
4.1 above.

However, when the binding of 14-3-3C to other integrin phosphopeptides was
tested, no significant interaction was detected (Fig. 13B). Only the phosphory-
lated 6 integrin, which resembles 2 most, showed weak binding. Therefore,
the interactions between 14-3-3 and other (3 integrins, if present, might follow a
different kind of binding mode. For example, 14-3-3 has been shown to interact
with unphosphorylated p1 (and probably with 3) at a site upstream from the
Thr/Ser-rich site (Han et al. 2001). The 14-3-3 interaction studied here may
therefore be specific for leukocyte B2 integrins, and the phosphorylation of the
Thr/Ser-rich region could have other regulatory roles in other integrins.

These results add one piece to the elaborate puzzle of integrin cytoplasmic
interactions. Integrins are regulated by several means, and here we described
one scenario where threonine phosphorylation changes the binding of some key
protein interactions. Still, several other integrin {3 tail interactions, their mutual
effects and the role of phosphorylation remain to be elucidated. For example,
kindlin-3 has been shown to associate with B2 integrins (Moser et al. 2009a),
and the binding requires the Thr/Ser-rich site between the NxxY motifs.
Whereas both 14-3-3 and filamin A compete with talin for integrin binding,
their effect on kindlin function is not yet known.



6 CONCLUDING REMARKS

The main conclusions of this thesis are as follows:

I

I

I

RIAM binds small GTPase Rapl with its RA domain. The RA do-
main is both sufficient and necessary for this interaction, and the
PH domain does not participate in the binding in vitro. On the other
hand, the PH domain stabilizes the RA domain structure and forms
a stable functional RA-PH entity in vitro and in cells.

The domain 19 of FLNa var-1 is unfolded and does not bind its lig-
ands. FLNal8-21 var-1 binds its ligands with an affinity that is
comparable to isolated domain 21. However, the lack of an
autoinhibitory A-strand does not seem to significantly facilitate the
binding of migfilin.

The crystal structure of 14-3-3C in complex with the Thr758-
phosphorylated 2 integrin peptide reveals the details of the inter-
action at the atomic level. The 14-3-3C binds the extended peptide
with an interaction that is similar to the phosphorylation-
dependent mode I binding motif. The Thr758 phosphorylation ab-
rogates filamin binding but does not affect talin interaction. How-
ever, the binding of 14-3-3C completely outcompetes talin in the
phosphorylated 2 integrin.

In this thesis several mechanisms affecting integrin function were investigated.
However, these mechanisms may not be generalized to all systems. For exam-
ple, the recruitment of talin by RIAM is yet poorly studied and e.g. animal mod-
els with specific mutations would be informative. The expression of FLNa var-1
can be restricted to certain tissues, so the exact role of the variant remains a
mystery. Although other integrins are also phosphorylated on threonines, my
preliminary experiments reported in this thesis suggest that the subsequent
binding of 14-3-3 may be specific to B2 integrins.
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YHTEENVETO (RESUME IN FINNISH)
Kolme integriinin toimintaa siditelevii proteiinia - filamiini, 14-3-3 ja RIAM

Integriinit ovat solukalvon ldvistdvid proteiineja, jotka ovat térkeitd solujen tart-
tumisessa, liikkumisessa sekd eloonjddnnissa. Integriinit valittavit informaatio-
ta solun ulko- ja sisdpuolen vilillg, ja niiden avulla solut kiinnittyvit solunul-
koisiin rakenteisiin tai toisiin soluihin. Integriinit ovat dimeerisid proteiineja,
jotka koostuvat a- ja P-alayksikostd. Kukin alayksikkoé koostuu suuresta so-
lunulkoisesta osasta, solukalvon ldvistdvéstd osasta sekd lyhyestd solunsisdises-
td hanndstd. Integriinit voivat olla solukalvolla joko inaktiivisessa tai aktiivises-
sa tilassa. Muutosta inaktiivisesta muodosta aktiiviseen muotoon sanotaan in-
tegriinin aktivaatioksi. Integriinin siséltdpdin tapahtuvassa aktivaatiossa solun-
sisdiset signaalit aiheuttavat muutoksia integriinin konformaatiossa, mika lisaa
proteiinin kykyé sitoa solunulkoisia ligandeja. T4td aktivaatiota sdddellddn in-
tegriinien solunsisdisiin héntiin sitoutuvien proteiinien avulla. Parhaiten tun-
nettu solunsisdinen aktivoiva tekijd on proteiini nimeltdédn taliini. Monet muut
proteiinit sddtelevit taliinin toimintaa joko edistdvésti tai inhiboivasti. Tassa
vditoskirjassa tutkittiin taliinin toimintaa sddtelevid proteiineja RIAM, filamiini
ja 14-3-3.

Adapteriproteiini RIAM yhdessd Rapl-proteiinin kanssa rekrytoivat talii-
nin solukalvolle, missd syntynyt kompleksi pystyy aktivoimaan integriinejd.
Ensimmadisessd osatyossd tutkimme RIAM:n rakenteellisia ominaisuuksia seka
sitd, miten RIAM sitoo Rapl:d. Selvitimme, ettd vain RIAM:n RA-domeeni sitoo
Rapl:4, eikd tamd interaktio vaadi muita proteiinin osia. Proteiinin stabiilisuus-
kokeet kuitenkin osoittivat, ettd RA-domeeni vaatii viereisen PH-domeenin py-
sydkseen stabiilina kokonaisuutena. N&in ollen PH-domeeni stabiloi RA-
domeenia, muttei osallistu suoranaisesti interaktioon Rapl-proteiinin kanssa.

Myo6s filamiinit sitoutuvat integriinin solunsisdiseen osaan. Tamaé sitou-
tuminen kilpailee taliinin sitoutumisen kanssa, minké takia filamiinia voi pitda
integriinin aktivaatiota estdvand proteiinina. My0s itse filamiinin sitoutumista
integriiniin sdddellddan monin tavoin, joista yksi on ldhetti-RNA:mn vaihtoehtoi-
nen silmikoituminen. Filamiini koostuu 24:std immunoglobuliinin kaltaisesta
domeenista, joista domeenit 19 ja 21 sitovat integriinid tai migfiliinid. Silmi-
koinnin seurauksena syntyvéstd filamiinin variantti-1:std puuttuu alue, joka
osallistuu proteiinin sitoutumisen itsesdédtelyyn. Toisessa osatydssd tutkimme,
kuinka variantin rakenteelliset ja toiminnalliset ominaisuudet eroavat normaa-
lista proteiinista. Variantin puuttuvan osan seurauksena domeeni 19 oli laskos-
tumaton, mink3d takia tdmaé ei pystynyt sitomaan migfiliinid. Sen sijaan migfilii-
nin sitoutuminen variantin 21. domeeniin oli jonkin verran tehostunut.

Integriinin kykyé sitoa solunsisiisid proteiineja sdddelldan myos fosfory-
laation avulla. Integriinien solunsisdiset osat fosforyloituvat soluadheesioon
liittyvissd tapahtumissa, kuten valkosolujen kiinnittyessa toisten solujen ICAM-
proteiineihin. Valkosolujen P2-integriinin solunsisdisen hdnndn aminohappo-
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tdhde, treoniini 758 (Thr758), fosforyloituu integriinin aktivoituessa, ja t4td fos-
forylaatiota seuraa 14-3-3-proteiinin sitoutuminen integriiniin. Véitoskirjani
kolmannessa osatyossad ratkaisimme rakenteen, jossa proteiini 14-3-3C on sitou-
tuneena Thr758-fosforyloituun (2-integriiniin. Rakenne paljastaa atomitasolla,
kuinka proteiinit sitoutuvat toisiinsa fosforylaatiosta riippuvalla tavalla. Osoi-
timme, ettd integriinin fosforylaatio estdd filamiinin sitoutumisen, mutta on
edellytys 14-3-3:n sitoutumiselle. Fosforylaatio sindllddn ei vaikuttanut taliinin
sitoutumiseen, mutta siitd riippuva 14-3-3:n sitoutuminen syrjdytti taliinin in-
tegriiniltd. Tama tutkimus paljasti odottamattomia molekyylitason mekanisme-
ja valkosolujen integriinien sé&telystd, joilla on merkitystd immuniteetissa.
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AaLTONEN, TuuLa, Effects of pulp and paper
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HuoviNeN, Pirjo, Ultraviolet radiation in
aquatic environments. Underwater UV
penetration and responses in algae and
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nen tunkeutuminen ja sen vaikutukset leviin
ja eldinplanktoniin. 52 p. (145 p.). Yhteenveto
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restoration on benthic communities in boreal
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vaikutus jokien pohjaeldimistéon. 32 p. (101
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PasoNEN, HANNA-LEENA, Pollen competition in
silver birch (Betula pendula Roth). An
evolutionary perspective and implications for
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Yhteenveto 2 p. 2000.

SALMINEN, Esa, Anaerobic digestion of solid
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(166 p.). Yhteenveto 2 p. 2000.

SAaLO, HARRI, Effects of ultraviolet radiation on
the immune system of fish. - Ultravioletti-
séteilyn vaikutus kalan immunologiseen
puolustusjérjestelméan. 61 p. (109 p.).
Yhteenveto 2 p. 2000.

Musrajirvi, Kaisa, Genetic and ecological
consequences of small population size in
Lychnis viscaria. - Geneettisten ja ekologisten
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Yhteenveto 3 p. 2000.
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Tixka, PAvi, Threatened flora of semi-natural
grasslands: preservation and restoration. -
Niittykasvillisuuden sdilyttdminen ja
ennallistaminen. 35 p. (105 p.). Yhteenveto 2 p.
2001.

Sutari, HeL, Ultraviolet sensitivity in birds:
consequences on foraging and mate choice. -
Lintujen ultraviolettind6n ekologinen mer-
kitys ravinnon- ja puolisonvalinnassa. 31 p.
(90 p.). Yhteenveto 2 p. 2001.

VERTAINEN, LAURA, Variation in life-history
traits and behaviour among wolf spider
(Hygrolycosa rubrofasciata) populations. -
Populaatioiden viliset erot rummuttavan
haméahakin Hygrolycosa rubrofasciata) kasvus-
saja kdyttaytymisessd. 37 p. (117 p.)
Yhteenveto 2 p. 2001.

HaapaLa, ANTTI, The importance of particulate
organic matter to invertebrate communities of
boreal woodland streams. Implications for
stream restoration. - Hiukkasmaisen orgaanisen
aineksen merkitys pohjoisten mets&jokien pohja-
eldinyhteisoille - huomioita virtavesien
kunnostushankkeisiin. 35 p. (127 p.) Yhteenveto 2
p. 2001.

NissINEN, Liisa, The collagen receptor integrins
- differential regulation of their expression and
signaling functions. - Kollageeniin sitoutuvat
integriinit - niiden toisistaan eroava séétely ja
signalointi. 67 p. (125 p.) Yhteenveto 1 p. 2001.
AnLroTH, MERVI, The chicken avidin gene
family. Organization, evolution and frequent
recombination. - Kanan avidiini-geeniperhe.
Organisaatio, evoluutio ja tihed
rekombinaatio. 73 p. (120 p.) Yhteenveto 2 p.
2001.

HyoOTYLAINEN, TARJA, Assessment of
ecotoxicological effects of creosote-
contaminated lake sediment and its
remediation. - Kreosootilla saastuneen
jarvisedimentin ekotoksikologisen riskin

ja kunnostuksen arviointi. 59 p. (132 p.)
Yhteenveto 2 p. 2001.

SuLKAVA, PEKKA, Interactions between faunal
community and decomposition processes in
relation to microclimate and heterogeneity in
boreal forest soil. - Maaperin elioyhteison ja
hajotusprosessien viliset vuorovaiku-tukset
suhteessa mikroilmastoon ja laikut-taisuuteen.
36 p. (94 p.) Yhteenveto 2 p. 2001.

LarmNeN, OLLi, Engineering of
physicochemical properties and quaternary
structure assemblies of avidin and
streptavidin, and characterization of avidin
related proteins. - Avidiinin ja streptavi-diinin
kvaterndérirakenteen ja fysioke-miallisten
ominaisuuksien muokkaus seka avidiinin
kaltaisten proteiinien karakteri-sointi. 81 p.
(126 p.) Yhteenveto 2 p. 2001.

LYYTINEN, ANNE, Insect coloration as a defence
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predators. - Hyonteisten véritys puolustukses-
sa vihollisia vastaan. 44 p. (92 p.) Yhteenveto
3 p. 2001.

NIKKILA, ANNA, Effects of organic material on
the bioavailability, toxicokinetics and toxicity
of xenobiotics in freshwater organisms. -
Orgaanisen aineksen vaikutus vierasaineiden
biosaatavuuteen, toksikokinetiikkaan ja
toksisuuteen vesielivilla. 49 p. (102 p.)
Yhteenveto 3 p. 2001.

Luri, Mira, Complexity of soil faunal
communities in relation to ecosystem
functioning in coniferous forrest soil. A
disturbance oriented study. - Maaperan
hajottajaelidston monimuotoisuuden merkitys
metsdekosysteemin toiminnassa ja héirion-
siedossa. 36 p. (121 p.) Yhteenveto 2 p. 2001.
KoskeLa, Tanja, Potential for coevolution in a
host plant - holoparasitic plant interaction. -
Isantdkasvin ja tdysloiskasvin vélinen vuoro-
vaikutus: edellytyksid koevoluutiolle? 44 p.
(122 p.) Yhteenveto 3 p. 2001.

LaPPIVAARA, JaRMO, Modifications of acute
physiological stress response in whitefish
after prolonged exposures to water of
anthropogenically impaired quality. -
Ihmistoiminnan aiheuttaman veden laadun
heikentymisen vaikutukset planktonsiian
fysiologisessa stressivasteessa. 46 p. (108 p.)
Yhteenveto 3 p. 2001.

Eccarp, Jana, Effects of competition and
seasonality on life history traits of bank voles.
- Kilpailun ja vuodenaikaisvaihtelun vaikutus
metsdmyyréan elinkiertopiirteisiin.

29 p. (115 p.) Yhteenveto 2 p. 2002.

NIEMINEN, Jount, Modelling the functioning of
experimental soil food webs. - Kokeellisten
maaperaravintoverkkojen toiminnan
mallintaminen. 31 p. (111 p.) Yhteenveto

2 p. 2002.

NYKANEN, MARKO, Protein secretion in
Trichoderma reesei. Expression, secretion and
maturation of cellobiohydrolase I, barley
cysteine proteinase and calf chymosin in Rut-
C30. - Proteiinien erittyminen Trichoderma
reeseissd. Sellobiohydrolaasi I:'n, ohran
kysteiiniproteinaasin seké vasikan
kymosiinin ilmeneminen, erittyminen ja
kypsyminen Rut-C30-mutanttikannassa. 107
p- (173 p.) Yhteenveto 2 p. 2002.

TuroLa, MaRrja, Phylogenetic analysis of
bacterial diversity using ribosomal RNA

gene sequences. - Ribosomaalisen RNA-
geenin sekvenssien kiytto bakteeridiver-
siteetin fylogeneettisessd analyysissa. 75 p.
(139 p.) Yhteenveto 2 p. 2002.

HonkavaAra, JoHanNa, Ultraviolet cues in fruit-
frugivore interactions. - Ultraviolettindon
ekologinen merkitys hedelmi& syévien eldin-
ten ja hedelmékasvien vilisissd vuoro-
vaikutussuhteissa. 27 p. (95 p.) Yhteenveto

2 p. 2002.
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MARTTILA, ARI, Engineering of charge, biotin-
binding and oligomerization of avidin: new
tools for avidin-biotin technology. - Avidiinin
varauksen, biotiininsitomisen seki
oligomerisaation muokkaus: uusia tyokaluja
avidiini-biotiiniteknologiaan. 68 p. (130 p.)
Yhteenveto 2 p. 2002.

JokEeLA, Jar, Landfill operation and waste
management procedures in the reduction of
methane and leachate pollutant emissions
from municipal solid waste landfills. - Kaato-
paikan operoinnin ja jitteen esikisittelyn
vaikutus yhdyskuntajéitteen biohajoamiseen ja
typpipadstojen hallintaan. 62 p. (173 p.)
Yhteenveto 3 p. 2002.

RANTALA, MARKUS ]., Immunocompetence and
sexual selection in insects. - Immunokom-
petenssi ja seksuaalivalinta hyonteisilla. 23 p.
(108 p.) Yhteenveto 1 p. 2002.

OxsaNeN, TuuLa, Cost of reproduction and
offspring quality in the evolution of
reproductive effort. - Lisddntymisen kustan-
nukset ja poikasten laatu lisdéntymispanos-
tuksen evoluutiossa. 33 p. (95 p.) Yhteenveto
2 p. 2002.

HENO, JaNi, Spatial variation of benthic
macroinvertebrate biodiversity in boreal
streams. Biogeographic context and
conservation implications. - Pohjaeldinyh-
teisdjen monimuotoisuuden spatiaalinen
vaihtelu pohjoisissa virtavesissi - eliomaan-
tieteellinen yhteys seka merkitys jokivesien
suojelulle. 43 p. (169 p.) Yhteenveto 3 p. 2002.
SHRA-PIETIKAINEN, ANNE, Decomposer
community in boreal coniferous forest soil
after forest harvesting: mechanisms behind
responses. - Pohjoisen havumetsamaan
hajottajayhteiso hakkuiden jalkeen: muutok-
siin johtavat mekanismit. 46 p. (142 p.) Yh-
teenveto 3 p. 2002.

KorTET, RAINE, Parasitism, reproduction and
sexual selection of roach, Rutilus rutilus L. -
Loisten ja taudinaiheuttajien merkitys kalan
lisddntymisessd ja seksuaalivalinnassa. 37 p.
(111 p.) Yhteenveto 2 p. 2003.

SuviLAaMmPI, JuHANI, Aerobic wastewater
treatment under high and varying
temperatures - thermophilic process
performance and effluent quality. - Jatevesien
kasittely korkeissa ja vaihtelevissa lampoti-
loissa. 59 p. (156 p.) Yhteenveto 2 p. 2003.
PAIVINEN, Jussi, Distribution, abundance and
species richness of butterflies and
myrmecophilous beetles. - Perhosten ja
muurahaispesissa eldvien kovakuoriaisten
levinneisyys, runsaus ja lajistollinen moni-
muotoisuus 44 p. (155 p.) Yhteenveto 2 p.
2003.
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macroinvertebrates, bryophytes and fish in
boreal streams. Patterns from local to regional
scales, with conservation implications. -
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yhteistrakenne pohjoisissa virtavesissa -
saannonmukaisuudet paikallisesta mittakaa-
vasta alueelliseen ja luonnonsuojelullinen
merkitys. 36 p. (121 p.) Yhteenveto 3 p. 2003.
SUIKKANEN, SANNA, Cell biology of canine
parvovirus entry. - Koiran parvovirusinfektion
alkuvaiheiden solubiologia. 88 p. (135 p.)
Yhteenveto 3 p. 2003.

AHTIAINEN, JARI JuHANI, Condition-dependence
of male sexual signalling in the drumming
wolf spider Hygrolycosa rubrofasciata. -
Koiraan seksuaalisen signaloinnin kunto-
riippuvuus rummuttavalla susihaméhakilla
Hygrolycosa rubrofasciata. 31 p. (121 p.) Yhteen-
veto 2 p. 2003.

Kararaju, PrRasap, Enhancing methane
production in a farm-scale biogas production
system. - Metaanintuoton tehostaminen
tilakohtaisessa biokaasuntuotanto-
jarjestelméssa. 84 p. (224 p.) Yhteenveto 2 p.
2003.

HAKKINEN, JaNi, Comparative sensitivity of
boreal fishes to UV-B and UV-induced
phototoxicity of retene. - Kalojen varhais-
vaiheiden herkkyys UV-B siteilylle ja reteenin
UV-valoindusoituvalle toksisuudelle. 58 p.
(134 p.) Yhteenveto 2 p. 2003.

NorpLUND, HENRI, Avidin engineering;
modification of function, oligomerization,
stability and structure topology. - Avidiinin
toiminnan, oligomerisaation, kestdvyydenja
rakennetopologian muokkaaminen. 64 p.

(104 p.) Yhteenveto 2 p. 2003.

MarjomAKI, Tivo J., Recruitment variability in
vendace, Coregonus albula (L.), and its
consequences for vendace harvesting. -
Muikun, Coregonus albula (L.), vuosiluokkien
runsauden vaihtelu ja sen vaikutukset kalas-
tukseen. 66 p. (155 p.) Yhteenveto 2 p. 2003.
KiLriMaA, JANNE, Male ornamentation and
immune function in two species of passerines.
- Koiraan ornamentit ja immuunipuolustus
varpuslinnuilla. 34 p. (104 p.) Yhteenveto 1 p.
2004.

PonNio, Tiia, Analyzing the function of
nuclear receptor Nor-1 in mice. - Hiiren
tumareseptori Nor-1:n toiminnan tutkiminen.
65 p. (119 p.) Yhteenveto 2 p. 2004.

WaNG, Hong, Function and structure,
subcellular localization and evolution of the
encoding gene of pentachlorophenol 4-
monooxygenase in sphingomonads. 56 p.

(90 p.) 2004.

YLONEN, OLl, Effects of enhancing UV-B
irradiance on the behaviour, survival and
metabolism of coregonid larvae. - Lisdantyvéan
UV-B siteilyn vaikutukset siikakalojen
poikasten kayttdytymiseen, kuolleisuuteen ja
metaboliaan. 42 p. (95 p.) Yhteenveto 2 p.
2004.
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KumpuLAINEN, Tomi, The evolution and
maintenance of reproductive strategies in bag
worm moths (Lepidoptera: Psychidae).

- Lisdantymisstrategioiden evoluutio ja sdily-
minen pussikehréadjilld (Lepidoptera:
Psychidae). 42 p. (161 p.) Yhteenveto 3 p.
2004.

OjaLa, Kirsl, Development and applications of
baculoviral display techniques. - Bakulo-
virus display -tekniikoiden kehittdminenja
sovellukset. 90 p. (141 p.) Yhteenveto 3 p.
2004.

RANTALAINEN, MINNA-Lnisa, Sensitivity of soil
decomposer communities to habitat
fragmentation - an experimental approach. -
Metsdmaaperén hajottajayhteison vasteet
elinympariston pirstaloitumiseen. 38 p.

(130 p.) Yhteenveto 2 p. 2004.

SAARINEN, MARi, Factors contributing to the
abundance of the ergasilid copepod,
Paraergasilus rylovi, in its freshwater
molluscan host, Anodonta piscinalis. -
Paraergasilus rylovi -loisdyridisen esiintymi-
seen ja runsauteen vaikuttavat tekijit
Anodonta piscinalis -pikkujdrvisimpukassa.
47 p. (133 p.) Yhteenveto 4 p. 2004.

LiLja, Juna, Assessment of fish migration in
rivers by horizontal echo sounding: Problems
concerning side-aspect target strength.

- Jokeen vaeltavien kalojen laskeminen sivut-
taissuuntaisella kaikuluotauksella: sivu-
aspektikohdevoimakkuuteen liittyvid ongel-

mia. 40 p. (82 p.) Yhteenveto 2 p. 2004.
Nykvist, PeTRI, Integrins as cellular receptors

for fibril-forming and transmembrane
collagens. - Integriinit reseptoreina fibril-
laarisille ja transmembraanisille kolla-
geeneille. 127 p. (161 p.) Yhteenveto 3 p. 2004.
Korvura, NiNa, Temporal perspective of
humification of organic matter. - Orgaanisen
aineen humuistuminen tarkasteltuna ajan
funktiona. 62 p. (164 p.) Yhteenveto 2 p. 2004.
KARVONEN, ANssl, Transmission of Diplostomum
spathaceum between intermediate hosts.

- Diplostomum spathaceum -loisen siirtyminen
kotilo- ja kalaisannan valilla. 40 p. (90 p.)
Yhteenveto 2 p. 2004.

NYKANEN, MAR1, Habitat selection by riverine
grayling, Thymallus thymallus L. - Harjuksen
(Thymallus thymallus L.) habitaatinvalinta

virtavesissd. 40 p. (102 p.) Yhteenveto 3 p. 2004.
HYNYNEN, Junani, Anthropogenic changes in

Finnish lakes during the past 150 years
inferred from benthic invertebrates and their
sedimentary remains. - Ihmistoiminnan
aiheuttamat kuormitusmuutokset suomalaisis-
sa jarvissa viimeksi kuluneiden 150 vuoden
aikana tarkasteltuina pohjaeldinyhteiséjen
avulla. 45 p. (221 p.) Yhteenveto 3 p. 2004.
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PyLkko, PArvi, Atypical Aeromonas salmonicida
-infection as a threat to farming of arctic charr
(Salvelinus alpinus L.) and european grayling
(Thymallus thymallus L.) and putative means to
prevent the infection. - Epétyyppinen Aero-
monas salmonicida -bakteeritartunta uhkana
harjukselle (Thymallus thymallus L.) ja nieridlle
(Salvelinus alpinus L.) laitoskasvatuksessa ja
mahdollisia keinoja tartunnan ennalta-
ehkdisyyn. 46 p. (107 p.) Yhteenveto 2 p. 2004.
PuuRTINEN, MIKAEL, Evolution of hermaphro-
ditic mating systems in animals. - Kaksi-
neuvoisten lisddntymisstrategioiden evoluu-
tio eldimilla. 28 p. (110 p.) Yhteenveto 3 p.
2004.

ToLvaNEeN, Ourtl, Effects of waste treatment
technique and quality of waste on bioaerosols
in Finnish waste treatment plants. - Jatteen-
kasittelytekniikan ja jatelaadun vaikutus
bioaerosolipitoisuuksiin suomalaisilla jatteen-
kasittelylaitoksilla. 78 p. (174 p.) Yhteenveto

4 p. 2004.

Boapi, Kwast Owusu, Environment and health
in the Accra metropolitan area, Ghana. -
Accran (Ghana) suurkaupunkialueen ympé-
ristd ja terveys. 33 p. (123 p.) Yhteenveto 2 p.
2004.

Lukkari, Tuomas, Earthworm responses to
metal contamination: Tools for soil quality
assessment. - Lierojen vasteet
metallialtistukseen: kdyttomahdollisuudet
maaperan tilan arvioinnissa. 64 p. (150 p.)
Yhteenveto 3 p. 2004.

MARTTINEN, SANNA, Potential of municipal
sewage treatment plants to remove bis(2-
ethylhexyl) phthalate. - Bis-(2-etyyli-
heksyyli)ftalaatin poistaminen jédtevesista
yhdyskuntajatevedenpuhdistamoilla. 51 p.
(100 p.) Yhteenveto 2 p. 2004.

KarisoLa, Pua, Immunological characteri-
zation and engineering of the major latex
allergen, hevein (Hev b 6.02). - Luonnon-
kumiallergian p&éallergeenin, heveiinin
(Hev b 6.02), immunologisten ominaisuuksien
karakterisointi ja muokkaus. 91 p. (113 p.)
Yhteenveto 2 p. 2004.

BAGGE, ANNA MaRI4, Factors affecting the
development and structure of monogenean
communities on cyprinid fish. - Kidus-
loisyhteisgjen rakenteeseen ja kehitykseen
vaikuttavat tekijit sisdvesikaloilla. 25 p.
(76 p.) Yhteenveto 1 p. 2005.

JANTTI, AR, Effects of interspecific relation-
ships in forested landscapes on breeding
success in Burasian treecreeper. - Lajien-
vilisten suhteiden vaikutus puukiipijan
pesintdmenestykseen metsdymparistossa.
39 p. (104 p.) Yhteenveto 2 p. 2005.
TYNKKYNEN, KATJA, Interspecific interactions
and selection on secondary sexual characters
in damselflies. - Lajienvéliset vuorovaikutuk-
set ja seksuaaliominaisuuksiin kohdistuva
valinta sudenkorennoilla. 26 p. (86 p.) Yh-
teenveto 2 p. 2005.



152

153

154

155

156

157

158

159

160

161

162

163

JYVASKYLA STUDIES IN BIOLOGICAL AND ENVIRONMENTAL SCIENCE

HakaLaHT, TEA, Studies of the life history of a
parasite: a basis for effective population
management. - Loisen elinkiertopiirteet:
perusta tehokkaalle torjunnalle. 41 p. (90 p.)
Yhteenveto 3 p. 2005.

HYTONEN, VEsa, The avidin protein family:
properties of family members and engineering
of novel biotin-binding protein tools. - Avidiini-
proteiiniperhe: perheen jasenten ominaisuuk-
sia ja uusia biotiinia sitovia proteiiniydkaluja.
94 p. (124 p.) Yhteenveto 2 p. 2005.

GiLBERT, LEONA , Development of biotechnological
tools for studying infectious pathways of
canine and human parvoviruses. 104 p.

(156 p.) 2005.

SUOMALAINEN, LOTTA-RIINA, Flavobacterium
columnare in Finnish fish farming:
characterisation and putative disease
management strategies. - Flavobacterium
columnare Suomen kalanviljelyssa:
karakterisointi ja mahdolliset torjunta-
menetelmit. 52 p. (110 p.) Yhteenveto 1 p.
2005.

VEHNIAINEN, EEVA-R1IKKA, Boreal fishes and
ultraviolet radiation: actions of UVR at
molecular and individual levels. - Pohjoisen
kalatja ultraviolettisateily: UV-siteilyn
vaikutukset molekyyli- ja yksilotasolla. 52 p.
(131 p.) 2005.

VAINIKKA, ANssI, Mechanisms of honest sexual
signalling and life history trade-offs in three
cyprinid fishes. - Rehellisen seksuaalisen
signaloinnin ja elinkiertojen evoluution
mekanismit kolmella sarkikalalla. 53 p.

(123 p.) Yhteenveto 2 p. 2005.

LUOSTARINEN, SARI, Anaerobic on-site
wastewater treatment at low temperatures.
Jatevesien kiinteisto- ja kyldkohtainen
anaerobinen kisittely alhaisissa lampétilois-
sa. 83 p. (168 p.) Yhteenveto 3 p. 2005.
SepPALA, OTTO, Host manipulation by
parasites: adaptation to enhance
transmission? Loisten kyky manipuloida
isdntiddn: sopeuma transmission tehostami-
seen? 27 p. (67 p.) Yhteenveto 2 p. 2005.

SuurINIEMI, M11a, Genetics of children’s

bone growth. - Lasten luuston kasvun gene-
tiikkka. 74 p. (135 p.) Yhteenveto 3 p. 2006.
TorvoLa, Jount, Characterization of viral
nanoparticles and virus-like structures by
using fluorescence correlation spectroscopy
(FCS) . - Virus-nanopartikkelien sekd virusten
kaltaisten rakenteiden tarkastelu fluoresenssi
korrelaatio spektroskopialla. 74 p. (132 p.)
Yhteenveto 2 p. 2006.

KLEMME, INEs, Polyandry and its effect on male
and female fitness. - Polyandria ja sen vaiku-
tukset koiraan ja naaraan kelpoisuuteen 28 p.
(92 p.) Yhteenveto 2 p. 2006.

LEHTOMAKI, ANNIMARI, Biogas production from
energy crops and crop residues. - Energia-
kasvien ja kasvijatteiden hyodyntaminen
biokaasun tuotannossa. 91 p. (186 p.) Yhteen-
veto 3 p. 2006.
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ILMARINEN, KATJA, Defoliation and plant-soil
interactions in grasslands. - Defoliaatio ja
kasvien ja maaperan véliset vuorovaikutukset
niittyekosysteemeissa. 32 p. (111 p.) Yhteenve-
to 2 p. 2006.

LOEHR, JoHN, Thinhorn sheep evolution and
behaviour. - Ohutsarvilampaiden evoluutio ja
kayttaytyminen. 27 p. (89 p.) Yhteenveto 2 p.
2006.

Paukku, Satu, Cost of reproduction in a seed
beetle: a quantitative genetic perspective. -
Lisdadntymisen kustannukset jyvikuoriaisella:
kvantitatiivisen genetiikan nakokulma. 27 p.
(84 p.) Yhteenveto 1 p. 2006.

OjaLa, KaTja, Variation in defence and its
fitness consequences in aposematic animals:
interactions among diet, parasites and
predators. - Puolustuskyvyn vaihtelu ja sen
merkitys aposemaattisten eldinten kelpoisuu-
teen: ravinnon, loisten ja saalistajien vuoro-
vaikutus. 39 p. (121 p.) Yhteenveto 2 p. 2006.
MaTiLaINEN, HELL Development of baculovirus
display strategies towards targeting to tumor
vasculature. - Syovén suonitukseen
kohdentuvien bakulovirus display-vektorien
kehittdminen. 115 p. (167 p.) Yhteenveto 2 p.
2006.

KaLrio, Eva R., Experimental ecology on the
interaction between the Puumala hantavirus
and its host, the bank vole. - Kokeellista
ekologiaa Puumala-viruksen ja metsamyyran
vilisestd vuorovaikutussuhteesta. 30 p. (75 p.)
Yhteenveto 2 p. 2006.

PmHLAJA, MARJO, Maternal effects in the magpie.
- Harakan ditivaikutukset. 39 p. (126p.)
Yhteenveto 1 p. 2006.

IHALAINEN, EIrRA, Experiments on defensive
mimicry: linkages between predator behaviour
and qualities of the prey. - Varoitussignaalien
saalis-suhteista. 37 p. (111 p.) Yhteenveto 2 p.
2006.

LOPEZ-SEPULCRE, ANDRES, The evolutionary
ecology of space use and its conservation
consequences. - Elintilan kdyton ja reviiri-
kayttaytymisen evoluutioekologia
luonnonsuojelullisine seuraamuksineen. 32 p.
(119 p.) Yhteenveto 2 p. 2007.

TuLLa, MIra, Collagen receptor integrins:
evolution, ligand binding selectivity and the
effect of activation. - Kollageenireseptori-
integriiniien evoluutio, ligandin sitomis-
valikoivuus ja aktivaation vaikutus. 67 p. (129
p-) Yhteenveto 2 p. 2007.

SmusaLo, Tuura, Diet and foraging of ringed
seals in relation to helminth parasite
assemblages. - Perameren ja Saimaan norpan
suolistoloisyhteisét ja niiden hyodyntdminen
hylkeen yksil6llisen ravintoekologian selvitta-
misessa. 38 p. (84 p.) Yhteenveto 2 p. 2007.
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TorvaNeN, TEro, Short-term effects of forest
restoration on beetle diversity. - Metsien
ennallistamisen merkitys kovakuoriaislajiston
monimuotoisuudelle. 33 p. (112 p.) Yhteenveto
2 p. 2007.

Lupwic, GILBERT, Mechanisms of population
declines in boreal forest grouse. - Kanalintu-
kantojen laskuun vaikuttavat tekijat. 48 p. (138
p-) Yhteenveto 2 p. 2007.

KeroLa, TaArRMO, Genetics of condition and
sexual selection. - Kunnon ja seksuaalivalin-
nan genetiikka. 29 p. (121 p.) Yhteenveto 2 p.
2007.

SEPPANEN, JANNE-TuOMaSs, Interspecific social
information in habitat choice. - Lajienvilinen
sosiaalinen informaatio habitaatinvalin-
nassa. 33 p. (89 p.) Yhteenveto 2 p. 2007.
BANDILLA, MATTHIAS, Transmission and host
and mate location in the fish louse Argulus
coregoni and its link with bacterial disease in
fish. - Argulus coregoni -kalatéin siirtyminen
kalaiséntdan, isinndn ja parittelukumppanin
paikallistaminen seké loisinnan yhteys kalan
bakteeritautiin. 40 p. (100 p.) Yhteenveto 3 p.
Zusammenfassung 4 p. 2007.

MERILAINEN, PAIvI, Exposure assessment of
animals to sediments contaminated by pulp
and paper mills. - Sellu- ja paperiteollisuuden
saastuttamat sedimentit altistavana tekijana
vesieldimille. 79 p. (169 p.) Yhteenveto 2 p.
2007.

RoutTu, Jarkko, Genetic and phenotypic
divergence in Drosophila virilis and

D. montana. - Geneettinen ja fenotyyppinen
erilaistuminen Drosophila virilis ja D. montana
lajien mahlakarpésilla. 34 p. (106 p.) Yhteen-
veto 1 p. 2007.

BenesH, DANIEL P., Larval life history,
transmission strategies, and the evolution of
intermediate host exploitation by complex
life-cycle parasites. - Vakakarsamatotoukkien
elinkierto- ja transmissiostrategiat seka vali-
isannan hyvaksikayton evoluutio. 33 p. (88 p.)
Yhteenveto 1 p. 2007.

TapaLE, Sami, Bacterial-mediated terrestrial
carbon in the foodweb of humic lakes.

- Bakteerivilitteisen terrestrisen hiilen
merkitys humusjérvien ravintoketjussa. 61 p.
(131 p.) Yhteenveto 5 p. 2007.

KILJUNEN, MIKKO, Accumulation of
organochlorines in Baltic Sea fishes. -
Organoklooriyhdisteiden kertyminen Itdme-
ren kaloihin. 45 p. (97 p.) Yhteenveto 3 p.
2007.

SorMUNEN, Kar Markus, Characterisation of
landfills for recovery of methane and control
of emissions. - Kaatopaikkojen karakterisointi
metaanipotentiaalin hyodyntamiseksija
padstojen vahentamiseksi. 83 p. (157 p.)
Yhteenveto 2 p. 2008.

Hitunen, Terro, Environmental fluctuations
and predation modulate community
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188

189

190

191

192

193

194

195

196

dynamics and diversity.- Ympériston vaihte-
lut ja saalistus muokkaavat yhteisén dyna-
miikkaa ja diversiteettid. 33 p. (100 p.) Yhteen-
veto 2 p. 2008.

SYVARANTA, JARI, Impacts of biomanipulation
on lake ecosystem structure revealed by stable
isotope analysis. - Biomanipulaation vaiku-
tukset jarviekosysteemin rakenteeseen vakai-
den isotooppien avulla tarkasteltuna. 46 p.
(105 p.) Yhteenveto 4 p. 2008.

MartTiLa, NiNA, Ecological traits as
determinants of extinction risk and
distribution change in Lepidoptera. - Perhos-
ten uhanalaisuuteen vaikuttavat ekologiset
piirteet. 21 p. (67 p.) Yhteenveto 1 p. 2008.
UpLaA, PauLa, Integrin-mediated entry of
echovirus 1. - Echovirus 1:n integriini-
vilitteinen sisddnmeno soluun. 86 p. (145 p.)
Yhteenveto 2 p. 2008.

KeskiNeN, Tario, Feeding ecology and
behaviour of pikeperch, Sander lucioperca (L.)
in boreal lakes. - Kuhan (Sander lucioperca
(L.)) ravinnonkéytto ja kdyttaytyminen
boreaalisissa jarvissa. 54 p. (136 p.) Yhteen-
veto 3 p. 2008.

LAAKKONEN, JOHANNA, Intracellular delivery of
baculovirus and streptavidin-based vectors
in vitro - towards novel therapeutic
applications. - Bakulovirus ja streptavidiini
geeninsiirtovektoreina ihmisen soluissa.

81 p. (142 p.) Yhteenveto 2 p. 2008.

MicHEL, PATRIK, Production, purification and
evaluation of insect cell-expressed proteins
with diagnostic potential. - Diagnostisesti
tarkeiden proteiinien tuotto hyonteissolussa
sekéd niiden puhdistus ja karakterisointi.

100 p. (119 p.) Yhteenveto 2 p. 2008.
LinpstepT, CARITA, Maintenance of variation in
warning signals under opposing selection
pressures. - Vastakkaiset evolutiiviset valinta-
paineet ylldpitavit vaihtelua varoitussigna-
loinnissa. 56 p. (152 p.) Yhteenveto 2 p. 2008.
BomAN, SANNA, Ecological and genetic factors
contributing to invasion success: The
northern spread of the Colorado potato beetle
(Leptinotarsa decemlineata). - Ekologisten ja
geneettisten tekijéiden vaikutus koloradon-
kuoriaisen (Leptinotarsa decemlineata)
leviamismenestykseen. 50 p. (113 p.) Yhteen-
veto 3 p. 2008.

MAKELA, ANNA, Towards therapeutic gene
delivery to human cancer cells. Targeting and
entry of baculovirus. - Kohti terapeuttista
geeninsiirtoa: bakuloviruksen kohdennus ja
sisianmeno ihmisen syopasoluihin. 103 p.
(185 p.)Yhteenveto 2 p. 2008.

LeBIGRE, CHRISTOPHE, Mating behaviour of the
black grouse. Genetic characteristics and
physiological consequences. - Teeren
pariutumiskayttaytyminen. Geneettiset tekijat
ja fysiologiset seuraukset . 32 p. (111
p-)Yhteenveto 2 p. 2008.
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KakkoNEN, ELINA, Regulation of raft-derived
endocytic pathways - studies on echovirus 1
and baculovirus. - Echovirus 1:n ja
bakuloviruksen soluun sisianmenon reitit ja
saately. 96 p. (159 p.) Yhteenveto 2 p. 2009.
TenHOLA-ROININEN, TEA, Rye doubled haploids
- production and use in mapping studies. -
Rukiin kaksoishaploidit - tuotto ja kaytto
kartoituksessa. 93 p. (164 p.) Yhteenveto 3 p.
2009.

TreBATICKA, LENKA, Predation risk shaping
individual behaviour, life histories and
species interactions in small mammals. -
Petoriskin vaikutus yksilon kéayttaytymiseen,
elinkiertopiirteisiin ja yksiloiden vélisiin
suhteisiin. 29 p. (91 p.) Yhteenveto 3 p. 2009.
PIETIKAINEN, ANNE, Arbuscular mycorrhiza,
resource availability and belowground
interactions between plants and soil microbes.
- Arbuskelimykorritsa, resurssien saatavuus ja
maanalaiset kasvien ja mikrobien viliset
vuorovaikutukset. 38 p. (119 p.) Yhteenveto

2 p. 2009.

ARrovnta, JuKkA, Predictive models in
assessment of macroinvertebrates in boreal
rivers. - Ennustavat mallitjokien
pohjaeldimiston tilan arvioinnissa. 45 p.

(109 p.) Yhteenveto 3 p. 2009.

Rasi, Saia, Biogas composition and upgrading
to biomethane. - Biokaasun koostumus ja
puhdistaminen biometaaniksi. 76 p.

(135 p.) Yhteenveto 3 p. 2009.

PAKKANEN, Kirsl, From endosomes onwards.
Membranes, lysosomes and viral capsid
interactions. - Endosomeista eteenpdin.
Lipidikalvoja, lysosomeja ja viruskapsidin
vuorovaikutuksia. 119 p. (204 p.) Yhteenveto
2 p. 2009.

MARKKULA, EVELIINA, Ultraviolet B radiation
induced alterations in immune function of
fish, in relation to habitat preference and
disease resistance. - Ultravioletti B -séteilyn
vaikutus kalan taudinvastustuskykyyn ja
immunologisen puolustusjirjestelméan toimin-
taan. 50 p. (99 p.) Yhteenveto 2 p. 2009.
IHALAINEN, TEEMU, Intranuclear dynamics in
parvovirus infection. - Tumansisdinen dyna-
miikka parvovirus infektiossa. 86 p. (152 p.)
Yhteenveto 3 p. 2009.

Kuntru, HEpl, Characterizing the bacterial fish
pathogen Flavobacterium columnare, and some
factors affecting its pathogenicity. - Kalapato-
geeni Flavobacterium columnare -bakteerin
ominaisuuksia ja patogeenisuuteen vaikutta-
via tekijoitd. 69 p. (120 p.)

Yhteenveto 3 p. 2010.

KoriLaNeN, TiTTA, Solar UV radiation and
plant responses: Assessing the methodo-
logical problems in research concerning
stratospheric ozone depletion . - Auringon
UV-siteily ja kasvien vasteet: otsonikatoon
liittyvien tutkimusten menetelmien arviointia.
45 p. (126 p.) Yhteenveto 2 p. 2010.
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EmNoLa, JuHa, Biotic oxidation of methane in
landfills in boreal climatic conditions . -
Metaanin biotekninen hapettaminen kaatopai-
koilla viile&ssa ilmastossa. 101 p. (156 p.)
Yhteenveto 3 p. 2010.

PurOINEN, SAnja, Range expansion to novel
environments: evolutionary physiology and
genetics in Leptinotarsa decemlineata. - Lajien
levinneisyysalueen laajeneminen:
koloradonkuoriaisen evolutiivinen fysiologia
ja genetiikka. 51 p. (155 p.) Yhteenveto 3 p.
2010.

NIskaNEN, EmNarL, On dynamics of parvoviral
replication protein NS1. - Parvovirusten
replikaationproteiini NS1:n dynamiikka.

81 p. (154 p.) Yhteenveto 3 p. 2010.

PEkKALA, SATU, Functional characterization of
carbomoyl phosphate synthetase I deficiency
and identification of the binding site for
enzyme activator.- Karbamyylifosfaatti
syntetaasi I:n puutteen patologian toiminnalli-
nen karakterisaatio ja entsyymin aktivaattorin
sitoutumiskohdan identifikaatio.

89 p. (127 p.) Yhteenveto 2 p. 2010.

HaLmeg, Panu, Developing tools for
biodiversity surveys - studies with wood-
inhabiting fungi.- Tyokaluja monimuotoisuus-
tutkimuksiin - tutkimuskohteina puulla elavat
sienet. 51 p. (125 p.) Yhteenveto 2 p. 2010.
JaLasvuorl, MATTI, Viruses are ancient
parasites that have influenced the evolution of
contemporary and archaic forms of life. -
Virukset ovat muinaisia loisia, jotka ovat
vaikuttaneet nykyisten ja varhaisten elaman-
muotojen kehitykseen. 94 p. (192 p.) Yhteenve-
to 2 p. 2010.

PostiLa, PEkKA, Dynamics of the ligand-
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