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ABSTRACT

Koivunen, Jarkko

Discovery of a2f1 integrin ligands: Tools and drug candidates for cancer and
thrombus.

Jyvéskyld: University of Jyvaskyld, 2011, 56 p.

(Jyvaskyld Studies in Biological and Environmental Science,

ISSN 1456-9701; 224)

ISBN 978-951-39-4373-8 (nid.), 978-951-39-4417-9 (PDF)

Yhteenveto: a2fl-integriiniligandien suunnittelu; lddkeaihioita ja tyokaluja
syovin ja veritulpan hoitoon

Diss.

Integrins are cell-surface proteins that mediate signalling between the
cytoplasm and the extracellular matrix, and furthermore, attach cells to their
surroundings. Four of these proteins, alpl a2pl alOpl, and allPl, act as
collagen receptor. a2p1 integrin-collagen interaction has shown to have a role
in several pathological processes such as thrombus and cancer. Accordingly,
recent studies have indicated that the a2f1 integrin is a promising target for
drug discovery. However, only a few potential drug candidates have been
found so far. The understanding of the a2f1 integrin structure-function
relationships, which are yet partially unknown, is crucial when novel
pharmaceuticals are developed. In this thesis, several novel a2fl integrin
function modulating ligands were developed by using computer-aided target-
based drug discovery. First, a set of molecules was rationally designed,
synthesized, and their biological activity was tested to shed light to structure-
activity relationships of effective a2f1 integrin-collagen I inhibitors. Achieved
results were used in the development of a fluorescent tool molecule. This
fluorescent probe was used to explore the a2f1 integrin function in cellular
level, and also in identifying the binding mode of novel a2p1 ligands. The small
molecule crystal structures provide information about intermolecular
interactions that ligands can potentially form. Thus, several crystal structures of
discovered integrin ligands were successfully solved. In the future, these
structures can be utilized when novel a2p1 ligands are sought by using virtual
screening. This thesis gives valuable insight to the a2p1 integrin ligands and is
an important part of a journey to safe and effective integrin pharmaceuticals.

Keywords: a2p1 integrin; collagen receptor integrins; rational drug discovery;
thrombus; X-ray crystallography.
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1 INTRODUCTION

Integrins are widely explored proteins located at the cell-surface. They attach
cells to their environment and mediate signalling between the cytoplasm and the
extracellular matrix. To date, the complete understanding of structure- function
relationships of integrins is largely unsolved. Four of 24 human integrins act as
collagen receptors. Collagen is the most abundant protein in human, thus, this
interaction participates in many biological events, and furthermore, in some
pathological processes such as thrombosis and cancer metastasis. The a2f1
integrin belongs to subgroup of collagen receptor integrins and has proved to be
promising target when treatment for thrombus and cancer are sought.

Recent studies indicate that it is possible to rationally develop small
molecule ligands to block the collagen binding into blood platelets via the a2f1
integrin. The blockage of collagen-a2f31 integrin interaction can be used as a
novel approach for antithrombotic therapy. In addition to this, several studies
have shown that collagen-a231 integrin interaction has a role in cancer metastasis.
In order to develop safe and effective drugs which target this interaction,
structure-activity relationships of potential drug candidates should be explored.
Additionally, the a2f1 integrin function and signalling process should be
understood at the atomic level before effective pharmaceuticals can be developed.

This thesis focuses on the discovery of novel a2fl integrin ligands that
disturb the collagen binding. Computer-aided molecular discovery was used as
the primary tool when ligands were developed. As result, a set of molecules was
designed in order to understand the structure-activity relationships of a2{31-
collagen I inhibitors. Furthermore, some of the discovered molecules were found
to be valuable tools for solving the puzzle of integrin signalling. To study ligands
further, several small molecule crystal structures were solved. Crystal structures
provide information about intermolecular interactions that molecules can form.
Moreover, the experimental data collected from structures can be used to validate
computer-aided theoretical methods. Additionally, small molecule crystal
structures can be used when virtual screening methods for ligand discovery are

developed.



2 REVIEW OF THE LITERATURE

2.1 Integrins

Integrins are heterodimeric cell-surface proteins that participate in many
biological and pathological functions, such as wound healing, angiogenesis,
inflammation, metastasis and thrombosis (Hynes 1987, Hynes 2002, Gahmberg
et al. 2009). There are totally 24 known different human integrins formed by 18a
and 8f units (Fig. 1). The integrin heterodimer formed by one a- and one -
subunit is held together with noncovalent interactions. The general structure of
integrins contains a large extracellular part, transmembrane domains, and
relatively short cytoplasmic tails (Fig. 2) (Hynes 2002).
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FIGURE1 The 24 heterodimers of the integrin receptor family. Nine al containing
integrins are shown in grey. Figure is based on Barczyk et al. (2010).
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Upon signalling and activation events integrins undergo conformational
changes from “bent” to “extended” conformation according to the activity stage
(Fig. 1) (Xiong et al. 2001, Takagi et al. 2002, Shattil et al. 2010, Nishida et al.
2006). The activated, extended conformations can have a closed, intermediate or
open headpiece. The extending and the high affinity conformation is presumed
to require separation of the transmembrane parts, and as a result, the
cytoplasmic tails (Lu et al. 2001, Vinogradova et al. 2002, Beglova et al. 2002,
Takagi et al. 2002). Conventionally, the general assumption is that the integrins
in the “bent” conformation are incapable to bind macromolecular ligands.
However, it is shown that the bent integrins can bind large ligands (Jokinen et
al. 2010), and some peptides (Xiong et al. 2002, Adair et al. 2005). A snake
venom protein, rhodocetin, is also assumed to bind to the low-affinity
conformation of the integrin (Eble & Tuckwell 2003). Furthermore, it ihas been
presented that the integrins can recognize ligands without prior activation
(Siljander et al. 2004). Nevertheless, it is still unproven whether the ectodomain
needs to extend for the high affinity state of the integrin or not (Gahmberg et al.
2009).

Intermediate affinity High affinity
(extended, (extended,
closed headpiece) open headpiece)

Low affinity } ‘

(bent, 5 )

closed headpiece) w \

W W

&l
)

)

)

)

\ \ \

FIGURE2  Schematic view of the integrin in different conformations. The importance of
extending the complete integrin to achieve high affinity is under debate. The
figure is based on Gahmberg et al. (2009).

2.1.1 Integrin therapeutics

Despite the essential importance of the integrins in human health, up to date
only five integrin inhibitors have received marketing approval (Cox et al. 2010).
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Even tough they have been approved for marketing, all pharmaceuticals
targeting integrins have major restraints.

Three intravenous antiplatelets targeting platelet integrin allbp3; an
antibody abciximab (EPILOG investigators 1997, Umans et al. 1997), a cyclic
peptide eptifibatide (Scarborough 1999) and a small molecule tirofiban (The
RESTORE Investigators 1997, PRISM-PLUS Study Investigators 1998), were the
first pharmaceuticals in the market that act as integrin function modulators (Fig.
3). However, the efforts for developing drugs further from intravenous to oral
intake have failed. An additional problem was the agonists-like activity
expressed by the integrin ligands. This caused problems in potency and in
pharmacology of these drugs. Thus, the first drugs targeting integrins were not
success stories despite the promising start.

Two integrin therapeutics have been developed to treat autoimmune
diseases. A monoclonal antibody targeting the a4 integrin, named natalizumab,
was approved for the treatment of Crohn’s disease (Targan et al. 2007) and
multiple sclerosis (Rice et al. 2005). Another monoclonal antibody, efalizumab,
which binds to the aL2 integrin, was accepted as a treatment for psoriasis
(Frampton & Plosker 2009). Both of these had severe side effects that led to
market withdrawal. However, natalizumab was brought back to the market
with a risk-management strategy (Cox et al. 2010).

Incomplete understanding of the integrin signaling caused unwanted side
effects and led to problems with the integrin targeted pharmaceuticals. Many of
the candidates were designed based on the natural ligands of the integrins, thus,
many of them work as partial agonists i.e. the ligands inhibited binding to the
RGD motif, but activated the integrin signaling cascade (Weis et al. 2009). For
example, some allbp3 antagonists based on the RGD motif, inhibited the
platelet aggregation at high doses, while low doses induced it (Quinn et al. 2000,
Cox et al. 2000). Although integrins have been shown to be extremely potent
targets for drug development, their complexity and importance in biological
mechanisms is not understood properly. Therefore, more knowledge regarding
the integrin structure and function is needed before effective and safe integrin
pharmaceuticals are discovered.
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Tirofiban Eptifibatide

FIGURE3  The allbp3 integrin drugs approved for marketing.

2.2 Collagen receptor integrins

Nine of the 24 human integrins include an inserted, independently folding ~200
amino acids long al domain which mediates the ligand binding (Fig. 1) (Bahou
et al. 1994, Tuckwell et al. 1995, Calderwood et al. 1997, Velling et al. 1999). This
domain is also called an A domain due to the likeness with the von Willebrand
factor A domain (Lee et al. 1995). Interestingly, the al domain is found only in
Chordates, which indicates that the I domain was developed relatively late in
evolution (Hughes 2001, Huhtala et al. 2005). The subgroup of the al domain
containing integrins is divided into two categories; leucosyte specific and
collagen receptor integrins (Hynes 2002). In total, these are four integrins that
recognize collagens: alfl, a2pl, alOPpl and allpl (Takada et al. 198§,
Briesewitz et al. 1993, Tuckwell et al. 1995, Camper et al. 1998, Velling et al.
1999). On the contrary to the collagen receptor integrins, the other f1l-associated
integrins do not contain the I domain (Fig.1).

As their name indicates, the collagen receptor integrins bind various
collagens (Kern et al. 1994, Tuckwell et al. 1995, Dickeson et al. 1999, Tiger et al.
2001 Tulla et al. 2008). Different integrins favour different types of collagens; for
example the a2pl and the allpl have high affinity for fibril-forming collagens
such as collagen I (Tulla et al. 2001, Tulla et al. 2008). In contrast, the alp1 and
the al0p1 favour collagen IV (Kern et al. 1993, Tulla et al. 2001, Tulla et al. 2008).
In addition to this, several different proteins act as physiological, extracellular
ligands of the collagen receptor integrins. For example, they act as receptors for
different laminins (Colognato-Pyke et al. 1995, Colognato et al. 1997, Tulla et al.
2001, Tulla et al. 2008).

The natural ligands of the a2p1 have been widely explored. Likewise to
the a10p1 and the alf1 integrins, also the a2p1 binds laminins (Elices & Hemler
1989, Languino et al. 1989, Colognato et al. 1997, Tulla et al. 2008). Furthermore,
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the a2p1 binds to chondroadherin (Camper et al. 1997), decorin (Guidetti et al.
2002), and tenascin C (Sriramarao et al. 1993). Some pathogens, such as echo
virus 1 and some rotaviruses, use the a2p1 integrin as a receptor (Bergelson et
al. 1992, Coulson et al. 1997, Hewish et al. 2000, Zarate et al. 2000). The
selectivity over different ligands depends on the activation state of the
corresponding integrin (Képyld et al. 2000, Tulla et al. 2001, Tulla et al. 2008).
On the contrary to some integrins, the collagen binding integrins do not
recognize the RGD binding motif (Fig. 1). Instead, the collagen receptor
integrins bind to the GFOGER sequence (O refers to hydroxyproline) of the
collagen mimic peptide (Knight et al. 2000, Emsley et al. 2000). The triple helical
conformation of the collagen peptide, as well as the glutamate residue, were
found to be essential for the recognition (Morton et al. 1994, Knight et al. 2000).
It was found that replacing glutamate with the comparatively similar aspartate
causes a total loss of binding. Also, 4-hydroxyproline instead of proline is
essential for binding of the alPl but not for the a2B1 (Perret et al. 2003).
Interestingly, in some cases the isolated recombinant I domain showed different
binding properties when compared to the cellular adhesion tests (Knight et al.
2000). The Kq (7.8uM) has been determined for the mimetic peptide of collagen
(Lambert et al. 2008). Furthermore, some other sequences are assumed to be
recognized by the a2p1 integrin (Knight et al. 2000).

In addition to the ECM ligands, integrins recognize various cytosolic
proteins. Talin and kindlin are ligands of cytosolic parts of the B subunit which
trigger the inside-out activation of integrins (Hynes 2002, Ye et al. 2010). Other
intracellular integrin ligands are protein kinase C (Ng et al. 1999) and 14-3-3,
that acts as an integrin activator (Takala et al. 2008). Filamin is shown to act as a
negative intracellular regulator of integrins (Calderwood et al. 2001, Lad et al.
2007). Furthermore, phosphorylation of the cytoplasmic tails has a major role in
integrin regulation (Gahmberg et al. 2009).

The ectodomain of the integrins contain several different binding sites for
divalent cations that are presumed to regulate the affinity and function of the
integrins (Xiong et al. 2001). The p1 domain contains three cation binding sites:
the metal ion-dependent adhesion site (MIDAS), adjacent to MIDAS
(ADMIDAS), and ligand-associated metal-binding site (LIMBS) (Xiong et al.
2001, Valdramidou et al. 2008). Additionally, the al domain contains a MIDAS
as the main binding site for physiological ligands. Magnesium and manganese
ions seem to adjust integrin to the extended, high-affinity conformation
whereas high concentrations of calcium ions have been represented to act as
negative regulators (Xiong et al. 2001, Takagi et al. 2002, Chen et al. 2003).
However, at low concentrations Ca2* together with Mg?* ions can stimulate
integrin depended adhesion (Mould et al. 2003).

The crystal structures of the I domains of leukocyte-specific integrins aM
(Lee et al. 1995, Lee et al. 1995, Baldwin et al. 1998), aLL. (Qu & Leahy 1995) and
aX (Vorup-Jensen et al. 2003) have been solved. Additionally the aLl domain
has been crystallized in complex with lovastatin (Kallen et al. 1999) and with
ICAM-1 (Shimaoka et al. 2003). Furthermore, the I domain crystal structures of
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the collagen receptor integrins al (Nolte et al. 1999, Rich et al. 1999, Salminen et
al. 1999, Nymalm et al. 2004) and a2 (Emsley et al. 1997, Emsley et al. 2000)
have been reported. Recently, the crystal structure of a complete aX{2
ectodomain with the al domain was published (Xie et al. 2010).

2.2.1. The a2f1 integrin

The a2p1 is the most abundant integrin on the surface of platelets. Furthermore,
the a2p1 is also expressed in fibroblasts, epithelial and endothelial cells (Zutter
and Santoro 1990). The 02f1 integrin-collagen interaction is presumed to be a
crucial element in development of thrombus (Sweeney et al. 2003), and in
spreading of cancer cells (Guo & Giancotti 2004). For example, a prostate cancer
metastasis is proven to be mediated by the a2pl integrin-type I collagen
interaction (Hall et al. 2006). Furthermore, it has been speculated that the a2f31
antagonists may have potential in therapeutic applications in the prevention of
bone metastasis associated with prostate cancer (Goel et al. 2008). Studies have
also proposed that the a2Pl integrin may be a target for the treatment of
pancreatic cancer (Grzesiak & Bouvet 2006), as well as rhabdomyosarcoma
(Chan et al. 1991). Novel molecular tools to explore the a2f1 and the blockage
of collagen-a2B1 interaction could explain the significance of this integrin as a
drug target.

2.2.2. The a2l domain

The I domains bind to their ligands mainly via the MIDAS (Fig. 4) (Michishita et
al. 1993). Two crystal structures of the a2l domain, one with a collagen peptide
(Emsley et al. 2000) and one without it (Emsley et al. 1997), reveal that the I
domain undergoes a large conformational change when it forms a complex with
the collagen (Fig. 4A). The conformational transformation from the “closed”
unbound conformation to the “open” collagen binding conformation
significantly increases the collagen binding affinity of the al domain (Lu et al.
2001, Shimaoka et al. 2001). Consequently, the “open” and “closed”
conformations are usually described as the high-affinity and the low-affinity
conformations, or active and inactive, respectively. Both conformations exist on
the cell surface although the closed conformation is supposed to be preferred
(Li et al. 1998, Shimaoka et al. 2001, Shimaoka et al. 2002, Van de Walle et al.
2005, Cruz et al. 2005).

The major activation-induced conformational change in the I domain is
the uncoiling of the aC helix at the same time as the a6 helix gains an extra turn
(Emsley et al. 2000). As a result of the aC helix unwinding, the position of
residues 284-288, located in the MIDAS region, change radically.
Simultaneously, the C-terminal helix a7 moves towards the Pl domain and this
shift breaks the salt bridge between E318 and R288. The downward movement
makes E336 of the a7 helix able to interact with the pI domain. Furthermore, it
is suggested that E336, a highly conserved residue, could act as ligand of the pI



16

and coordinate to Mg?* in MIDAS of the BI. This way, the activated fI domain
may draw the a7 helix downwards and activate the al domain. Thus, the ligand
induced outside-in signalling is presumed to be controlled via the activated (I
domain (Shimaoka et al. 2002). Conversely, the activation state and
conformation of the al domain is represented to be allosterically regulated by
the conformational changes in the  subunit caused by the inside-out signalling
(Shimaoka et al. 2002, Yang et al. 2004). However, recent studies with the aXp2 1
domain-containing integrin indicated that the contact between the al and the pI
domains is more flexible than formerly supposed (Xie et al. 2010). The linker
between the al domain and the B subunit is highly conserved, therefore, it is
presumable that also the a2l domain contains similar flexibility. The
conformational changes of the al domain eventually trigger the whole outside-
in signalling cascade and lead to the separation of transmembrane and cytosolic
domains. This enables the binding of cytosolic ligands to integrins, and finally
leads to the inside-out signalling initiated by the cytosolic ligands (Takagi et al.
2002).

In order to explore binding affinity and function of the different
conformations of the integrins several mutations of essential amino acids have
been developed. Mutation E310A in aL or E320A in aM is presumed to drive
the integrin to the bent conformation with a “closed” headpiece (Fig. 2; Alonso
et al. 2002, Shimaoka & Springer 2003, Yang et al. 2004, Salas et al. 2004). The
corresponding mutation in the a2l domain is E336A (Connors et al. 2007,
Jokinen et al. 2010). Mutation of E318W or E318A in the a2pl integrin is
supposed to present the activated, extended integrin with an “open” headpiece
(Fig. 2; Aquilina et al. 2002). Additionally, the presence of calcium ions has been
represented to favour the in-active conformation, whereas the presence of
manganese or magnesium is supposed to favour the activated state of the
integrins (Xiong et al. 2001, Takagi et al. 2002, Eble & Tuckwell 2003).
Furthermore, some antibodies have shown to recognize only the active
conformation of the a2p1 (Oxvig et al. 1999).

Recent studies are changing the traditional conclusion according to which
the “standing”, extended, integrins are able to bind ligands while the
“crouched” ones stay inactive. Furthermore, the contact of the I domain with
the other parts of integrin is found to be highly flexible. However, the starting
point of the collagen binding has not been solved thoroughly. The complete
conclusion about the integrin function under flow and static conditions, the
total influence of the inside-out and outside-in signaling to the collagen
recognition, as well as effect of the bent and extended conformations on the
conformation of the I domain still remain unverified.
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Tyr285
Ser284

FIGURE4  (A) Superimposed crystal structures of the a2l domain in the “open” (green,
PDB code: 1DZI) and the “closed” (cyan, PDB code: 1AOX) conformation. (B)
Superimposed I domains of the a2 (green, PDB code: 1AOX) and the al (blue,
PDB code: 1PT6) showing the main differences of the binding site: Tyr285 of
a2 (grey) is Ser284 (black) in al, Leu286 of a2 (grey) is Tyr285 (black) in al,
respectively.

2.3 Collagen I-a2p1 integrin inhibitors

Attempts to understand the meaning of collagen binding in the development of
pathological events has so far yielded various types of ligands to interfere the
a2B1 integrin-collagen interaction. Few natural proteins have been found to
inhibit the 02B1 binding to collagen. The leech product saratin inhibits the
collagen-platelet interaction under shear via von Willebrand factor (Barnes et al.
2001) and also via the a2f1 integrin (White et al. 2007). Another natural product,
rhodocetin, acts as an antagonists of the 02B1 integrin (Eble et al. 2002). The
binding site of rhodocetin was proposed to be in the a2l domain and analogous
with collagen (Eble & Tuckwell 2003). Moreover, rhodocetin was found to
favour acidic pH and the presence of calcium ions, that is, circumstances where
integrin is assumed to be inactive.

A small molecule inhibitor called AJP117510 (Fig. 5), a nucleoside
derivative isolated from fungus, was reported to inhibit collagen binding to the
a2l domain with an ICsp value of 5.9 uM (Sato et al. 2006). The article contained
neither speculations about the binding site or the binding mode nor results
about selectivity.



18
2.3.1 Peptides

A cyclic CTRKKHDC peptide derived from the Jararhagin, snake venom of
Brazilian viper Bothrops jararaca was found to inhibit the collagen-a2f1
integrin interaction (Ivaska et al. 1999, Pentikdinen et al. 1999). This peptide was
shown to be dependent on five negatively charged amino acid residues of the
a2l domain. However, the deletion of the C helix of the al domain did not affect
on the binding of the RKKH peptide. Interestingly, the binding of the RKKH
peptide was Mg?* dependent, although the deletion of the C helix and this way
a major alteration of the MIDAS do not have an influence on the binding of the
peptide. Furthermore, molecular modeling proposed that the peptide does not
directly interact with Mg?* (Pentikdinen et al. 1999).

Contradictory results have been represented about the influence of the
peptide to the conformation of the I domain. In the al integrin, it was suggested
that the RKKH peptide would change the conformation of the all domain
(Nymalm et al. 2004). However, the NMR studies with the homologous a2l
domain did not support these results (Lambert et al. 2008). So far, there is no
evidence that the RKKH peptide would produce a collagen-like signaling event
in platelets. However, the jararhagin binding to the a2p1 in fibroblasts triggers
collagen-like cell signaling events such as up-regulation of MMP-1 and MT1-
MMP (Zigrino et al. 2002). The distinct behavior of the same protein-ligand
complex in different cell types proves how intricate the integrin signaling
processes are. Additionally, the RKKH peptide increases the binding of echo
virus 1 to the recombinant a2l domain (Ivaska et al. 1999). Echo virus 1 was
recently shown to favor the bent form of the a2f31 integrin (Jokinen et al. 2010).
Chemically difficult cyclization of the peptide via terminal cysteine residues
limits its usage as a tool in integrin research.

Studies done with the RKKH peptide showed that it is possible to use
computer aided methods to understand the ligand binding in the case of the a2l
domain. Amino acids proposed to be essential for the binding of the peptide
can be used for the structure-based discovery of the small molecule ligands, and
furthermore, the peptide can be used as a starting point when developing novel
competitive small molecule ligands for the a2l domain.

2.3.2 Allosteric collagen inhibitors

Allosteric arylamide inhibitors were reported to inhibit the a2l domain-collagen
binding with the recombinant proteins and in whole cells (Fig. 5) (Yin et al.
2006). These molecules were relatively large (molecular weight over 600 Da)
and quite hydrophobic. The ICsp value of the most potent molecule in this series
is 4.8 uM. Some structure-activity relationship speculations were presented, and
in general, it was found that molecules containing aromatic hydrophobic
fragments were the most effective inhibitors. The total charge carried by the
ligands was not as important for effective binding. The binding site of these
molecules was identified with NMR studies. Results suggested that the binding
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site of these arylamides is the hydrophobic cleft on the side of the a2l domain
instead of MIDAS. This cleft is situated in the area which has a critical role in
the conformational changes upon the collagen recognition (Takagi et al. 2002,
Yin et al. 2006). Amino acids Lys294, Lys301, Tyr311, Ser316, and Asp317
showed major changes in their chemical shifts when arylamide ligands were
added. Additionally several other amino acids in the same region were affected.
Lovastatin has been shown to bind at the similar site of the homologous aLl
domain (Kallen et al. 1999).

Another group of allosteric regulators of the a231 were developed based
on the inhibitors of the a4pl and the allbp3 integrins (Fig. 5). A prolyl-
sulfonamide fragment and 2,3-diaminopropionic acid (DAP) were combined to
discover the selective inhibitors of the a2p1 integrin (Choi et al. 2007, Miller et
al. 2009). An approach where the inactive state of the integrin was stabilized via
allostreric regulation was successfully employed by using molecules that bind
to the PI domain (Xiong et al. 2001). The DAP derivatives did not inhibit the
adhesion of the isolated I domain but were effective in culture when both a and
B subunits were present. Thus, the inhibition mechanism was assumed to be
allosteric. The DAP-based inhibitors showed to be very effective, having the
ICs0 value in the nanomolar range. Furthermore, ligands were selective over
other 1 integrins. The effiency of the molecules was tested when the integrin
was activated by the inside-out mechanism. This was done by platelet-
activating mutations in the cytoplasmic tail of the a2 (O'Toole et al. 1994, Jung
& Moroi 2000, Takagi et al. 2002, Wang et al. 2003). The best Pro-DAP analog
can inhibit the collagen binding to the inside-out activated integrin, although a
higher concentration of the inhibitor was required. The compounds did not
have effect on the binding of the E318A mutant, thus, it was suggested that the
Pro-DAP derivatives bind to the “closed” conformation of the I domain. Study
demonstrated for the first time that a small molecule inhibitor of collagen-a2f31
integrin interaction show in vivo effiency in addition to the results obtained in
vitro (Miller et al. 2009). Furthermore, the a2f31 was proven to be an excellent
target for preventing pathological thrombus. Additionally, allosteric regulation
of the collagen binding was suggested to be a suitable approach when the a2f1
integrin pharmaceuticals are sought.
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FIGURE5  Collagen-a2p1 integrin inhibitors.
2.3.3 Competitive collagen inhibitors

Lack of natural small molecule ligands, which could be used as a starting point
for the ligand development, is a problem when protein-protein interaction
inhibitors are searched. Thus, the approaches for developing small molecule
protein-protein interaction inhibitors are based on peptides, high-throughput
screening or target-based computational methods (Wells & McClendon 2007,
Zinzalla & Thurston 2009). Structure-based, also called target-based, discovery
can be employed when the structure of target protein, as with the a2p1, is
known (Ké&pyli et al. 2007, Nissinen et al. 2010). The competitive small molecule
inhibitors that have been discovered presumably stabilize the closed, low-
affinity conformation of the I domain, and therefore block the collagen binding
into the a2f1 integrin (Képyla et al. 2007, Nissinen et al. 2010).
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Target-based pharmacophore model was utilized when designing the first
competitive inhibitors of the collagen-a2 integrin interaction (Kapyli et al. 2007).
These non-allosteric inhibitors were tetracyclic polyketides and extremely
lipophilic, hence, not “drug-like” molecules (Fig. 5). However, the study
represented that it is possible to rationally design molecules that will bind to
the al domain, and interfere with the collagen binding into it (Kdpyli et al.
2007). Ligands were discovered based on the docking studies by using the
crystal structure of the a2l domain in the closed conformation (PDB: 1AOX) as
the target protein. Based on the structure of the MIDAS, the optimal ligands
were assumed to fulfil the following structural criteria: (1) ability of Mg?*
coordination, (2) ability of forming interactions with amino acids of the aC helix
(3) a suitable shape of molecules to fulfil the ligand binding groove of the
MIDAS (Kapyld et al. 2007). Commercial molecular libraries were used to
discover suitable molecules. Ligands that fulfilled the set structural criteria
were tested in recombinant binding assays and in cell adhesion assays to
explore their ability to inhibit the collagen-integrin interaction. As a result, the
first three competitive a2-collagen interaction inhibitors were discovered. The
most potent ligand had an ICsp value of 7,5-12 uM for the a2l domain-collagen
interaction. Several other similar tetracyclic polyketides were tested as well,
however, those compounds did not show inhibitor activity to the collagen-
integrin interaction. This indicates that integrin binding is not a common
property for this kind of molecules (Kdpyld et al. 2007). Notable with these
ligands is that they do not have a similar positive charge as the RKKH peptide
(Fig. 5).

Recently, sulphonamides that inhibit collagen binding were found based
on rational drug discovery approach (Nissinen et al. 2010). Molecules were built
atom-by-atom to accomplish the criteria set by the pharmacophore based on the
crystal structure of the closed conformation of the a2l domain (1AOX) and
previous studies (Kdpyld et al. 2007). One of the sulfonamides, BTT-3016 (Fig. 5),
was presented as a new strategy for antithrombotic therapy (Nissinen et al.
2010). BTT-3016 was shown to block formation of thrombus in in vitro perfusion
assay of human blood. Additionally, the mutations proved that the binding of
BTT-3016 to the a2l domain is Y285 dependent as the modelling suggested.
Furthermore, BTT-3016 was tested in vivo model in mice, wherein it could
inhibit arterial thrombosis.

The selectivity of BITT-3016 has been widely explored (Nissinen et al. 2010).
For example, it had only a minor effect on other collagen receptor integrins and
no effect on the al domain containing leucosyte integrin aLp2. In addition to
this, BTT-3016 showed no inhibition activity towards fibronectin and
vitronectin receptor integrins that contain the 1 subunit, or to the ADP
receptor P2Y12. Thus why, it is probable that the BTT-3016 analogues are
selective for non-collagen receptor integrins (Nissinen et al. 2010). BTT-3016
proved, together with previous studies (Miller et al. 2009), that the a2f1
integrin is a potential target for the discovery of novel pharmaceuticals against
thrombus. Additionally, this sulfonamide was proven to be a promising
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scaffold for drug discovery. However, despite the detailed modelling results,
the missing conclusions about structure-activity relationships of the
sulfonamides restrain the drug development process.



3 AIMS OF THE STUDY

I

I

Design and synthesize novel drug-like ligands that inhibit a2f1 integrin-
collagen interaction. Aim was to improve the binding potency and
solubility of the integrin ligands. Additionally, discover the structure-
activity relationships of a2p1 integrin inhibitors.

To develop small-molecule tools that can be used to study the integrin-
collagen interaction with spectroscopic methods and in cellular level.

Explore the physico-chemical properties of the synthesized molecules.



4 SUMMARY OF THE METHODS

Table 1 summarizes the methods used in this thesis. A more detailed
description can be found from the original publications indicated by Roman
numerals.

TABLE 1 Summary of the methods

Method Publication
Molecular sketching and minimization I 11, 111, IV
Molecular docking I 10, III, IV
Nuclear magnetic resonance spectroscopy (NMR) LI
Electrospray ionization mass spectrometry (ESI-MS) L 11
Fluorescence spectroscopy I
Absorption spectroscopy II

Flash chromatography L 1I
Organic synthesis L1I
Microwave assisted organic synthesis L1I

X-ray crystallography I

Cell culture I

Ligand based molecular discovery 11, IV

Differential scanning fluorimetry (DSF) v




5 RESULTS AND DISCUSSION

5.1. Structure-activity relationships (I)

Previously reported studies of the RKKH peptide, allosteric regulators, and
other a2 integrin ligands showed that computationally assisted methods (e.g.
docking studies) can be successfully utilized in the al domain ligand discovery.
The effective pharmacophore model described earlier (Kédpyld et al. 2007,
Nissinen et al. 2010) was improved, and employed to carry out the first detailed
structure-activity relationships study of the competitive a2p1 integrin ligands.
A series of molecules based on BTT-3016 (Nissinen et al. 2010) was designed
and explored to understand the important features of the o2B1 integrin
inhibitors. Moreover, the aim was to improve the water solubility of the ligands,
even tough some inhibitor potency would be lost. The pharmacophore model
and docking simulations were found to predict the biological activity of the
inhibitors quite well. However, the scoring functions of the utilized docking
software were found to be inaccurate. Although the scoring functions were able
to predict the binding potency of some molecules quite well, there were
reliability problems with the scoring results. Similar reliability problems have
been reported previously (Virtanen & Pentikdinen 2010). Thus, it was more
convenient to perform predictions of ligand activity by using visualization.

The 3D structure of the 021 integrin I domain in the closed conformation
(PDB code: TAOX, Emsley et al. 1997) was used as a target protein in the ligand
discovery. Based on the previous studies (Nissinen et al. 2010, Képyla et al. 2007)
plausible pharmacophore points were defined for the efficient binding into the
MIDAS of the 02B1 integrin (Fig. 6): (a) the coordination with Mg?*, (b)
favorable hydrophobic contacts with Leu286 and Leu291, (c) a hydrogen bond
with the hydroxyl group of Tyr285, (d) hydrogen bonds with the main-chain
amino group of Glu256, and (e) with the main chain oxygen of Asp219.

First, molecule 4 was developed by using de novo ligand discovery and docking
studies (Fig. 6A) (I). The docking results indicated that 4 could accomplish all
features of the defined pharmacophore. The significance of the pharmacophore
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points was then explored by changing the structure of the ligand one step at a
time. To validate how the designed molecules can attain the interactions set in
the pharmacophore, their binding capability was predicted by using docking
studies.

The designed ligands that contain different benzophenone derivates or
analogues were synthesized, and their biological activity was measured in vitro.
The results from in vitro tests were subsequently compared to the outcomes of
docking studies in order to evaluate the structure-activity relationships. The
designed molecules were synthesized, characterized, and purified before
biological testing. The sulfonamide synthesis procedure was optimized, ending
up to the procedure summarized in Scheme 1. The workup was found to be
efficient and producing high purity products without -catalysts or
chromatographic purification methods. Consequently, the utilized procedure
was very convenient for this study although the yields were not high and
varied a lot (20-70 %) (I, II). The usage of water in re-crystallization lowered the
yield, since many of the synthesized molecules are soluble in water to some
extent. In addition to the conventional synthetic methods, microwave assisted
organic synthesis was successfully employed (II). The microwave synthesis of
sulfonamides was done using small amount of pyridine as the solvent and
raising the reaction temperature up to 90 °C. The purification was done in the
same way as in conventional synthesis. This procedure gives quite similar
yields in sulfonamide synthesis but it is much faster than conventional
synthesis performed at room temperature (20 minutes compared to 12 hours,
respectively) (I, II).

Sulfonyl esters were done using similar conventional procedure as with
sulfonamides; only the base was changed to triethylamine (I). The purification
was done by recrystallization from water-ethanol mixture using the procedure
described in publications I and II. Methylated sulfonamides were synthesized
in high yields using the procedure described in article I, and re-crystallized in
the same way as primary sulfonamides and sulfonyl esters (I). All molecules
were identified carefully using NMR, MS, elemental analysis, and whenever
possible, X-ray crystallography.
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Leu2ss(b)

(c) Tyr2ss

Leu291(b)

Leu2ss (b)

Tyr285(C)
|

Leu291(b)

Leu286 (b)

Key compounds of article I docked into the binding site. =~ (A) Compound 4,
(B) Compound 5, (C) Compound 17 and (D) Compound 21 docked into the
MIDAS of the a2l domain. The hydrogen bonds are shown with orange
dotted lines and favorable interaction between the bromine and NH group is
shown with a yellow dotted line. Hydrogen atoms are omitted for clarity.



28

- _* . Y H
/ +  HNTR X _J_ _N-R
s

o~ \‘ 0%
X = 24d1C1H CH,, Br, 1

I/—>
/ /
O\\ O\\
(o]
[+
e+ 0O ——— A,

o~ ‘\ o~ \\
Y = 2,4-di- Cl 3,5-di-Cl-2-OH

SCHEME1 Synthesis a) pyridine, acetone, RT 12-16h b) K2COs;, DMF, RT 70h c)
triethylamine, acetone, RT 12-14h.

5.1.1. Benzophenone moiety

Docking studies represented that the benzophenone moiety interacts with the
side chains of Leu286 and Leu291, two hydrophobic amino acid residues
demonstrated to be important for collagen binding (Compounds 4 and 5, Table
2, Fig. 6A-B). Additionally, the ketone oxygen of benzophenone can form a
hydrogen bond with the hydroxyl group of Tyr285 or with the main chain
oxygen of Glu256. A more rigid molecule 6, derived from fluorenone, showed
no remarkable differences in the inhibitor activity compared to the
benzophenone derivatives (ECsp 20 uM). Similarly to the previous studies
(Képylad et al. 2007), the hydrophobic contacts of the ligand with Leu286 and
Leu291 were found to be crucial. Compound 7 that lacks a phenyl ring to
interact with the aforementioned leucines, was ineffective as a collagen
inhibitor (Table 2). In contrast, the hydrogen bond formed by the ketone oxygen
with the main chain oxygen of Glu256 or with the side chain hydroxyl group of
Tyr285, is not as critical. For example, compound 12 with fluorene moiety can
inhibit collagen binding relatively well (ECso 19 pM, Table 2). However, this
ketone oxygen seems to affect the ligand selectivity between the a2 and al
integrins (see chapter 5.1.5).
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TABLE 2 Altering of the benzophenone moiety. Structures of the developed a2f1
integrin ligands, their biologically measured in vitro potencies. The IDs
correspond to article I. Nd: Not determined; Modeling results obtained from
the docking simulations by visualization: + indicates that the interaction with
that group exists, +w indicates that the interaction is water-mediated; ECso
and inhibition measurements were repeated 2-4 times as a triplicate for each

compound.
Modeling Experimental results
Mg2* S
Inhibition (%)
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ID Compound Glu256, Tyr285 ECso (M) ISOuMiSEM
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5.1.2. Sulfonamide core

Docking of the sulfonamides suggested that they would form a water-mediated
hydrogen bond to the main chain oxygen of Asp219. In order to test the
importance of this hydrogen bond, several different sulfonamides and one
sulfonic ester were designed (Table 3). The NH hydrogen of effective inhibitors
4, 5, and 6, was replaced with a methyl group, thus, the hydrogen bond would
be lost (Fig. 6, Table 3). The methyl group could fulfill the binding pocket more
efficiently than hydrogen. On the other hand, the shape of the methylated
ligands (8-10) changes to more “twisted” around the SO» group when
compared to the non-methylated ones (4-6). Nevertheless, methylated
sulfonamides are quite flexible and based on docking, fit well to the binding site.
As a result, all molecules (8-11) lacking the NH group showed no inhibitor
activity against collagen in the adhesion tests (Table 3). Consequently, these
ligands proved that the hydrogen bond donor in this part of the a2p1 integrin
ligand is essential for binding.

TABLE 3 Altering the sulfonamide core. The IDs correspond to article I. Nd: Not
determined; Modeling results obtained from the docking simulations by
visualization: + indicates that the interaction with that group exists.

Modeling Experimental results
Mg?2* I
Inhibition (%)
Leu286/Leu291
ID Compound Glu256, Tyr285 ECso (uM) ?OuMiSEM
max
Asp219

o)
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(continues)
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TABLE 3 (continues)
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5.1.3. Sulfonyl moiety

To study the structure activity relationships of the BIT-3016 analogues further,
the sulfonyl fragment was systematically varied. Docking predicted that the
chloro-substituent at the ortho position would be in the same direction as the
hydrogen of the NH group, and moreover, that the ortho-chlorine could form a
halogen bond to the main chain oxygen of Asp219 (Fig. 6A-B). Interestingly,
similar conformation was observed in the crystal structures of these ligands.
Bromo-substituted sulfonyl moiety showed promising results in docking
studies and was found to be a very potent inhibitor, however, only with the 3-
aminobenzophenone fragment (Table 4). The docking suggests that the bromine
could interact with the side-chain carboxyl oxygen of Aspl54 (Fig. 6C).
Surprisingly, the docking results indicated that ligand with the 4-
aminobenzophenone fragment (18) could not fulfill the criteria set in the
pharmacophore model (Table 4). Furthermore, 18 showed only minor inhibitor
activity in vitro. Even though the pharmacophore model is not perfect in the
case of two bromo-substituted sulfonamides, the results correlate reasonably
well when compared to the results achieved from the adhesion tests. The iodo-
substituted ligands preferred 4-aminobenzophenone (Table 4). Docking
predicted that this is caused by the bulkiness of iodine. Furthermore, the methyl
group in the para position makes molecules considerably weaker inhibitors
(Imax ~30 %, Table 4). Since methyl and bromine substituents have similar size,
the interactions of the substituent of the sulfonyl moiety seem to be much more
important than the shape.

The pharmacophore model and docking studies could not completely
clarify the implication of substituents of the sulfonyl fragment. Thus, some
more molecules could be attached to series, such as 2-chloro and 4-chloro
monosubstituted benzophenone derivatives. However, the structure-activity
relationship study established that the properties of the sulfonyl fragment are
crucial for effective binding. Even small changes in the sulfonyl-moiety
substituents have great influence to the inhibitor activity compared to the effect
of changes in the benzophenone fragment (Table 2 and 4).
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TABLE 4 Varying of the sulfononyl fragment. The IDs correspond to article I. Nd: Not
determined; Modeling results obtained from the docking simulations by
visualization: + indicates that the interaction with that group exists; +w
indicates that the interaction is water-mediated.

Modeling Experimental results
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TABLE 4 (continues)
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5.1.4. Novel scaffold

34+4

Nd 34

+ + + +

+ + +

Based on the results achieved from the set of sulfonamides, the next aim was to
discover a novel collagen inhibitor scaffold (Fig. 6D, Table 5). Sulfonyl ester was
found to be inactive (Table 3), however, the situation changed drastically when
a hydrogen bond donor was added to the molecule in order to form a hydrogen
with Asp219. The hydroxyl group at the ortho position can substitute the NH
group of sulfonamides and form a direct hydrogen bond with Asp219 instead
of a water-mediated. Additionally, based on docking studies, Ser214 can form a
hydrogen bond with the hydroxyl group of 21. This novel scaffold verifies that
it is possible to discover more new a2Pl inhibitors by using the developed
structure-activity relationship model and docking studies.
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TABLE 5 The novel scaffold based on sulfonic ester.

Modeling Experimental results
Mg2+
Leu286/Leu291 Inhibition (%)
ID Compound Glu256/Tyr285 ECso (uM) 50uM+SEM
Asp219 Imax
Ser 214
Cl 0 +
OH +
n I : noo
cl >s—0 *
% +

5.1.5. Selectivity to a2 over al

Designed molecules bind to the MIDAS of the I domain that is highly conserved
in the a2 and al integrins. Furthermore, modeling suggests that the discovered
ligands generally interact with the main chain atoms. Thus, it is expected that
the molecules in this series do not achieve high selectivity (I). Nonetheless,
some differences were discovered.

The main difference between the binding sites of the a2l and the all is that
Tyr285 of the a2l is Ser284 in the all (Fig. 4). Despite the quite big difference in
the size of these residues, only modest selectivity was achieved. Most likely this
is due to the hydroxyl group in both side chains and the flexibility of the
binding site. Fluorene derivative 12, the only ligand lacking ketone oxygen,
showed to be more potent against al compared to a2 (Table 2). It is presumable
that the shape of the fluorene derivative favors the al, and furthermore, the
acidic CHz hydrogens can interact with the al better than the CO group of other
ligands. Additionally, the 3-substitued aminobenzophenones showed slight
selectivity to the a2 (I). Accordingly, the shape seems to be more important than
a hydrogen bond acceptor in the corresponding area of the a2l ligand.

5.1.5. Unsuccessful scaffolds

Some other, unpublished scaffolds were designed and synthesized without
success. Amino acid derivatives gave promising docking results but were
ineffective in the adhesion tests. However, when the acid was esterificated it
showed some inhibitor activity. Interestingly, the previously discovered
polyketide integrin ligands (Kédpyld et al. 2007) are also esters. Presumably
ligands based on free acids are too water soluble compared to their binding
affinity. The spontaneous decomposition of amino-acid-based ligands also
caused problems.

Overall, the structure-activity relationship study gave a good insight
regarding the most important properties of sulfonamide ligands. The novel
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ligands that were designed have considerably lower log P values compared to
the lead molecule BTT-3016 (>5 of BTT-3016 compared to 3.4-4.1 of 4-21,
respectively). Consequently, the molecules of the SAR study provide valuable
data that can be used in developing the lead molecule further.

5.2. Fluorescent probe (II)

The fluorenone moiety of the SAR study gave an idea to go further using the
fluorescence properties of the ligands. The aim was to develop a molecule with
better binding affinity to the a2f1 integrin compared to the previous molecules.
CBL027 (Fig. 7) showed promising docking results, and moreover, it was a good
inhibitor in adhesion tests (an ECsp value of 13 pM, II). In order to explore the
binding site and the binding mode of CBL027, the inhibitor activity was tested
with the Y285F mutant. The docking studies represent that CBL027 would lose
one hydrogen bond when Tyr285 is mutated to phenylalanine, and as a result,
some binding affinity would be lost (Fig. 8). The in vitro tests verified that
CBL027 does not inhibit the binding of collagen to the a2I-Y285F mutant at 15
uM (Fig. 10A). However, CBL027 showed inhibitor activity when concentration
was increased to 50 uM. Hence, the binding mode presented by docking studies
appears to be reasonable.

Cectn

CBL027

FIGURE 7  Structure of CBL027.

FIGURE 8 CBL027 docked into the MIDAS of the a2l domain.
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Previous studies indicate that when fluorenone is shifted from polar solvent to
more hydrophobic environment, the intensity of its fluorescence can increase
(Fujii et al. 1996, Murphy et al. 1999). Most probably, a similar phenomenon can
occur with the fluorenone derivative, CBL027. To test if the binding of CBL027
to protein changes the fluorescence or not, the CBL027 fluorescence was
monitored when the recombinant a2l domain was added (Fig. 9B). Significant
increase in the fluorescence intensity was observed. This phenomenon was only
seen with the wild type a2l domain in the presence of Mg?* ions, whereas the
a2l C deletion mutant, the a2l in the absence of Mg?*ions, or denatured protein
showed no noteworthy effect on the CBL027 fluorescence (Fig 9C-D).
Consequently, it is highly likely that CBL027 binds to the a2l domain in a Mg2*
ion dependent way, and is fluorescent when it forms a complex with the target
protein.

A Absorbance spectra of CBL027 B Fluorescence of CBL027
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FIGUREY9 (A) Absorption spectra of CBL027 (B) Fluorescence spectra of CBL027 with
the a2l domain and Mg?* (C) Fluorescence spectra of CBL027 with the a2l
domain without Mg?* (D) Fluorescence spectra of CBL027 with the a2l C
deletion.

Fluorescence-activated cell sorting (FACS) showed that cells overexpressing the
a2f1 integrin can be labeled using CBL027 (Fig. 10B). The best wavelength to
excitate CBL027 in FACS measurements was 430 nm (II), although the
absorption spectra of CBL027 in PBS showed an absorption minimum at this
wavelength and local absorption maxims of around 340 nm and 490 nm (Fig.
9A). Previous studies with fluorenone have shown that the absorption can
move towards shorter wavelengths when molecule moves to a more
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hydrophobic environment (Murphy et al. 1999). This result supports the results
obtained from fluorescence spectroscopy.

Next, CBL027 was tested with L3008, an a2P1 integrin ligand described
previously (Kdpyld et al. 2007). The FACS studies showed that L3008 can
decrease the amount of fluorescent cells, hence, binding of CBL027 (Fig. 10B).
This reveals that CBL027 and L3008 have the same binding site. Therefore,
CBL027 can be utilized when the binding site of novel integrin ligands is
recognized. Moreover, CBL027 can be employed for developing a high-
throughput screening method for competitive a2p1 integrin ligands.
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FIGURE10 (A) CBL027 adhesion tests, BTT-3016 (Nissinen et al. 2010) was used as a
reference (B) FACS analysis when CBL027 was competed with L3008 and
BTT-3037.

5.3. Crystal structures

Previous studies have indicated that the conformations of the ligand crystal
structures correlate relatively well with the structures of the ligands in complex
with proteins (Brameld et al. 2008). Moreover, the packing of small molecules
has been assumed to indicate the interactions that molecules form with proteins
(Groom & Allen 2010).

We were able to solve several crystal structures of the discovered integrin
ligands, including two polymorphs of CBL027 (Fig. 11A-B). These structures
can be employed to compare the conformations of the docked ligands and their
crystal structures. For example, as mentioned in the chapter 5.1.3, chlorine in
the ortho position points in the same direction as the NH hydrogen in both the
docking results and in the crystal structures of 4 and 5 (Fig 6 A and B, Fig. 11 C
and D). Furthermore, the crystal packing of 4 and 5 shows that NH of these
ligands forms a hydrogen bond with carbonyl oxygen. Similarly to the crystal
structures, the docking results of 4 and 5 suggest that ligands form a hydrogen
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bond with the main chain oxygen of Asp219 (Fig. 6A and B, Fig. 11 C and D). In
conclusion, the interactions seen in the crystal packing of the integrin ligands
indicate that docking results are realistic in this point of view. Additionally, the
crystal structures of CBL027 show that the “arms” formed by fluorenone
fragments are quite flexible and can probably adopt several conformations.

The crystal structures of effective collagen inhibitors can be utilized in
virtual screening from crystal databases in order to discover more a2f1 integrin
ligands. So far, no a2f1 virtual screening method has been published. The
crystal structures give a good starting point for developing an effective
computer-aided screening method.

FIGURE11  (A) Crystal structure of CBL027 (B) Crystal structure of CBL027 water
solvate (C) Crystal structure of 4 (D) Crystal structure of 5.

5.4. Urea derivatives (I1I, IV)

Properties of the RKKH peptide and the sulfonamide ligands were combined
by employing ligand-based drug discovery. Urea fragment was considered to
be a suitable analog for the arginine of the RKKH peptide. As a result, urea-
substituted sulfonamide derivatives were discovered (Fig. 12) (III, IV). Details
about the synthesis of the urea derivatives are described in publication III. Urea
substances did not fit the model used in the other a2 docking studies (I, II).
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However, the urea moiety can be expected to interact with the acidic side chains
of the a2l MIDAS. Some of these urea compounds were found to be very potent
a2pl integrin inhibitors. The best molecules have nanomolar ECsy values
against collagen. However, the docking studies could not predict the binding
mode of these ligands. Additionally, these ligands have similar features to the
previously described allostreric inhibitors (Choi et al. 2007, Miller et al. 2009).
Consequently, the new urea derivatives could function as allosteric regulators,
and more experiments to solve the regulation mechanism were required.
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FIGURE 12 Integrin ligands developed in publications IIl and IV.
5.4.1. Identification of the binding site

The three most effective molecules, BTT-3033, BTT-3034, and BTT-3037 (Fig. 12),
were explored in more detail using FACS and CBL027 to identify their binding
mode. Two of them, BTT-3033 and BTT-3037, showed linear concentration
dependent competitive binding with CBL027 (Fig. 10B). Surprisingly, BTT-3034,
structurally similar with BTT-3033, competed only partially with CBL027
suggesting that it has an alternative binding site.

The inhibitor efficiency of BTT-3033 and BTT-3034 against collagen was
tested with the CHO a2I-Y285F mutant. Similarly to CBL027, BTT-3033 does not
inhibit collagen binding with Y285F mutant. In contrast, mutation had no effect
on BTT-3034 inhibitor efficiency. BTT-3033 and BTT-3034 have sulfonyl and
urea fragments that were described as essential features for tight binding of
allosteric a2p1 integrin inhibitors based on the DAP scaffold (Miller et al. 2009).
It might be possible that BTT-3034 has a similar binding mode to the earlier
reported DAP derivatives.

The differential scanning fluorimetry (DSF; Pantoliano et al. 2001) was
employed in order to test the binding of BTT-3033 and BTT-3034 to the a2l
domain. Measurements showed that the binding of these two molecules
reduces the thermal stability of the a2l domain. Furthermore, DSF showed that
binding of these compounds into the a2l domain is Mg?* dependent (IV). The
DSF results together with cell-based experiments indicate that BTT-3033 could
induce conformational changes in the a2l domain. To solve the detailed binding
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mechanism, more experiments with the recombinant a2l domain and the
developed small molecules should be done. For example, CD-spectroscopy and
synchrotron radiation IR-spectroscopy are methods that could explain the
possible conformational changes in the atomic level. Moreover, X-ray
absorption spectroscopy could be used in order to explore the metal
coordination of the ligand-a2I complex.

In article IV it was found that preactivation of a2f1 is not needed for
collagen recognition under high shear. The activation of a2p1 was carried out
by inside-out signaling and E318W mutation. Under flow, the adhesion was
found to be most efficient with wild type integrins. Preactivation can even
reduce the integrin mediated binding to collagen under shear stress.
Furthermore, results obtained by using the xCelligence equipment suggest that
the activation of a2p1 does not make the adhesion to collagen faster, but it can
make it stronger at the final state. These results differ from the previous results
obtained with leukocyte integrins. It appears that different integrins have
completely distinct ligand recognition mechanisms. Some integrins, like a2f1,
can bind ligands in the bent conformation, whereas others, like aL{32, need to
straighten up for ligand recognition.

BTT-3033 and BTT-3034 can both block CHO-a2p1 cells binding to
collagen in static conditions with similar ECso values. However, they seem to
favor different activation states, thus, different conformations of the a2f31
integrin. Results indicate that BTT-3033 prefer the inactivated a2p1 and BTT-
3034 the activated, standing a2Pl integrin. Additionally, BTT-3033 could
prevent platelet adhesion to collagen in mouse whole blood under flow. In
these conditions BTT-3034 could not inhibit platelet binding to collagen. Hence,
molecules that favor the inactivated a2p1 integrin are more promising drug
candidates for treatment of thrombus than ligands that bind to activated a2p1.

Results achieved with BTT-3033 support the results obtained with CBL027.
The molecules have fully competitive binding and most likely have the same
binding site. Furthermore, CBL027 was designed for closed conformation of the
a2l domain, and BTT-3033 prefers the same conformation. However, in DSF
studies BTT-3033 and CBL027 behave differently, as BIT-3033 reduces thermal
stability of the a2l domain and CBL027 seems to stabilize it (unpublished
results). Additionally, BTT-3033 does not fit in the pharmacophore model used
with CBL027 and other sulfonamides (I, II). Consequently, BTT-3033 and
CBL027 can have differences in the binding mechanism.

5.5. Small molecule integrin ligands - the future (I-IV)

Most likely the discovered integrin ligands work in three different ways: (1) the
BTT-3016 based sulfonamide derivatives without a wurea fragment are
competitive collagen inhibitors that do not act as agonists; (2) the competitive
urea derivates that inhibit collagen and act as a partial agonist of the integrin
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a2p1; (3) allostreric a2fp1 inhibitors. The molecules presented in this thesis give
new insights into discovery of the a2f1 integrin ligands. Furthermore, the
identified compounds can be used as tools in the drug development process, as
well as when the integrin function is studied. It is possible or even presumable
that the molecules with the binding mode similar to BTT-3016 cannot reach
much higher binding affinity than BTT-3016. Molecules like BTT-3033 are much
more effective collagen inhibitors, but they can act as agonists of the a2f1
integrin, i.e. can activate the integrin signaling process similarly to collagen.
One future goal is to develop CBL027 further, for instance by combining
fluorescent properties to urea derivatives. The results achieved in this thesis
provide tools, information, and possibilities, but not the complete solution for
the discovery of a2f1 pharmaceuticals. Different integrins, even the closely
related ones, have versatile structure-function relationships. Thus, instead of
generalizing results over all structurally similar integrins, the target integrin
should be carefully explored in order to discover safe and effective drugs. It
would be interesting to study the effect of the a2f31-collagen inhibitors on the
binding of other natural a2f31 ligands, such as echo virus 1, decorin or laminins.
This could provide valuable information about the inhibition mechanism of the
ligands and the ligand recognition of the a231.

The discovered small molecule ligands offer new opportunities to
crystallographic studies of the integrin al domain. We have preliminary DSF
results showing that CBL027 may increase the thermal stability of the a2l
domain. It is possible that CBL027 can assist the crystallization of the a2l
domain. In addition to this, the other ligands discovered here can also be used
in protein crystallography to solve the first a2l domain-small molecule complex.

Sulfonamides presented in the structure-activity relationship study, as
they are BTT-3016 analogs, most likely prevent the thrombus formation under
flow. Furthermore, CBL027 competes with ligands that work in blood perfusion
assays; therefore it could be utilized when a high-throughput screening method
for a2f1 integrin ligands is developed. Moreover, BTT-3033 was shown to block
the collagen-a2f1 integrin interaction under shear forces. Additionally, BTT-
3033 seems to favor the inactivated conformation of the a2p1. The original
approach to stabilize the inactive conformation of the a2l domain in order to
block the collagen binding was proven to be accurate. However, BTT-3033 acts
as an agonist of the a2f1 integrin. This is most likely an unwanted effect
because agonism is found to be a problem in the drug development process
(Cox et al. 2010). Nevertheless, this thesis presents various a2f1 integrin-
collagen inhibitors and detailed information about their binding modes, and
furthermore, several applications to design more of them. The results provide a
great amount of information that can be wused when a2f1 integrin
pharmaceuticals are developed further. In conclusion, in this thesis work we
have developed valuable tools for exploring the integrin function, and
molecules that can be employed when new pharmaceuticals are screened, both
virtually and in vitro.
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CONCLUDING REMARKS

The main conclusions of this thesis are:

L

II.

II1.

The structure-activity relationships of a series of a2f1 integrin inhibitors
confirmed the following: (1) The utilized pharmacophore model is valid
for designing molecules that block the binding of collagen I to the o231
integrin. (2) A hydrogen bond donor in the “middle” part of the ligand is
critical for successful collagen inhibition. (3) Structural isomerism of the
benzophenone fragment has only a minor effect on the binding potency.
However, it has an effect on the selectivity between the integrin subtypes.
(4) The keto-oxygen of the amino moiety has a role in the selectivity for a2
over al. (5) The halogen substituent has greater impact on the efficient
ligand binding than on changes in the benzophenone site.

Structurally similar a2pl-collagen inhibitors can have a completely
different binding mechanism and binding site. The molecules discovered
in this thesis most likely work in three different ways: (1) as competing
antagonists (2) as competing inhibitors that are partial agonists (3) as
allostreric inhibitors. The binding mode can be analyzed by using the
fluorescent tool molecule developed during research conducted for this
thesis. Moreover, the small molecules that were discovered can be used as
tools for solving the unknown elements of the a2p1 integrin function as a
collagen receptor.

The computational results correlate well with data achieved from the
crystal structures of the a2pl integrin ligands. Conformations of the
docked ligands are reasonable according to the crystal structures.
Furthermore, the intermolecular interactions of the ligands are comparable
in the crystal structures and in the computational results.
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YHTEENVETO (RESUME IN FINNISH)

a2pl-integriiniligandien suunnittelu; lidkeaihioita ja tyokaluja syovin ja
veritulpan hoitoon

Integriinit ovat solun pinnan proteiineja, joiden avulla yksittdiset solut kiinnit-
tyvit soluviliaineeseen. Integriinit myos valittidvit signaaleja solun siséltd ulos
ja pdinvastoin. Ihmiseltd on l6ydetty 24 erilaista integriinid, joista nelja sitoutuu
péédasiassa kollageeniin. Solujen ja kollageenien vilinen vuorovaikutus on osal-
lisena myos erdissd tautimekanismeissa, kuten veritulpan syntymisessd ja syo-
pésolujen levidmisessd. Integriinisalpaajista toivotaan uutta hoitomuotoa ve-
risuonitukosten sekd sydvan hoitoon ja ennaltaehkdisyyn. Viimeaikaiset tutki-
mukset ovatkin osoittaneet, ettd a2p1-integriini on potentiaalinen lddkekehityk-
sen kohdeproteiini. Tédstd huolimatta vain muutamia a2pl-integriiniin vaikut-
tavia lddkeaihioita on pystytty kehittdméddn. Osaltaan tdmé johtuu siitéd, ettei
a2pl-integriinin rakenteen ja toiminnan vilistd yhteyttd ole pystytty selvittd-
maan tarkasti.

Téssd tyossd kehitettiin tietokoneavusteisesti useita a2p1-ligandeja. Aluksi
selvitettiin a2p1-kollageeni-inhibiittoreiden rakenne-aktiivisuussuhteita suun-
nittelemalla 17 uutta integriiniligandia kdyttden farmakoforimallia, joka perus-
tuu aiemmin ratkaistuun a2l-domeenin kiderakenteeseen. Taman mallin avulla
16ydetyt molekyylit pystyivit solukokeissa estimadan a2f1-integriinin kiinnit-
tymisen kollageeniin. Tutkimus myd6s paljasti tehokkaiden integriinisalpaajien
tarkeimpid ominaisuuksia. Néaiden tulosten pohjalta pystyttiin kehittimaan
fluoresoiva tydkalumolekyyli, jota voidaan kayttdd selvitettdessd a2p1-
integriinin toimintaa sekd kehitettdessd suurtehoseulontamenetelmia. Lisédksi
talld tyokalumolekyylilld pystytddn tutkimaan muiden a2p1-ligandien sitoutu-
mispaikkaa.

Farmakoforimallin lisdksi integriinisalpaajia kehitettiin myos ligandipoh-
jaisesti hyodyntden aiemmin l6ydettyjd a2f1-integriiniin sitoutuvia pienmole-
kyylejd ja peptidejd. Osa ndistd ureapohjaisista molekyyleistd osoittautui erit-
tdin tehokkaiksi ja niistd on vireilld patenttihakemus. Néilld molekyyleilld saa-
daan myos uutta tietoa a2p1-integriinin toiminnasta.

Useiden kehitettyjen integriiniligandien kiderakenteet pystyttiin ratkai-
semaan. Pienmolekyylien kiderakenteita voidaan kayttdd kehitettdessa tehok-
kaita virtuaaliseulontamenetelmis, joiden avulla voidaan 16ytdd yhd uusia
a2f1-kollageeni-inhibiittoreita. Rakenteiden avulla voitiin varmentaa oikeiksi
laskennallisilla menetelmilld saadut tulokset.

Téssd vaitoskirjatutkimuksessa ratkaistiin a2p1-ligandien tdrkeimpid omi-
naisuuksia sekd pystyttiin osoittamaan kaytetyn farmakoforimallin paikkansa-
pitdavyys. Namé tulokset mahdollistavat a2f1-integriiniin kohdistettujen 1a4a-
keaihioiden jatkokehityksen. Tutkimuksessa pystyttiin kehittdmadn tyokaluja,
joiden avulla voidaan tutkia solujen vuorovaikutusta kollageenin kanssa, veri-
tulpan muodostumista sekd syovin etdispesdkkeiden syntymekanismia. Koko-
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naisuutena ndmd tulokset antavat paljon mahdollisuuksia turvallisten ja tehok-
kaiden a2f1-integriinilddkkeiden kehitykseen.
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characterization and genetic and hormonal
regulations. 70 p. Yhteenveto 1 p. 1990.
SETALA, HEIKK1, Effects of soil fauna on
decomposition and nutrient dynamics in
coniferous forest soil. 56 p. Yhteenveto 2 p.
1990.

NARVANEN, ALE, Synthetic peptides as probes
for protein interactions and as antigenic
epitopes. 90 p. Yhteenveto 2 p. 1990.
EcoToxicoLOGY SEMINAR, 115 p. 1991.

Rossi, Esko, An index method for
environmental risk assessment in wood
processing industry. 117 p. Yhteenveto 2 p.
1991.

SUHONEN, Jukka, Predation risk and
competition in mixed species tit flocks. 29 p.
Yhteenveto 2 p. 1991.

SUOMEN MUUTTUVA LUONTO. Mikko Raatikaiselle
omistettu juhlakirja. 185 p. 1992.

Koskivaara, Marl, Monogeneans and other
parasites on the gills of roach (Rutilus rutilus)
in Central Finland. Differences between four
lakes and the nature of dactylogyrid
communities. 30 p. Yhteenveto 2 p. 1992.
TasKINEN, Jount, On the ecology of two
Rhipidocotyle species (Digenea:
Bucephalidae) from two Finnish lakes. 31 p.
Yhteenveto 2 p.1992.

HuoviLa, Ari, Assembly of hepatitis B surface
antigen. 73 p. Yhteenveto 1 p. 1992.

SALONEN, VEIKKO, Plant colonization of
harvested peat surfaces. 29 p. Yhteenveto 2 p.
1992.
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JokINEN, ILMARI, Immunoglobulin production
by cultured lymphocytes of patients with
rheumatoid arthritis: association with disease
severity. 78 p. Yhteenveto 2 p. 1992.
PunNONEN, EEva-Lisa, Ultrastructural studies
on cellular autophagy. Structure of limiting
membranes and route of enzyme delivery.

77 p. Yhteenveto 2 p. 1993.

Hawv, Jari, Effects of earthworms on soil
processes in coniferous forest soil. 35 p.
Yhteenveto 2 p.1993.

ZHA0, GUOCHANG, Ultraviolet radiation induced
oxidative stress in cultured human skin
fibroblasts and antioxidant protection. 86 p.
Yhteenveto 1 p. 1993.

RATT1, Osmo, Polyterritorial polygyny in the
pied flycatcher. 31 p. Yhteenveto 2 p. 1993.
MarjomAkl, Varru, Endosomes and lysosomes
in cardiomyocytes. A study on morphology
and function. 64 p. Yhteenveto 1 p. 1993.
KHLsTROM, MARKKU, Myocardial antioxidant
enzyme systems in physical exercise and
tissue damage. 99 p. Yhteenveto 2 p. 1994.
Muotka, Timo, Patterns in northern stream
guilds and communities. 24 p. Yhteenveto

2 p. 1994.
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p- 1994.

KERVINEN, Jukka, Occurrence, catalytic
properties, intracellular localization and
structure of barley aspartic proteinase.

65 p. Yhteenveto 1 p. 1994.

MaPpPES, JOHANNA, Maternal care and
reproductive tactics in shield bugs. 30 p.
Yhteenveto 3 p. 1994.

S1KAMAKI, PIRKKO, Determinants of clutch-size
and reproductive success in the pied
flycatcher. 35 p. Yhteenveto 2 p. 1995.
Marres, Tario, Breeding tactics and
reproductive success in the bank vole. 28 p.
Yhteenveto 3 p. 1995.

LAITINEN, MARKKU, Biomonitoring of
theresponses of fish to environmental stress.
39 p. Yhteenveto 2 p. 1995.

LappALAINEN, PEKKA, The dinuclear Cu centre of
cytochrome oxidase. 52 p. Yhteenveto 1 p.
1995.

RiNTAMAKI, PEKKA, Male mating success and
female choice in the lekking black grouse. 23 p.
Yhteenveto 2 p. 1995.

SuuroNEN, TiNa, The relationship of oxidative
and glycolytic capacity of longissimus dorsi
muscle to meat quality when different pig
breeds and crossbreeds are compared. 112 p.
Yhteenveto 2 p. 1995.

Koskennieml, Esa, The ecological succession
and characteristics in small Finnish
polyhumic reservoirs. 36 p. Yhteenveto 1 p.
1995.

Hovi, MatTi, The lek mating system in the
black grouse: the role of sexual selection. 30 p.
Yhteenveto 1 p. 1995.
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MARTTILA, SALLA, Differential expression of
aspartic and cycteine proteinases, glutamine
synthetase, and a stress protein, HVA1, in
germinating barley. 54 p. Yhteenveto 1 p. 1996
Hunra, Esa, Effects of forest fragmentation on
reproductive success of birds in boreal forests.
26 p. Yhteenveto 2 p. 1996.

OjaLa, JoHANNA, Muscle cell differentiation in
vitro and effects of antisense oligode-
oxyribonucleotides on gene expression of
contractile proteins. 157 p. Yhteenveto 2
p-1996.

PaLomAki, Risto, Biomass and diversity of
macrozoobenthos in the lake littoral in
relation to environmental characteristics. 27 p.
Yhteenveto 2 p. 1996.

Pusentus, Jyrki, Intraspecific interactions, space
use and reproductive success in the field vole.
28 p. Yhteenveto 2 p. 1996.

SALMINEN, JANNE, Effects of harmful chemicals
on soil animal communities and
decomposition. 28 p. Yhteenveto 2 p. 1996.
KoTiaHo, JaANNE, Sexual selection and costs of
sexual signalling in a wolf spider. 25 p. (96 p.).
Yhteenveto 2 p. 1997.

KoskeLa, Juna, Feed intake and growth
variability in Salmonids. 27p. (108 p.).
Yhteenveto 2 p. 1997.

NaARALA, JONNE, Studies in the mechanisms of
lead neurotoxicity and oxidative stress in
human neuroblastoma cells. 68 p. (126 p.).
Yhteenveto 1 p. 1997.

Ano, Teya, Determinants of breeding
performance of the Eurasian treecreeper. 27 p.
(130 p.). Yhteenveto 2 p. 1997.

HaapraranTa, Anr, Cell and tissue changes in
perch (Perca fluviatilis) and roach (Rutilus
rutilus) in relation to water quality. 43 p.

(112 p.). Yhteenveto 3 p. 1997.

Somasuo, Markus, The effects of pulp and
paper mill effluents on fish: a biomarker
approach. 59 p. (158 p.). Yhteenveto 2 p. 1997.
MikoLa, Juna, Trophic-level dynamics in
microbial-based soil food webs. 31 p. (110 p.).
Yhteenveto 1 p. 1997.

RAHKONEN, RiTTA, Interactions between a gull
tapeworm Diphyllobothrium dendriticum
(Cestoda) and trout (Salmo trutta L). 43 p.

(69 p.). Yhteenveto 3 p. 1998.

KoskeLa, Esa, Reproductive trade-offs in the
bank vole. 29 p. (94 p.). Yhteenveto 2 p. 1998.
HornE, TaNa, Evolution of female choice in the
bank vole. 22 p. (78 p.). Yhteenveto 2 p. 1998.
PIRHONEN, JUuHANI, Some effects of cultivation on
the smolting of two forms of brown trout
(Salmo trutta). 37 p. (97 p.). Yhteenveto 2 p.
1998.

LaAkso, Jount, Sensitivity of ecosystem
functioning to changes in the structure of soil
food webs. 28 p. (151 p.). Yhteenveto 1 p. 1998.
Nixura, Tuomo, Development of radiolabeled
monoclonal antibody constructs: capable of
transporting high radiation dose into cancer
cells. 45 p. (109 p.). Yhteenveto 1 p. 1998.
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AIRENNE, KARI, Production of recombinant
avidins in Escherichia coli and insect cells.

96 p. (136 p.). Yhteenveto 2 p. 1998.
LyyTIKAINEN, TaPaNI, Thermal biology of
underyearling Lake Inari Arctic Charr
Salvelinus alpinus. 34 p. (92 p.).

Yhteenveto 1 p. 1998.

VIHINEN-RANTA, Malja, Canine parvovirus.
Endocytic entry and nuclear import. 74 p.

(96 p.). Yhteenveto 1 p. 1998.

MARTIKAINEN, Esko, Environmental factors
influencing effects of chemicals on soil animals.
Studies at population and community levels. 44
p- (137 p.). Yhteenveto 1 p. 1998.

AnLroOTH, PETRI, Dispersal and life-history
differences between waterstrider (Aquarius
najas) populations. 36 p. (98 p.).

Yhteenveto 1 p. 1999.

VIROLAINEN, KAIjA, Selection of nature reserve
networks. - Luonnonsuojelualueiden valinta.
28 p. (87 p.). Yhteenveto 1 p. 1999.

SELIN, PIRKKO, Turvevarojen teollinen kdytto ja
suopohjan hyodyntdminen Suomessa. -
Industrial use of peatlands and the re-use of
cut-away areas in Finland. 262 p. Foreword 3
p- Executive summary 9 p. 1999.

LerPANEN, HARRI, The fate of resin acids and
resin acid-derived compounds in aquatic
environment contaminated by chemical wood
industry. - Hartsihappojen ja hartsihappope-
rdisten yhdisteiden ymparistokohtalo kemial-
lisen puunjalostusteollisuuden likaamissa
vesistoissa. 45 p. (149 p.).

Yhteenveto 2 p.1999.

LinpsTrOM, LEENA, Evolution of conspicuous
warning signals. - Nakyvien varoitussignaa-
lien evoluutio. 44 p. (96 p.). Yhteenveto 3 p.
2000.

MarriLa, ELisa, Factors limiting reproductive
success in terrestrial orchids. - Kimmekoiden
lisdantymismenestystd rajoittavat tekijit. 29 p.
(95 p.). Yhteenveto 2 p. 2000.

KareLs, AarNoO, Ecotoxicity of pulp and paper
mill effluents in fish. Responses at biochemical,
individual, population and community levels.
-Sellu-ja paperiteollisuuden jitevesien
ekotoksisuus kaloille. Tutkimus kalojen
biokemiallisista, fysiologisista seka
populaatio-ja yhteisovasteista. 68 p. (177 p.).
Yhteenveto 1 p. Samenvatting 1 p. 2000.
AAaLTONEN, TuuLa, Effects of pulp and paper
mill effluents on fish immune defence. - Met-
sdteollisuuden jatevesien aiheuttamat
immunologiset muutokset kaloissa. 62 p. (125
p.)- 2000.

HEeLEnmus, MERjA, Aging-associated changes in
NF-kappa B signaling. - Ikdantymisen vaiku-
tus NF-kappa B:n signalointiin. 75 p. (143 p.).
Yhteenveto 2 p. 2000.
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88
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SiPPONEN, MATTI, The Finnish inland fisheries
system. The outcomes of private ownership of
fishing rights and of changes in administrative
practices. 81 p. (188 p.). Yhteenveto 2 p. 1999.
Lammi, AntT, Reproductive success, local
adaptation and genetic diversity in small plant
populations. 36 p. (107 p.). Yhteenveto 4 p. 1999.
Niva, Teuvo, Ecology of stocked brown trout in
boreal lakes. 26 p. (102 p.). Yhteenveto 1 p. 1999.
PuLkkINEN, KaTjA, Transmission of
Triaenophorus crassus from copepod first to
coregonid second intermediate hosts and
effects on intermediate hosts. 45 p. (123 p.).
Yhteenveto 3 p. 1999.

ParRri, SiLja, Female choice for male drumming
characteristics in the wolf spider Hygrolycosa
rubrofasciata. 34 p. (108 p.).

Yhteenveto 2 p. 1999.
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HuoviNeN, Pirjo, Ultraviolet radiation in
aquatic environments. Underwater UV
penetration and responses in algae and
zooplankton. - Ultraviolettiséteilyn vedenalai-
nen tunkeutuminen ja sen vaikutukset leviin
ja eldinplanktoniin. 52 p. (145 p.). Yhteenveto
2 p. 2000.

PAAKKONEN, JARI-PEkKA, Feeding biology of
burbot, Lota lota (L.): Adaptation to profundal
lifestyle? - Mateen, Lota lota (L), ravinnon-
kayton erityispiirteet: sopeumia pohja-
eldmdan? 33 p. (79 p.). Yhteenveto 2 p. 2000.
LaAsoNEN, Pexka, The effects of stream habit
restoration on benthic communities in boreal
headwater streams. - Koskikunnostuksen
vaikutus jokien pohjaeldimistéon. 32 p. (101
p-)- Yhteenveto 2 p. 2000.

PasoNEN, HANNA-LEENA, Pollen competition in
silver birch (Betula pendula Roth). An
evolutionary perspective and implications for
commercial seed production. -
Siitepolykilpailu koivulla. 41 p. (115 p.).
Yhteenveto 2 p. 2000.

SALMINEN, Esa, Anaerobic digestion of solid
poultry slaughterhouse by-products and
wastes. - Siipikarjateurastuksen sivutuottei-
den ja jdtteiden anaerobinen késittely. 60 p.
(166 p.). Yhteenveto 2 p. 2000.

SaLO, 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
tekijoiden vaikutus pienten mékitervakko-
populaatioiden elinkykyyn. 33 p. (124 p.).
Yhteenveto 3 p. 2000.
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Tixka, PAvi, Threatened flora of semi-natural
grasslands: preservation and restoration. -
Niittykasvillisuuden siilyttdminen ja
ennallistaminen. 35 p. (105 p.). Yhteenveto 2 p.
2001.

Sutari, HeL, Ultraviolet sensitivity in birds:
consequences on foraging and mate choice. -
Lintujen ultraviolettindon 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
Pp- 2001.

NissINEN, Lusa, 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, MERV], 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
mechanism against visually hunting

103

104

105

106

107

108

109

110

111

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 hairion-
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
maaperdravintoverkkojen 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, MArjA, 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& sydvien eldin-
ten ja hedelmékasvien vilisissa 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 esikasittelyn
vaikutus yhdyskuntajéitteen biohajoamiseen ja
typpipaastojen 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 virtavesissa - 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 havumetsdmaan
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.

SuviLAMPI, 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.

Paavora, Riku, Community structure of
macroinvertebrates, bryophytes and fish in
boreal streams. Patterns from local to regional
scales, with conservation implications. -
Selkédrangattomien, vesisammalten ja kalojen
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127

128
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131

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 susihaméhékilla
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.

MarjomAkl, 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, HoNng, 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. - Lisddntyvan
UV-B siteilyn vaikutukset siikakalojen
poikasten kéyttaytymiseen, kuolleisuuteen ja
metaboliaan. 42 p. (95 p.) Yhteenveto 2 p.
2004.
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KumruLaINEN, Tomr, The evolution and
maintenance of reproductive strategies in bag
worm moths (Lepidoptera: Psychidae).

- Lisddntymisstrategioiden evoluutio ja séily-
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 kehittdminen ja
sovellukset. 90 p. (141 p.) Yhteenveto 3 p.
2004.

RANTALAINEN, MINNA-Lnisa, Sensitivity of soil
decomposer communities to habitat
fragmentation - an experimental approach. -
Metsdmaaperin 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, Marl, Habitat selection by riverine
grayling, Thymallus thymallus L. - Harjuksen
(Thymallus thymallus L.) habitaatinvalinta

virtavesissa. 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 pohjaeldinyhteisojen
avulla. 45 p. (221 p.) Yhteenveto 3 p. 2004.
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PyLkko, PAvi, 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. - Epatyyppinen 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.
ToLvaNeN, 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 jitevesista
yhdyskuntajatevedenpuhdistamoilla. 51 p.
(100 p.) Yhteenveto 2 p. 2004.
KarisoLa, Pia, 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 Eurasian 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.
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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
kalat ja 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, M1a, 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 seki 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
kdyttaytyminen. 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 ndkokulma. 27 p.
(84 p.) Yhteenveto 1 p. 2006.

OyaLa, 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. - Sy6véan 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. - Perdmeren ja Saimaan norpan
suolistoloisyhteisét ja niiden hyodyntdminen
hylkeen yksil6llisen ravintoekologian selvitta-
misessd. 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.

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

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

SEPPANEN, JANNE-TuOMas, 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, isinnan 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.

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

D. montana. - Geneettinen ja fenotyyppinen
erilaistuminen Drosophila virilis ja D. montana
lajien mahlakarpasilla. 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. - Vakédkarsamatotoukkien
elinkierto- ja transmissiostrategiat seka vali-
isannan hyviaksikayton evoluutio. 33 p. (88 p.)
Yhteenveto 1 p. 2007.

TarpALE, 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, KarMarkus, Characterisation of
landfills for recovery of methane and control
of emissions. - Kaatopaikkojen karakterisointi
metaanipotentiaalin hyodyntamiseksi ja
padstojen vahentamiseksi. 83 p. (157 p.)
Yhteenveto 2 p. 2008.

HiLtunen, Terro, Environmental fluctuations
and predation modulate community
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dynamics and diversity.- Ympériston vaihte-
lutja saalistus muokkaavat yhteison 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, NiINA, 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 ylldpitavét 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 tekijoiden 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
sisadnmeno ihmisen sy&pésoluihin. 103 p.
(185 p.)Yhteenveto 2 p. 2008.

LEeBIGRE, 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 sisidnmenon reitit ja
séddtely. 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 kéyttaytymiseen,
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.

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

(109 p.) Yhteenveto 3 p. 2009.

Rasi, Saya, 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.
InALAINEN, TEEMU, Intranuclear dynamics in
parvovirus infection. - Tumansisdinen dyna-
miikka parvovirus infektiossa. 86 p. (152 p.)
Yhteenveto 3 p. 2009.

Kunttu, 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, TiTT4, 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.- Tytkaluja 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-
binding domains of ionotropic glutamate
receptors. - lonotrooppisten glutamaatti-
reseptoreiden ligandin-sitomisdomeenien
dynamiikka. 54 p. (130 p.) Yhteenveto 3 p.
2010.

PoikoNeN, Tanja, Frequency-dependent
selection and environmental heterogeneity as
selective mechanisms in wild populations.

- Frekvenssistd riippuva valinta ja ympariston
heterogeenisyys luonnonvalintaa ohjaavina
tekijoind luonnonpopulaatiossa. 44 p. (115 p.)
Yhteenveto 4 p. 2010.

KEKALAINEN, JukKa, Maintenance of genetic
variation in sexual ornamentation - role of
precopulatory and postcopulatory sexual
selection. - Seksuaaliornamenttien geneettisen
muuntelun sédilyminen - parittelua edeltivan
ja sen jdlkeisen seksuaalivalinnan merkitys.
52 p. (123 p.) Yhteenveto 3 p. 2010.

SYRIANEN, JUuKka, Ecology, fisheries and
management of wild brown trout populations
in boreal inland waters. - Luontaisten taimen-
kantojen ekologia, kalastus ja hoito pohjoisilla
sisdvesilld. 43 p. (108 p.) Yhteenveto 3 p. 2010.
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218 RuUSKAMO, SALLA, Structures, interactions and
packing of filamin domains. -
Filamiinidomeenien rakenteet, vuoro-
vaikutukset ja pakkautuminen. 50 p. (108 p.)
Yhteenveto 1 p. 2010.

219 HoNkANEN, MERJA, Perspectives on variation in
species richness: area, energy and habitat
heterogeneity. - Pinta-alan, energian ja
elinymparistdjen monimuotoisuuden suhde
lajim&araan. 46 p. (136 p.) Yhteenveto 2 p.
2011.

220 TmvoNEN, JonNa, Woodland key habitats. A key
to effective conservation of forest biodiversity.
- Avainbiotooppien merkitys talousmetsien
monimuotoisuuden sdilymiselle. 33 p. (141 p.)
Yhteenveto 2 p. 2011.

221 NuUrMINEN, ELisa, Rational drug discovery.
Structural studies of protein-ligand
complexes. - Rationaalinen lddkeaine-
suunnittelu. Proteiini-ligandi rakenne-
kokonaisuuksien tutkimus. 56 p. (113 p.)
Yhteenveto 2 p. 2011.

222 URrPANEN, OLLI, Spatial and temporal variation
in larval density of coregonids and their
consequences for population size estimation
in Finnish lakes. - Muikun ja siian poikas-
tiheyksien spatiaalinen ja ajallinen vaihtelu ja
sen vaikutukset poikasmaardarviointiin. 49 p.
(94 p.) Yhteenveto 3 p. 2011.

223 Jyvisjirvi, Jusst, Environmental drivers of lake
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