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Abstract

Integrin a2f1 belongs to the sub-family of integrins that include an A domain in the o
subunit (@A), Ligand binding to a2f1 takes place at the MIDAS cation-binding site
within aA. In non-aA-domain-containing integrins, the primary ligand-binding site is a
MIDAS site in a homologous A-domain in the  subunit (BA). Two additional metal ion
binding sites in the BA domain, the ADMIDAS (adjacent to the MIDAS) and LIMBS
(ligand-induced metal-binding site), clustered around the MIDAS, suggest that ligand
binding is regulated in a complex manner by cations. However, in a2p1, the BA domain is
not directly involved in ligand binding. To study the functional relationship of the aA
with the PA domain, the entire ectodomains of human a2 and 1 integrin subunits were
expressed as Fe-fusion proteins in mammalian cells to generate a soluble integrin. Full-
length and truncated variants of the soluble a2f31-Fc integrin, that retained the structural
and functional characteristics of the parent integrin, were used as substrates in collagen-
binding solid phase assays to study the role of cations in integrin activation. Using a
mutagenesis-based approach, it was shown that the loss of metal occupancy at any one of
the three Bl cation-binding sites perturbed the ligand-binding activity of a2fl. An
activating mutation at the C-terminus of the a2 A domain rescued collagen-binding
activity, but with impaired affinity. These data demonstrated that §1 A domain affinity
state contributes to a2B1 affinity modulation primarily by altering the apparent affinity of
the MIDAS for its ligand. The regulatory effect of divalent ions was examined further and
it was found that the inhibitory profile of cation binding for the MIDAS and ADMIDAS
mutants was similar to that for a581, a non-aA domain-containing integrin. Tt was also
found that the LIMBS mutations prevented the augmentation of Mg*"-induced collagen
binding by Ca®’, suggesting that the LIMBS is a stimulatory Ca** regulatory site. Taken
together these data indicate that regulation of ligand binding through the cation binding
sites in the PA domain plays an important role in both aA domain-containing and non-oA

domain-containing integrins.
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o2[x]B1[x]-Fc

a.a.

Ab

ABTS
ADMIDAS
ATP

BCA

BSA

B-TD

CA
C-linker

C-terminal
DMEM
dNTP
DTT
ECM
EDTA
EGF
ELISA
FACS
FAK
FCS

Fn
FRET
Fl

FL
GST
HBS
HBSS
HEPES

Recombinant soluble human a2f1-Fc integrin, where ‘x’ is
the mutated amino acid residue

Amino acid

Antibody

2, 2’-azino-bis (3-ethylbenzthiazoline 6-sulphonic acid)
Adjacent to MIDAS

Adenosine triphosphate

Bicinchoninic acid

Bovine serum albumin

B-Tail domain

Constitutive active GST o2 A domain a.a.140-339 [1332G]
C-terminal linker sequence connecting the «7-helix in alA domain
to the B-propeller

Carboxy-terminal

Dulbecco’s modified Eagle medium

Deoxynucleotide triphosphate

Dithiothrietol

Extracellular matrix

Ethylenediaminetetra-acetic acid

Epidermal growth factor

Enzyme-linked immunosorbant assay
Fluorescence-activated cell sorter

Focal adhesion kinase

Foetal calf serum

Fibronectin

Fluorescence resonance energy transfer

Full-length recombinant GST a2 A domain (a.a. 124-339)
Full-length recombinant soluble human a2 1-Fc integrin
Glutathione S-transferase

HEPES buffered saline

Hanks’ balanced salt solution
2-hydroxyethylpiperazine-N’-2-ethanesulphonic acid
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ICAM

Ig
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IPTG
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LABS
LIBS
LIMBS
mADb
MAdCAM
MEM
MIDAS
MOPS
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N-terminal
PBS

PCR

PKC
PMSF

PSI
SDS-PAGE
SH2/ SH3
TBS

TRIS

TR
VCAM-1
vWF
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Wt

Horse-radish peroxidase

Intercellular adhesion molecule

Immunoglobulin

Immunoglobulin G
Isopropyl-1-thio-p-D-galactopyranoside

Luria Bertani medium

Ligand attenuated binding site

Ligand induced binding site

Ligand induced metal binding site

Monoclonal antibody

Mucosal addressin cell adhesion molecule
Minimum essential medium

Metal ion-dependent adhesion site
3-(N-morpholino)propane sulphonic acid
Nuclear magnetic resonance

Amino-terminal

Phosphate buffered saline

Polymerase chain reaction

Protein kinase C

Phenylmethylsulphonyl fluoride
Plexin/Semaphorin/Integrin-like

Sodium dodecyl sulphate-polyacrylamide gel electrophoresis
Src homology domain 2/ Src homology domain 3
Tris-buffered saline

Tris (hydroxymethyl) methylamine

Truncated recombinant soluble human o231-Fc integrin
Vascular cell adhesion molecule-1

von Willebrand factor

Wild-type recombinant o2 1-Fe integrin
Wild-type GST a2 A domain a.a.140-339




Chapter 1 ® Introduction

Chapter

1.0 Introduction

1.1 Cell adhesion

Cell adhesion regulates a wide variety of dynamic processes, such as cell migration,
growth and differentiation. All of these functions are crucial for cell survival and
development of multicellular organisms. In addition, cellular adhesion also controls
components of a sophisticated signalling machinery that enables cells to communicate and,
subsequently, coordinate their behaviour for the benefit of the organism as a whole. Over
the past decade, extensive research has been undertaken to try and understand the
mechanisms of adhesion at the cellular level. These studies have involved identifying both
adhesion factors in extracellular matrices and the cell-surface receptors recognising them.
Molecular and biophysical characterisation of the components of cell adhesion complexes
is vital to the understanding of how particular complexes activate cytoskeletal and signal
transduction pathways that ultimately control cell behaviour and normal development.
Moreover, exploring the structure and molecular mechanisms of how these molecules are
regulated present new targets for rational drug development and therapeutic intervention in

selected adhesion pathways that may treat many human disorders.

1.2 Integrins as cellular adhesion receptors

Integrins comprise a large family of cell surface receptors found in almost all cell types
that participate in the control of cell adhesion. These molecules are now recognised as
central components of fundamental biological processes including embryonic
development, apoptosis, haemostasis, immune recognition and wound healing [Hynes
R.O., 2002; Calderwood D.A., 2004]. Moreover, the importance of integrin activation is
not limited to normal development. Abnormal integrin functions have been implicated in a
variety of pathological disorders, including thrombosis, tumour cell growth and metastasis,
inflammation, osteoporosis, ulceration, rheumatoid arthritis and microbial and parasitic
infection [Liddington & Ginsberg, 2002]. Elucidation of the mechanisms involved in
integrin activation to regulate adhesion with the ECM and signalling would therefore be of

a great advantage in understanding the molecular basis of such diseases.
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Integrins exist as transmembrane heterodimers, composed of o and B subunits (Figure
1.1a). The two subunits are produced by different genes, the products of which are
independently processed and expressed as type-l transmembrane glycoproteins (Figure
1.1b). A number of different isoforms have been described for each subunit; at least 18 o
subunits (al-all, allb, oD, aE, aM, oL, aV, aX) and 8 B subunits ($1-B8) have been
identified in mammals. Non-covalent association of a pair of subunits results in 24 known
different dimers (Figure 1.1c) [Amaout ef al., 2004]. In the past, integrins were grouped
on the basis of a common 3 subunit, but it is now clear that o subunits can combine with
more than_ one B subunit. The structural and functional diversity of integrins reflects the
lack of well-defined integrin classes; subfamilies can be based on shared B subunits,
ligand-binding properties or shared structural features of the o subunits. Using the latter
criterion, two subfamilies can be formed depending on the presence or absence of a 200

amino acid conserved domain, the ‘aA domain’ in the o integrin subunit.

Each integrin subunit comprises a large extracellular domain, approximately 1200 amino
acids long in the o and 800 amino acids in the p subunit, a single transmembrane helix and
a short cytoplasmic domain (usually 30-50 amino acids long or less) with the exception of
B4 in which the cytoplasmic domain is over 1000 residues. Early electron microscopy
(EM) of rotary shadowed and negatively stained preparations of integrins showed these
heterodimeric receptors to be comprised of a 10 nm diameter globular head and two long
stalks that anchor the protein on the membrane [Carrell ef a/., 1985; Nermut et al., 1988].
This picture changed considerably with the advances in EM and atomic resolution of two
different integrin heterodimers in recent years, which have allowed the definitive domain

structure of both extracellular subunits to be determined (Section 1.5).
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Figure 1.1. Integrin architecture, a) The domain structure of a generic integrin. An
integrin a subunit associates with a  subunit in a non-covalent fashion, b) Proposed
quaternary structure of the extracellular integrin domains. Based on the
crystallographic data ofaVp3 integrin extracellular domain but with a putative aA domain
added where it would be located in integrins that contain an aA domain; an aA domain
absent in aVp3 (reproduced from Beglova et al., 2002). ¢) Vertebrate integrin
subunit associations. 18 of and 8 /? subunits form 24 heterodimers, indicated by

connecting lines, a subunits are in blue and /5 subunits are in pink. Half ofthe a subunits
contain A-domains, shown in yellow.
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1.3 Integrin bi-directional signalling

Integrins are diverse cell adhesion molecules that mediate the attachment of cells to the
extracellular matrix, as well as linking cells to each other. Integrin extracellular head
domains bind to an array of ligands in the extracellular matrix (ECM) including collagens,
fibronectin and laminins, or to ligands on the surface of other cells, i.e. to intercellular
adhesion molecules (ICAM) and vascular cell adhesion molecules (VCAM) [Hynes R.O.,
1992]. Extracellular ligand binding elicits a cascade of conformational changes within the
integrin that results in recruitment of cytoplasmic proteins to the integrin cytoplasmic tail
and formation of adhesion plaques. The propagation of these changes from the
extracellular domain through the plasma membrane to the inside of the cells, where the
downstream effects take place is called ‘outside-in’ signalling. In addition, integrin-ligand
binding is modulated (stimulated / inhibited) by cytoplasmic signals. Interactions of the
cytoplasmic tails of integrins with intracellular proteins initiates the propagation of
conformational changes from the cytoplasmic environment to the extracellular face. Thus,
the binding of integrins to ligands as regulated by intracellular stimuli is called ‘inside-out’
signalling. Moreover, integrins possess the ability to modulate their activity on a timescale
of <1 s in response to intracellular signals [Takagi & Springer, 2002]. On the whole, rapid
and reversible integrin function mediates the connection of the cell with the ECM and
controls normal cell behaviour that in turns directs the ECM re-assembly, cell adhesion and

subsequently cell survival and tissue formation.,

1.3.1 Outside-in signalling

One important mechanism by which cells can modulate integrin-mediated adhesion is by
changing integrin affinity for ECM ligands [Calderwood D.A., 2004]. For some years it
has been known that after cellular activation, conformational changes take place in many
of the integrin extracellular domains. However, it has been questioned whether
conformational change in integrins is a result from ligand binding rather than a cause of
ligand binding (affinity regulation) [Bazzoni & Hemler, 1998]. It is now evident that
conformational changes upon activation, are physiologically relevant for regulating
integrin affinity for ligand. Recently, the term ‘integrin priming’ was introduced to
indicate the acquisition of ligand-binding ability. This term can be used to distinguish
integrin affinity regulation from integrin activation, which would be used to define the

process of ligand-induced conformational changes leading to intracellular signalling events
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[Humphries et al, 2003]. Here, the term integrin activation denotes ligand-induced
changes to describe the increase in monomeric affinity that is coupled to alterations in
integrin conformation [Calderwood D.A., 2004]. Thus, integrin activation followed by
integrin cross-linking with ECM ligands results in the formation of integrin clusters.
Integrin aggregation ultimately leads to the formation of focal adhesions, where
cytoskeletal proteins link integrins to the actin cytoskeleton (Figure 1.2). Some of the
cytoplasmic proteins found in focal adhesions as a result of integrin clustering are talin, o-
actinin, vinculin, tensin, paxillin and filamin, many of which interact with filamentous
actin [Critchley D.R., 2000]. These only represent a small repertoire of the 50 proteins
found to date in focal adhesions [Zamir & Geiger, 2001] and the list of newly discovered

components is rapidly expanding.

Based on results from in vitro peptide-binding studies o-actinin [Otey et al., 1990;
Sampath et al., 1998], filamin [Pfaff et al., 1998] and talin [Knezevic ef al., 1996; Sampath
et al., 1998] have been shown to bind to the cytoplasmic domains of specific  subunits.
In particular, the talin head domain has been shown to directly activate allbB3 integrin
[Calderwood et al., 2002; 1999], and bind to several other B subunits including 1, B5,57
[Calderwood et al., 2003] and B2 cytoplasmic tails [Kim ez al., 2003]. Because talin is a
cytoskeletal protein known to interact with actin filaments [Hemmings et al., 1996], the
above findings demonstrated that actin filaments can be directly linked to integrins through
at least one cytoskeletal protein, and indirectly through talin-associated cytoskeletal
proteins. Other B tail-binding proteins that might directly affect integrin activation are
cytohesin [Kolanus et al, 1996], B3-endonexin [Kashiwagi et al, 1997] and CD98he
[Fenczik ef al., 1997; Zent et al., 2000]. The calcium- and integrin-binding (CIB) protein
is an o tail-binding protein has also been reported to directly regulate integrin activation
[Tsuboi S., 2002]. The functional relevance of these integrin-associated proteins awaits

further definition.

In addition to forming a mechanical link between the extracellular matrix and the acto-
myosin contractile apparatus, the recruitment of structural proteins to integrins is believed
to serve as a framework for the association of signalling proteins involved in signal
transduction pathways that regulate cell behaviour [Clark & Brugge, 1995]. In particular,

GTP-binding proteins of the Rho family of low molecular weight GTPases, are involved in
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Actr
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Exlrsceikjlar matm

Figure 1.2. Schematic depicting the complexity of the main molecular domains of
cell-matrix adhesions. The primary adhesion receptors are heterodimeric (a and P)
integrins, represented by orange cylinders. Additional membrane-associated molecules
enriched in these adhesions (red) include syndecan-4 (Syn4), layilin (Lay), the
phosphatase leukocyte common antigen-related receptor (LAR), SHP-2 substrate-1
(SHPS-1) and the urokinase plasminogen activator receptor (uPAR). Proteins that
interact with both integrin and actin, and which function as structural scaffolds of focal
adhesions, include j*-actinin (ji-Act), talin (Tal), tensin (Ten) and filamin (Fil), shown as
golden rods. Integrin-associated molecules in blue include: focal adhesion kinase
(FAK), paxillin (Pax), integrin-linked kinase (ILK), down-regulated in

rhabdomyosarcoma LIM-protein (DRAL), 14-3-3 and caveolin (Cav). Actin-

associated proteins (green) include vasodilator-stimulated phosphoprotein (VASP),
fimbrin (Fim), ezrin-radixin-moesin proteins (ERM), Abl kinase, nexillin (Nex),
parvin/actopaxin (Parv) and vinculin (Vin). Other proteins, many of which might serve
as adaptor proteins, are coloured purple and include zyxin (Zyx), cysteine-rich protein
(CRP), palladin (Pall), PINCH, paxillin kinase linker (PKL), PAK-interacting exchange
factor (PIX), vinexin (Vnx), ponsin (Pon), Grb-7, ASAPI, syntenin. As taken from
Geiger e/ ai, 2001.
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the reorganisation of specialised actin structures; principal examples include: Rho in stress
fibre formation, Rac in lamellipodia and Cdc42 in filopodia formation [Brakebush &
Fassler, 2003]. Other signalling molecules implicated in outside-in signalling are adaptor
proteins, such as ILK, Cas, She [Miao ef al,, 2002]. Intracellular protein kinases recruited
to the adhesion complex include tyrosine kinases like focal adhesion kinase (FAK), Src,
Yes, Fyn [Geiger et al., 2001], and serine-threonine kinases including the mitogen-
activated protein kinases (MAPK) [Geiger ef al., 2001], PAK [Sells et al., 2000] or PKC
[Parsons et al., 2002]. Different integrin-stimulated signalling events have been reported

to involve phospholipid metabolism and changes in cytoplasmic calcium levels [Kanner et
al., 1993].

1.3.2 Imside-out signalling

Cell adhesion can be regulated both by controlling the cellular repertoire of integrins as
well as by limiting their affinity for extracellular ligands. The remarkable ability of
integrins to modulate their activity in response to intracellular signalling events adds to the
multiplicity of integrin functions. ‘Affinity modulation’, the process by which integrins
can regulate the binding of ligands in the extracellular environment according to the
information they receive from the intracellular face of the cell, is well documented.
Platelet aggregation is an example of a physiological process reliant on integrin affinity
modulation. Under normal conditions, platelets exist in a resting state as single cells as
platelet ollbB3 integrin receptors are in a largely inactive conformation that bind
fibrinogen with a very low affinity. Following platelet activation by agonists such as ADP,
collagen or thrombin, aJIbB3 integrins become activated gaining the ability to bind soluble
fibrinogen with high affinity, resulting in platelet aggregation [Bennet & Vilaire, 1979;
Shattil et al., 1998].

In response to cellular events, inside-out signalling is proposed to involve the propagation
of conformational changes from the integrin cytoplasmic domains to the membrane-distal
ligand-binding site through the transmembrane domains. Williams et al. (1994) proposed
four different movements for the orientation of the o / f§ integrin transmembrane domains
to each other depending on the position of the membrane-proximal segments that could
mediate spatial rearrangements and subsequently the transmission of conformational

changes participating in integrin activation. In the ‘piston’ model the conserved
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membrane-proximal segments are inserted into the plasma membrane, with the more polar
KR and hDRRE sequences (in o and B cytoplasmic domains respectively) preventing
further insertion of the fragments. In the ‘twist’ and ‘hinge’ models the conserved
membrane-proximal regions acted as a fulcrum to allow the propagation of conformational
changes, while the ‘zipper’ model predicted direct association / dissociation of the two
subunits. In support of the pistoning hypothesis, Armulik et al. (1999) developed the
model to include the existence of different o and B transmembrane domain arrangement
(tilted or coiled) relative to their length across the plasma membrane depending on the
affinity state of the integrin receptor. A subsequent glycosylation mapping study by
Stefansson et al. (2004) supported that activating mutations in the membrane-proximal

region resulted in shortening of the membrane-embedded transmembrane segments.

More recently, protein engineering studies of integrin transmembrane domains have been
published demonstrating a regulatory role for integrin o / B transmembrane interface in
inside-out activation. Li et al. (2005) supported the hypothesis that mutations of residues
in the allb/B3 helical interface can activate integrin ligand binding by disrupting
heterodimeric interactions in vivo, expanding on previous in vitro data reporting a
constitutive active «llbB3 phenotype by enhancing homomeric transmembrane
associations with asparaginine mutations [Li et al., 2003]. Moreover, constraining the
integrin o and  transmembrane domains with intersubunit, intramembranous disulphide
bonds blocked the effect of allb cytoplasmic mutations known to universally activate
integrins from the inside of the cell [Luo ef al, 2004]. In addition, perturbing
transmembrane interactions by leucine scanning mutagenesis of residues located at the
ollbB3 helical interface defined in the previous study activated ligand binding [Luo et al.,
2005). A different transmembrane packing interface was suggested by Partridge et al.,
(2005), albeit consistent with the hypothesis that heterodimeric o/f transmembrane
interactions stabilise the integrin in a low affinity state. Random and site-specific
mutagenesis of the 33 transmembrane domain identified 13 novel mutations that led to
integrin activation. Computational modelling suggested that several of the B3 membrane-
embedded activating mutations hindered intersubunit interactions either directly or
indirectly by altering helical length/tilt angle [Partridge ef al., 2005]. Thus, a number of in
vivo studies suggested that disruption of the heteromeric helical interface between the o/ B

transmembrane domain is necessary for integrin activation. At present, the experimental
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data to support the separation model or the pistoning model [Armulik et al., 1999] are
incomplete, and the mechanisms by which integrins transduce signals through the plasma

membrane remain elusive.

Several conserved regions involved in integrin activation have been identified in the short
cytoplasmic tails of integrins. Truncations / and or mutations in either of the conserved
GFFKR sequences in o [O’Toole et al., 1991; 1994] or NxxY in B subunit [Hughes et al.,
1995; O’Toole et al., 1995] have been shown to result into constitutively active integrins,
independent of the cytoplasmic signalling pathways. Based on mutational analysis data,
Hughes ef al., (1996) proposed that a salt bridge is formed between Arg-Asp residues
found on the membrane-proximal regions of the o and B cytoplasmic domains
respectively, constraining integrin ollbB3 into a non-signalling state. More recent
evidence from NMR analyses supported the interaction between membrane-proximal
regions of the oo and B subunit cytoplasmic domains [Vinogradova ef al., 2002; Weljie et
al., 2002]. Overall, the data suggest that the positioning of the cytoplasmic tails close
together restrains the integrin receptor in an inactive signalling state [Lu ef al. 2001b;
Takagi et al, 2001b] whereas enhancing separation promotes activation [Takagi et al.,
2002a; Xiong ef al., 2003c]. Conformational movements that separate the two cytoplasmic
domains may therefore allow the propagation of conformational changes through the
transmembrane domain to the distant ligand-binding sites, hence determining the signalling

status of the receptor.

The binding of integrin-associated proteins such as talin may represent a way of disrupting
integrin o / B subunit association; directly by affecting the membrane-proximal regions or
indirectly by inducing conformational changes. Determination of the X-ray structure of
the talin F3 domain-33 tail complex revealed that the talin phosphotyrosine-binding (PTB)
domain recognised the integrin NPLY motif [Garcia-Alvarez et al., 2003]. Most integrin
tails contain one or two NPXY/F motifs. The above observations suggest that other PTB
domain-containing proteins may also activate integrins. Moreover, the presence of
conserved serine, threonine and tyrosine residues suggests that phosphorylation could
contribute (promote or inhibit) in the regulation of integrin activation, however the
molecular basis of such mechanism remains unclear. A detailed description of inside-out

integrin regulation is beyond the aims of this thesis; however excellent reviews have been
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published recently by Brakebusch & Fassler (2003), Brunton et al., (2004), Calderwood
D.A. (2004).

There is a great deal of information available about the structure of integrins and their
ligand-binding capabilities, but much is still to be discovered concerning the biochemical
pathways that integrins activate. The limited knowledge gained from such investigations
can only emphasise the complexity and diversity of integrin-mediated signalling events. In
vitro cell culture studies have implicated integrins in modulation of a variety of cellular
processes such as adhesion, spreading and migration and revealed that integrin-mediated
signalling is involved in cell proliferation and differentiation, cell survival and prevention
of apoptosis. Excellent reviews of the current knowledge of integrin-stimulated events and
downstream signalling pathways include ffrench-Constant & Colognato, 2004; Gibbins
JM., 2004; Guo & Giancotti, 2004; Steeber et al., 2005; Stupack & Cheresh, 2004;
Stupack et al., 2005.

Integrins are dynamic adhesion molecules that exist in different conformations reflecting
the ligand-binding capabilities of these receptors. The remarkable ability of integrins to
modulate their activity in response to intracellular signals not only adds to the multiplicity
of integrin functions but also signifies the complexity of tight regulated integrin activation.
The importance of cellular control of integrin activation is underscored in health and

disease, which is briefly discussed below.

1.4 Biological function

Integrin gene-disruption studies, at both the whole animal and tissue-specific levels,
enabled the study of the physiological relevance of integrin-mediated cell adhesion and
signal transduction and provided valuable information of integrin functions in discase.
Despite the great differences in development and tissue organisation, loss-of-function
effects in intact invertebrate model organisms, Caenorhabditis elegans and Drosophila
melanogaster, revealed that integrins are required in embryonic developmental processes.
Inhibiting the function of the sole integrin  subunit in C. elegans or BPS, one of two
integrin B subunits, in D. melanogaster resulted in embryonic lethality [Williams &
Waterston, 1994; Brown N.H., 1993]. In nematode worms and fruit flies adhesion of

integrins to the extracellular matrix is required for muscle connection to the body wall that
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translates to movement of the exoskeleton [Brown N.H., 2000]. The defects in the absence
of integrins are envisaged in muscle paralysis or detachment, but also in delayed or failing
cell migration and abnormal morphogenesis between epithelia [Bokel & Brown, 2002].
Moreover, the effects of integrin knockout genetic studies in mice (summarised in Table
1.1, adapted from Bouvard ef @/, 2001) have contributed greatly to our understanding of
integrin function. Integrin disruption influences all aspects of tissue development and
maintenance including hemostasis (allb, B3, o2), vasculogenesis and angiogenesis (al,
B3), and leucocyte trafficking and inflammation (oL, oM, oE, 2, B7, B6). The
phenotypes range from severe anatomical and histological defects (04, a5, aV, B8) to
perinatal lethality (a3, a6, a8, av, B4, B8) or even embryonic lethality (B1). Yet, where
normal development takes place, this emphasises the fact that these receptors function
within a network of signalling processes and in collaboration with other integrins or other
receptor families [Schwartz & Ginsberg, 2002], the compensatory ability of which is likely
to reduce the effect of integrin loss [ffrench-Constant & Colognato, 2004]. Overall, the
loss-of-function studies in genetic model organisms highlighted that integrins are used for

conserved biological processes with fundamental physiological roles.

The functional consequences of integrins mutations in humans are highlighted by the
severe symptoms of human genetic integrin defects. Leukocyte adhesion deficiency
(LAD) type I syndrome, caused by a defect in the 2 gene resulting in failure to express [32
integrins, is typified by recurrent bacterial infections [Etzioni et al., 1999; Hogg & Bates,
2000]. A second example is the bleeding disorder Glanzmann’s thrombasthenia, which
arises from mutations in either subunit of the allbB3 platelet integrin [Kato A., 1997;
Clemetson & Clemetson, 1998]. Mutations in a6 or 84 genes result in the lethal skin
blistering disorder epidermolysis bullosa with pyrolic atresia [Vidal et al., 1995]. Also, a
type of congenital myopathy has been associated to defects in the o7 integrin gene
[Hayashi et al., 1998].
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Gene Phenotype

ev] V,F Increased collagen synthesis, reduced tumor vascularization
a0y V,F Defects in hemostasis, abnormalities in branching morphogenesis
a3 L, birth Defects in kidneys, lungs, and cerebral cortex; skin blistering
@y L,E11-E14 Defects in chorioallantois fusion and cardiac development

exs L,E10 Defects in extraembryonic and embryonic vascular development
s L, birth Defects in cerebral cortex and retina; skin blistering

ety V,F Muscular dystrophy

g L+V/F Small or absent kidneys; inner ear defects

ey L, perinatal Bilateral chylothorax

@0 V,F No apparent phenotype

]
ay, L, E12-birth  Defects in placenta and in CNS and GI blood vessels; cleft palate
D

e V,F Impaired leukocyte recruitment and tumor rejection
am V,F Impaired phagocytosis and PMN apoptosis; obesity; mast cell
development
ax -
e V,F Inflammatory skin lesions
Qb V,FE Defective platelet aggregation
B, L,ES5.5 Inner cell mass deterioration
32 V,F Impaired leukocyte recruitment; skin infections
(33 V,F Defective platelet aggregation; osteosclerosis
B34 L, Skin blistering
perinatal
B35 V,F No apparent phenotype
Bs V,F Skin and lung inflammation and impaired lung fibrosis
37 V,F  Abnormal Peyer’s patches; decreased No. of intraepithelial lymphocytes
Bs L,El2— Defects in placenta and in CNS and GI blood vessels; cleft palate
birth

Table 1.1. Ablation of integrin genes in mice and their resulting phenotypes in vivo.

V indicates viable; F, fertile; L, lethal; L+V/F, mutations that disrupt development but also
allow survival in a fraction of mice; CNS, central nervous system; GI, gastrointestinal; and
PMN, polymorphonuclear neutrophil. Adapted from Bouvard et al., 2001.
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1.5 Integrin structure

In 2001, Xiong et al. solved the structure of aVB3 at the atomic level. This three-
dimensional (3-D) structure was soon to be followed by the structure of aVB3 in the
presence of an RGD peptidomimetic ligand [Xiong ef al, 2002]. The second integrin
heterodimer to be crystallised was aIlbB3, a closely related integrin to a V3. Four allbp3
structures were crystallised with an antibody fragment alone / and with one of three ligand-
mimetic antagonists, in the presence of cacodylate ion(s) [Xiao ef al, 2004]. Moreover,
independently folded A domains in the o subunits that retain the functional characteristics

of the parent integrin have facilitated the determination of several other crystals, described
here first.

Crystallography is undoubtedly a powerful tool but provides only a snapshot of a single
conformation that an integrin can adopt. Crystallographic structural information combined
with the data from antibody analyses, NMR and EM studies are more instructive in favour
of the dynamic integrin structure and to the understanding of how conformational changes

lead to integrin activation and ultimately to signal transmission.

1.5.1 The extracellular domain

1.5.1a The oA domain

The oA domain is approximately 200 amino acids long and shows high sequence
homology to the A domain of von Willebrand factor (vWF), cartilage matrix protein, type
VI collagen and complement factor B [Colombalti & Bonaldo, 1991]. Because this
domain is found ‘inserted’ in only half of the integrin o subunits, it has also been named
‘I-domain’. The successful expression of recombinant isolated oA domains [Randi &
Hogg, 1994; Ueda et al., 1994; Calderwood et al., 1997] facilitated structural studies that
have solved the crystal structures of A domains from oM [Lee et al., 1995a; 1995b], aL.
[Qu & Leahy, 1995; 1996; Shimaoka ef al., 2003a], a2 [Emsley ef al., 1997; 2000] and al
[Nolte et al., 1999; Karpusas ef al., 2003] integrin subunits.

The crystal structure of the oM A domain revealed a classical dinucleotide-binding fold (or

of3 Rossmann fold), that is conserved in all integrin A domains (Figure 1.3) and included a

27




Chapter 1 * Introduction

Figure 1.3. Rossmann fold of integrin oA domains. A central hydrophobic
six-stranded P-sheet is surrounded by six amphipathic a-helices; in the aM and cfL A
domains the p-sheet contains five parallel and one anti-parallel P-strand alternating
between the six helices. The additional ‘helix C’ found in the a/ and al A domains is
shown in orange, a-helices are in red, p-strands are in cyan and loops are in grey.
Mgz"" ions are shown as green spheres, the magenta sphere represents a Mn” ion. All
A-domains are shown in the same conformation. All ribbon diagrams were prepared
with WebLab ViewerLite. Brookhaven data base references for the A domains of
al-1QCS, a2-1A0X, aM-IBHO and aL-1ZOP.
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unique divalent cation-binding site designated the ‘metal ion dependent adhesion site’ or
‘MIDAS’ at the top of the domain [Lee ef al., 1995a]. A ‘DxSxS’ motif formed by
residues found in the loop connecting the Pl-strand and cl-helix, is a critical site for
ligand binding (described in detail in section 1.5.1). Comparisons among the X-ray
diffraction data revealed differences between the aA domains. The most striking of these
was an additional turn—and-a-half of an a-helix, between B5-strand and helix-a6, in the a2

A and ol A domains that has been named ‘helix-C’ [Emsley et al., 1997].

Resolution of the a2 A domain co-crystal with a ligand established that «A domains can
exist in two distinct conformations, the ‘closed’ and ‘open’ forms (Figure 1.4). Moreover,
it was concluded that the 0lA domain conformation is independent of the nature of the
metal ion but dependent on the presence of an acidic residue, donated either by a ligand or
a ligand-mimetic lattice contact bound at the MIDAS. In all ®A domain crystal structures,
the MIDAS cation is coordinated by a total of six bonds in an octahedral arrangement.
However, the open and closed conformation differ in the residues completing the
coordination sphere as well as in the structure of the surrounding loops and the position of
the C-terminal a7-helix of the aA domain [Shimaoka et al., 2002b], discussed in greater
detail in a later section. In addition, numerous studies have shown that the closed and open
forms are functionally relevant and correspond to the low affinity (inactive) and high
affinity (active) states of the corresponding integrins [Li ez al., 1998; Oxvig et al., 1999;
Emsley ef al., 2000; Shimaoka et al., 2003a).
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b)

Figure 1.4. The two conformations of the 02 A domain crystal structures. Ribbon
diagram of the a/ A domain in the a) closed and b) open conformation. The closed
conformation was crystallised with a ion (green sphere) at MIDAS, The open
conformation was captured with a M ion (magenta sphere) at MIDAS, a-helices are in
red, P-strands are in cyan, and loops are in grey. Arrows point at a-helices that undergo
major conformational rearrangements from the transition of the closed to the open form.
Note that in b) there is a large downward shift of the a7-helix (a truncated form of the
protein was used for crystallisation, and therefore helix-a7 appears shorter).
WebLabViewer Lite was used to design the two structures.
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1.5.1b The extracellular domain of the oV subunit

The first crystal structure of a complete integrin extracellular domain was the integrin
o VB3 that lacks an oA domain, and was solved at 3.1A resolution by Xiong et al. (2001)
(Figure 1.5). Seven N-terminal homologous repeats in the primary sequence are seen in
the crystal structure of @V to be arranged radially into a ‘seven-bladed B-propeller’ (Figure
1.6a). Each blade is formed by a four-stranded (A-D) anti-parallel sheet, with strand D
found in the outer edge of each blade and strand A positioned at the core channel of the
propeller. The loops of the B-propeller domains are solvent exposed, whereas highly
conserved secondary structural elements are located in the core of the propeller. For
example, a conserved ‘cage’ motif is outlined by ‘cup’-like structures formed by a mostly
aromatic tetrapeptide preceding strand A, and from residues in strands B and C. Sequential
cups build up the cage motif and hold in place a positively charged B-subunit residue,
Arg261, which is the main contact with the B3 subunit [Xiong et al., 2001]. In the lower
face of the B-propeller, the B-hairpin loops connecting strands A-B in blades 4-7 make up
four cation-binding sites. These EF-hand-like motifs previously predicted from the
primary oV structure to bind Ca®*, coordinate cations regardless of bound ligand [Xiong et
al., 2002].

The C-terminus of the B-propeller is linked to a B-sandwich immunoglobulin (Ig)-like
domain, designated the ‘thigh’ domain [Xiong et al., 2001]. Two more, very similar f3-
sandwich domains, the ‘calf-1’and ‘calf-2> domains, complete the remainder of the aV
extracellular segment. At the junction between the thigh and calf-1 domain, which has
been termed the ‘genu’, there is the fifth cation-binding site formed in the oV subunit.
Based on a calculated 700A? interface between the thigh domain and the lower face of the
B-propeller Xiong et al., (2001) proposed that an interdomain movement can take place,
and is possibly regulated by the Ca** ions present in the p-propeller. In addition, the
transformation of the compact integrin conformer [Xiong et al, 2001; 2000] to the
extended form [Xiao et al, 2004] that occurred at the genu revealed that the interface

between the thigh and calf-1 is very flexible (discussed in more detail in section 1.5.3).
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Figure 1.5. The crystal structure of the extracellular segment of aV|83. a) Ribbon

diagram of the crystallised aVjSS in the bent conformation. The ¢N subimit is shown in
blue and the i& subunit is in red. b) Model of the straightened extracellular segment of
aVjS3. The PSI-domain and EGF-1 and EGF-2 domains in the |8 subunit, in grey, have not
been included in the crystal structure. From Xiong et a/, 2001.
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b)

Figure 1.6. Secondary structure elements of aVP3. a) Structure ofthe aV subunit
p-propeller. The figure depicts the bottom view of the seven-bladed (numbered 1-7) P-
propeller, as determined from the crystal structure. Each blade, indicated by a different
colour, is formed from a four-stranded anti parallel sheet, labelled A-D. Disulphides
(sticks) and glycans (spheres) are in red. Ca™ ions are in green spheres, were detected
in each of the blades 4-7. b) Structure of the pA domain, a-helices and p-sheets are
labelled and are shown in blue and red respectively. A Ca™ ion locates to the
ADMIDAS motif, shown as a yellow sphere. The predicted location of the MIDAS
divalent cation is shown in purple. Highlighted in green is the 3io-helix from the i3
subunit that is positioned in the centre core of the P-propeller/ pA domain interface. Of
note, the PB-pC loop protruding from the top of p3 A domain is the ‘specificity’ loop.
Both pictures were as taken fi*om Xiong ef al/”* 2001.
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1.5.1¢c The extracellular domain of the 3 subunit

The quaternary structure of the N-terminal 3 subunit was not visible in the original crystal
structure of VB3 due to flexibility of this cysteine-rich domain. This domain was named
‘PSI" domain due to sequence homology with domains in plexins, sematophorins and
integrins [Bork et al.,, 1999]. In the most recently published crystal structure of allbf3
[Xiao et al., 2004], the electron density of the PSI domain (B3 residues 1-54 and residues
433-435) allowed for four disulphide bonds to be traced, with the fourth disulphide link
formed between Cys13 and Cys435. The latter disulphide link stabilised the backward fold
of the PSI domain, which has been proposed for the B3 [Calvete ef al, 1991] and B2

integrin subunits [Tan ef al., 2001] but remained undefined until now.

The B3 subunit showed more unexpected quaternary arrangements. The (33 crystals
exposed a B-sandwich module named the ‘hybrid’ domain that is folded from amino acid
sequence segments on either side of a A-like domain [Xiong et al, 2001, 2002}, while
itself is inserted in the PSI domain [Xiao et al, 2004]. The 240 amino acid long ‘BA’
domain is projected from one of the loops at the upper face of the hybrid domain at the
opposite end to the location of the PSI domain. The BA domain is highly conserved
among all integrin B subunits and adopts a Rossmann fold that resembles the oA domain
fold (Figure 1.6b). A central six-stranded B-sheet is surrounded by eight helices with the
MIDAS metal ion-binding sequence motif (DxSxS) at the top of the central B-strand,
although the MIDAS motif did not have a cation engaged. The metal-ion binding site
termed ‘ADMIDAS’ (adjacent to the MIDAS) coordinated a Ca*" ion [Xiong et al., 2001],
a Mn®* ion [Xiong ef al., 2002] or a Mg?" ion [Xiao ef al., 2004] (depending which cation
was present in the crystallisation buffer), regardless the presence of bound ligand.
However, the MIDAS site was occupied only in the liganded ocVB3 structure [Xiong ef al.,
2002]. In addition, another cation-binding site only 6A from the MIDAS, termed the

‘LIMBS’ (ligand-induced metal-binding site} formed also exclusively when ligand was

bound to the integrin [Xiong et al., 2002].

The "leg” of the B3 extracellular domain comprised four ‘epidermal growth factor (EGF)-
like repeats’ and a ‘B-tail domain’. The structures of the main body of EGF-1 and EGF-2
are predicted based on sequence homology to EGF-3 and EGF-4 domains that were the

two EGF domains with complete electron density maps. Each EGF domain contained a
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cysteine-rich repeat that formed both intra domain disulphide bonds within each EGF
domain and an intermolecular disulphide bridge between succeeding domains. These
regions of the § subunit are functionally important as evidenced by the large number of
activation-associated epitopes and mutations that map to these regions [Humphries M.J.,
2000; Lu et al., 2001a]. The final domain to be revealed in the crystallographic frame of
oVP3 is the B-tail motif of the B3 extracellular domain, which consists of a four-stranded
B-sheet and an N-terminal a-helix, with a very weak but detectable homology to cystatin C
[Xiong et al., 2001].

1.5.2 Transmembrane and cytoplasmic domains

The transmembrane domains of o and [ integrin subunits cross the plasma membrane by a
single o-helix of 20-25 amino acids, connecting the extracellular domains to the
cytoplasmic domains. Several studies including mutagenesis of specific residues, deletions
and fruncations as well as epitope mapping, have highlighted the importance of
characteristic membrane-proximal motifs in integrin heterodimer configuration and
activation [Hughes et al, 1996; Ginsberg et al., 2001; Lu ef al., 2001b; Takagi er al,
2001b]. Direct interaction between the two tails has also been proposed based on surface
plasmon resonance and circular dichroism studies [Haas & Plow, 1996; Vallar et al,
1999]. A study by Weljie et al. (2002) reported detailed NMR data of synthetic peptides
corresponding to allb and B3 cytoplasmic regions. Remarkably, in this study two different
conformations were detected for B3 tail residues 719-725, one of which showed
remarkable bend in the principal o-helical structure. A different NMR study on the allb
and B3 cytoplasmic tails reported changes in the spectra only when the two helical tails
were mixed together [Vinogradova ez al., 2002], indicative of interactions taking place.
Hydrophobic and electrostatic interactions between the cytoplasmic tails were

predominantly detected in the N-terminal membrane-proximal regions of both tails.

1.5.3 Overall morphology of the integrin heterodimer

In summary, the aV33 integrin crystals characterised in detail 8 of the 12 extracellular
domains in integrins that lack an oA domain. The remaining missing domains were
characterised by NMR on the structure of the B2 subunit. New information received from
the allbP3 crystal complemented the domain structure of the extracellular segment.

However, some regions of the EGF domains are still awaiting crystallisation.  The
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globular integrin head in N-terminal o subunit is folded into what has been correctly
predicted, a seven-bladed B-propeller; whereas in the [ subunit, the ligand-binding BA
domain showed remarkable similarities to the structurally independent aA domain fold.
Each integrin ‘tailpiece’ is composed of $-sandwich domains that give both subunits the

rod-like appearance, as visualised in electron micrographs.

The X-ray crystal structures of oVB3 and ollbB3 enriched the knowledge of the
heterodimeric integrin configuration and revealed an intimate association between the o
subunit B-propeller and the BA domain. The BA domain is positioned against the upper
face of the B-propeller and the B-propeller / BA domain interface, which is principally
hydrophobic, is the main contact site between the oV / allb and B3 subunits. An arginine
(Arg261) in the helical region on the top of the BA domain 3o helix is inserted into the
core of the o subunit B-propeller. Several other contacts are formed between the two

subunits in a buried surface area of approximately 1600A% , in both aVA3 and alIbp3
crystals.

The crystal structure of aVP3 revealed a surprising quaternary structure; the aVB3 crystal
featured a high degree of flexibility at the genu between the integrin headpiece and
tailpiece [Xiong et al, 2001]. In this ‘bent’ conformation the N-terminal extracellular
integrin regions are folded over the tailpiece (Figure 1.1b, 1.5a). More specifically, the
bent occurred between the thigh and calf-1 in the a-genu and between the EGF-1 and
EGF-2 in the B-genu. The liganded-oVB3 crystal that was solved next also showed a V-
shaped, bent integrin [Xiong et al, 2002]. The authors proposed that the bent
conformation represents the active integrin. However, for the generation of the liganded
aVB3 crystallographic data, the ligand-mimetic peptide was soaked into the crystal
containing the bent integrin, and therefore due to crystal lattice packing constraints
changes would be limited in the ligand-binding pocket. In addition, both VB3 crystals
were obtained in Ca®", a cation that stabilises integrins in the inactive or low affinity
conformation. On the other hand, an extended integrin was observed in the aIlbB3 crystal
[Xiao et al., 2004] that was crystallised with a ligand-mimetic antagonist that had induced
in advance the ligand-bound, high affinity conformation. The olIbB3 integrin also lacked
the integrin tailpiece and thus, the possible restraints of these regions that keep the legs

36




Chapter I ® Introduction

together and the integrin inactive. The fine structural changes (at atomic resolution) of the

bent relative to the extended extracellular B3 domain are described in a later section.

In support of the extended morphology of ligand-bound integrins are the data from studies
combining EM observations of soluble 33 and PB1 integrins. High-resolution EM images
revealed integrins that can adopt both the bent and the extended form in solution [Takagi ef
al., 2002a; 2003]. Although the high-resolution EM observations confirmed the presence
of both conformers, the above studies were done with recombinant integrins suggesting the
transition from one conformer to another might take place under physiological conditions.
The body of evidence to support the gross conformational changes as they relate to integrin
affinity regulation are described in section 1.8. The crystal structures of the soluble
truncated integrins also suggested a potential location for the alA domain. In oA domain
containing integrins, the A domain is inserted between blades 2 and 3 of the B-propeller.
The oA domain is therefore accommodated on the top of the B-propeller and adjacent to
the BA domain [Alonso ef al., 2002]. The crystallisation of the extracellular segments of

an o.A domain-containing integrin will be needed to confirm this prediction.

1.6 Integrin-ligand interactions

Integrins bind to a large repertoire of cell surface and extracellular matrix ligands (Table
1.2). Using experimental approaches based on inhibition of adhesion to defined receptors
with specific monoclonal antibodies (mAbs) or affinity chromatographic isolation, a
number of ligands have now been identified for most integrin receptors. Most integrins
bind proteins on the extracellular face of the cell membrane (i.e. fibronectin, collagen),
with specific integrins being able to bind soluble ligands (i.e. fibrinogen) or receptors on
adjacent cells (i.e. ICAM). In general, Bl and B3 integrins are involved in cell-matrix
adhesion and are expressed in most cell types. For example, collagen is the main ligand
for 1081, al1B1 in muscle and for a2p1 receptors in platelets and fibroblasts, whereas
collagen and laminin will bind to «2f1 and «1B1 in endothelial and epithelial cells [Elices
& Hemler, 1989]. Likewise broadly distributed B3 integrins (allb, «V), interact with
‘vascular’ ligands such as fibrinogen, von Willebrand factor, thrombospondin and

vitronectin [Byzova et al., 1998]. In contrast, 32 integrins, that are restricted to cells of the

37




Chapter 1 ® Introduction

Integrin Ligand
ECM Soluble Cell-cell Pathogens/toxins
ol B1 Co; Ln BEchovirus 1,8; Rotavirus
a2 Bl Co; Ln; Chad MMP-1 E-cadherin Yersinia spp. (invasin};
Echovirus 1; snake venoms
a3 Bl Ln; Rn; Tsp- (2B1; a3p1) Yersinia spp. (invasin);
1;Co; Fn rotavirug
od B1 Fn; Op pp-vWF; tTG; FXIIL VCAM-1;
angiostatin (ad)
37 Fn VCAM-1;
MAdJCAM,;
(o4)
ol Bl Fn TTG; endostatin ADAM-15, Yersinia spp. (invasin); B.
17; burgdorferi; Shigella spp.; B.
pertussis; foot-and-mouth
disease virus
ab B1 Ln Fisp12/mCTGF; Cyr61 ADAM-2,9 Papilloma virus; Yersinia spp.
(invasin}
B4 Ln
a? p1 Ln
o8 Bi Fn; Tn; Nn TGFB1-LAP
o9 g1  Tn; Op; Co; Ln pp-vWF; tTG; FXI1I; VCAM-1,
___angiostatin ADAM-12, 15
oD P2 ICAM-3;
VCAM-1
oE B7 E-cadherin
allb B3 Vu; Fn; vWF Cyr61;Fisp12/mCTGF; B. burgdorfert; snake venoms
Fg; prothrombin (disintegrins); ticks (variabilin,
disagregin}; leech (decorsin,
ornatin)
al. P2 ICAM-1-5
oM P2 Fg; 1C3b; Factor X ICAM-1; B. burgdorferi; B. pertussis; C.
VCAM-1 albicans
oV Bl Fn; Vn TGFf1-LAP Parechovirus 1
B3 Vn; Fn; vVWF; Fg; MMP2; ADAM-15, Snake venoms; adenovirus;
Op; Tn; Bsp; endostatin; angiostatin; 23; CD31 rotavirus; foot-and-mouth
Tsp-1 tumstatin disease virns; coxsackievirus
AY9; parenchovirus 1;
hantaviruses; HIV (tat protein)
Bs Vn; Bsp TGFB1-LAP; Cyr61; HIV (tat protein)
endostatin
$]] Fn; Tn TGFB1-LAP Foot-and-mouth disease virus
B8 Co; Ln; Fn TGFB1-LAP
aX B2 Fg; iC3b Rotavirus

Table 1.2. Integrins and their ligands. Abbreviations: ADAM-A disintegrin and
metalloprotease; Bsp- bone sialoprotein, Chad-chondroadherin, Co-collagen; Fg-
fibronogen; FX-factor X; iC3b-inactivated complement component; Lm-laminin;
MAdACAM-mucosal addressin cell adhesion molecule; Nn-nephronecti; Op-osteopontin;
Rn-reelin; Tn-tenascin; Tsp-thrombospondin; Vn-vitronectin, Adapted from Van der Flier
& Sonnenberg, 2001.
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leukocyte lineage, recognise one or more members of the ICAM family, mediating

homotypic leukocyte and leukocyte-endothelial cell adhesion [Harris et al., 2000].

Two important features of the ligand binding specificities of integrins are apparent.
Firstly, certain integrins are able to bind to several ligands with diverse structural
morphology. Secondly, the same ligand may interact with more than one integrin receptor.
For example, fibronectin has been reported to bind to as many as eight different integrin
receptors [Geiger et al, 2001]. This biological redundancy suggests that different
receptors mediate different functions or different aspects of the same functions. Although
it is well established that the ligand binding properties of an integrin receptor depend on its
particular o-f subunit combination, the determinants of the integrin-specific adhesive
activity of a particular heterodimer are not fully understood and may be dependent on the
contributions of associated receptors including syndecans, tetraspanins and growth factor

receptors.

An adverse consequence of integrin function is represented by the cellular uptake of
infectious agents, including viral, bacterial and protozoan pathogens [Kerr J.R., 1999].
These include enteropathogenic Eschericia coli and Bordetella pertussis species, Candida
albicans, mycoplasmas and several types of adenovirus, coxsackie virus A9, foot and
mouth disease virus, hantaviruses and HIV virus [Kerr J.R., 1999]. Microorganisms that
bind to integrins have evolved specific protein sequences to resemble the binding motifs
present in integrin ligands and hence facilitate the interactions with the integrin receptors

that are required for entry into the cell and completion of the pathogen’s life cycle.

1.6.1 Active sites in integrin ligands

The commonality of integrin-ligand interactions can be partly explained by the presence of
shared structural features within the ligands. Initially, proteolytic and chemical cleavage of
integrin ligands were used to identify major cell adhesive domains. Further reductionist
approaches were employed to pinpoint distinct integrin recognition motifs within these
domains. In this way, the prototype adhesion motif RGD was originally found in the
central cell-binding domain of fibronectin [Pierschbacher & Ruoslahti, 1984]. Since then
it has been demonstrated that this tripeptide is responsible for the adhesive activity of a
large number of adhesive extracellular molecules [Humphries M.J.,, 1990] and snake

venom disintegrins [Calvete J.J., 1999]. A second major recognition motif identified in
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multiple ligands of several integrins is the short LDV peptide [Komoriya ef al., 1991; Plow
et al., 2000; van de Flier & Sonnenberg, 2001]. This is present in the alternatively spliced
CS-1 region of fibronectin, but is more commonly found in immunoglobulin ligands for

integrins as a variable L/I-D/E-S/T/V sequence. l

Subsequent studies demonstrated that multiple adhesion sites exist within any one ligand
and specific sets of adhesion sequences are recognised by any given integrin for optimised
ligand-integrin interactions. For example fibronectin binding to a5B1 integrin depends on
the prototype adhesion motif RGD (in the 10™ type I repeat) and is synergistically
enhanced by an additional PHSRN sequence (in the 9™ type III repeat) [Aota ef al., 1994].
Such findings highlighted the importance of synergy sites in integrin-ligand binding and
explained to some extent how integrin receptors discriminate for ligand binding. Data
from small angle X-ray scattering combined with mutagenesis data supported the direct
interaction of the synergy site to the a5 B-propeller [Mould ef al., 2003¢]. However, direct
observations of a5f1 with fibronectin repeats 7-9 by EM, failed to demonstrate the
integrin head contacting the synergy site on fibronectin [Takagi ef al., 2003]. The authors
proposed that the synergy site increased the ligand-binding affinity in an indirect manner:

either by positioning the RGD sequence in a more favourable orientation for integrin

engagement, or by electrostatically steering the ligand onto the integrin via transient

interactions.

In the first crystal structure of a liganded extracellular integrin, the cyclic pentapeptide
containing the prototypical Arg-Gly-Asp (RGD) ligand was soaked into aVPB3 crystals in
the presence of Mn®* ions [Xiong et al., 2002]. The cyclic peptide is inserted into the
crevice formed between the aV B-propeller and the B3 A domain (Figure 1.7a). The
ligand Arg exclusively contacts the aV subunit, with the side chains of Arg stabilised by
salt bridges from residues D218 and D150 at the top of the B-propeller. The ligand Gly is
positioned deeper in the groove and makes several hydrophobic interactions with the [3-
propeller of aV. Yet, it is the ligand Asp that is completely buried in the BA domain
interface. The Asp carboxyl group of the RGD peptide forms a direct bond to the Mn**
metal ion in the MIDAS of the B3 A domain. No bonds are formed between the remaining

two residues of the pentapeptide and the integrin molecule.
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SP150

b)

HIS258
LU256

Figure 1.7. Ligand-integrin interactions, a) Diagram ofthe aVp3 in complex with the
RGD peptide. The aV P-propeller is in blue and the p3 A domain in red. The ligand Arg
residue is shown in yellow. The three M ions in p3 are shown as grey, purple and blue
spheres, b) Diagram of the @/ A domain bound to the collagen GFOGER peptide. The
collagen triple helix is a homotrimer of the ‘leading’ (orange), ‘middle’ (yellow) and
‘trailing’ (pink) strand. The collagen Glu residue that coordinates the Mn™" ion in MIDAS
(purple sphere) is shown in yellow. The a/ A domain ribbon is in blue. Labelled amino
acids interact with ligand residues and are coloured in green.
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The crystallographic data allowed the dissection of the RGD peptidomimetic ligand —
integrin atomic interactions; the structural basis of the RGD consensus was defined,
elucidating why conserved substitutions of Arg to Lys, Gly to Ala or Asp to Glu are not
tolerated [Metha ef al., 1998; Dechantsreiter et al., 1999].

A different ligand structure is a prerequisite for high affinity collagen binding integrins.
Knight er al, (2000) identified the collagen type-I sequence GFOGER (Gly-Phe-
hydroxyPro-Gly-Glu-Arg) as the major collagen-binding site for «l A and o2 A domains
as well as for the intact integrins. In this study, the synthetic hexapeptide that adopts a
triple-helical helix was also utilised for mutational analyses; swapping the Glu for Asp
completely abolished recognition by ol A and a2 A domains, revealing an absolute
requirement for the collagen glutamate within the recognition motif [Knight ez al., 2000].
Co-crystallisation of a2 A domain with the collagen triple-helical peptide containing the
GFOGER motif revealed that the glutamate carboxyl group from the middle strand is the
only charged group in contact with the Mg ion of the A domain [Emsley ef al., 2000]
(Figure 1.7b). Several other contacts are established between the collagen middle and

trailing strands with residues in the upper loops of the a2 A domain.

More recently, the structure of an integrin oA domain was determined in complex with a
member of the Ig superfamily [Shimaoka ez al., 2003a]. In this crystal, residue Glu-34 that
is found within an extended flexible loop in ICAM-1 is directly coordinating a Mg ion in
the MIDAS of the alL A domain. The above findings explain how ligands that are
structurally diverse i.e. in a linear or in the triple-helical configuration, can bind integrins.
The essential feature of integrin-binding motifs is an acidic residue from the ligand that
donates a negatively charged oxygen to the coordination of the metal ion in the MIDAS.
Thus, the ligand carboxylate, usually an aspartate or glutamate, within the defined
recognition sequences is critical for the direct coordination of the metal ion in the MIDAS
site of the integrin ligand-binding pocket. Co-crystallisation of additional ligand-occupied
integrins will help to examine different ligand-binding interfaces so as to define in fine
detail the binding pocket. More significantly, co-crystallisation with physiological,

macromolecular ligands will reveal any additional contact sites to elucidate how specificity

to different ligands takes place.
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1.7 Ligand-binding sites in integrin extracellular domains

Advances in X-ray crystallography have solved the crystal structures of the complete
extracellular portion of integrins as well as isolated oA domains, and characterised their
ligand-binding contacts at the BA domain / o subunit B—propeller interface or at the A
domain. However, at present the 3-D structure of an oA domain-containing integrin
heterodimer and / or the co-crystal of integrin(s) with macromolecular physiological
ligands are awaited. Therefore, further particulars of integrin structure and molecular
determinants of ligand binding remain to be discovered. Chemical cross-linking of ligand
peptides, synthesis of recombinant integrin fragments and peptides, anti-functional mAb
epitope mapping, domain-swapping and mutational analyses are some of the additional
approaches in use to identify and characterise ligand-binding sites within the integrin aff
heterodimers. Results from such studies have implicated the N-terminal regions of both
subunits in forming the integrin-ligand pocket. Key sites include the cA domain, the BA

domain and other integrin o subunit sites.

1.7.1 The aA domain MIDAS

In 2000, the resolution of the tertiary structure of a liganded aA domain defined the
MIDAS-ligand interface at the atomic level to complement and congregate information
from numerous studies investigating the ligand-binding properties of integrin olA domains.
The a2 A domain-collagen co-crystallisation identified the loop residues that coordinated
the MIDAS directly (Figure 1.8a) but also residues that affected it allosterically [Emsley et
al., 2000]. In the co-crystal structure a Mg®* ion is coordinated by residues located in loop
1 (BA-al), loop 2 (a3-a4) and loop 3 (BD-a5) on the top of the a2 A domain. The highly
conserved D151xSxS MIDAS motif in loop 1 coordinated the metal ion indirectly via a
water-mediated bond by D151 and directly via two hydrogen bonds by the critical residues
5153 and S155. The hydroxy oxygen of residue T221 in loop 2 formed the third direct
bond to the metal ion. Two water molecules completed the coordination sphere around the
metal ion; D254 and E256 in loop 3 formed the water-mediated bonds. The collagen
glutamate coordinated the metal ion directly and the octahedral coordination sphere is

completed by two water molecules.
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b)

S156

D151

Figure 1.8. Coordination of the MIDAS cation of the ce2 A domain crystal structures.
In a) the closed and b) open conformation ofthe od A domain. The MIDAS ion is shown
in blue. Residues interacting with the divalent cation are shown in ball-and-stick
representation. The collagen E coordinating the MIDAS ion in the open form is in yellow.
Water molecules are labelled ‘co’. In the closed a2 A domain conformation the metal is
directly coordinated by residues S153 and S155 (Loop 1) and D254 (Loop 3), and by three
water molecules. In the open a2 A domain conformation, a glutamate donated by the
collagen, plays the critical role of stabilising the structure by a direct bond to the metal ion.
In this structure, T221 coordinates the metal ion directly, whereas D254 is displaced into
the secondary coordination sphere and coordinates via a water-molecule. Two water
molecules complete the primary coordination sphere. Pictures a) and b) were taken from
Emsley et al., 1997; 2000 respectively.
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In the closed ¢:2 A domain conformation, a metal ion is directly coordinated by residues
S153, S155 and D254, and by three water molecules (Figure 1.8b) [Emsley et al., 1999].
The transition from the closed to the open structure is accompanied by a 2.3A sideways
movement of the metal ion towards loop 2, that aliowed T221 to replace a water molecule
and coordinate the metal ion directly. In order for the H-bonds of the conserved S153 and
S155 to be maintained, helix-al and loop 1 moved in concert with the metal ion towards
loop 2. Changes in loop 3 are driven from D254 that is switched from the primary to the
secondary coordination sphere and E256, which formed a new water-mediated bond to the
metal ion. The loss of the ionic interaction within the MIDAS is replaced from the ligand
glutamic acid, which provided the sixth metal coordination to the MIDAS. Structural
changes propagated to the C-terminal part of the molecule resulted in a radical
rearrangement of the C-helix and a6-helix; the C-helix lost a turn-of-a-helix and this is
added to the proceeding N-terminal of a6. The ‘slinking’ motion of the C-helix has been
proposed to ‘open up’ the collagen-binding site. More strikingly, the closed and open
conformations differed in the position of the C-terminal o7-helix. In the closed,
unliganded oA domain conformation, loop 1 is packed against a7-helix. In the open
conformation, the shift of al-helix and loop 1 pushed the C-terminal o7-helix down the
body of the aA domain, resulting in the displacement of the hydrophobic contacts of o7 to
the central B-sheet. This downward 10A movement of o7-helix was almost identical as in
the open aM A domain crystal, which was also coupled to major reconstructions of the

preceding loop [Lee et al., 1995b].

Thus, comparison of the ligand-bound a2 A domain crystal structure to the unoccupied o2
A domain structure revealed changes in the residues that coordinated the metal ion in
MIDAS as well as rearrangements in the organisation of the a-helices, and in particular in
the position of the C-terminal a7-helix. In contrast, the central B-sheet did not change its

contformation.

1.7.1a The Lovastatin-binding site

More recently a second ligand-binding site within the al. A domain and distinct from the
MIDAS site was identified. The discovery of lovastatin by high throughput screening for
small molecule antagonists of LFA-1 (aLB2) triggered a series of detailed investigations

into the inhibitory mechanisms of alLf2 — ICAM-1 binding by the statin family of
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compounds. Kallen ez al. (1999) studied the interaction of isolated LFA-1 A domain with
lovastatin by NMR. The spectra of oL A domain with lovastatin did not detect chemical
shift displacements of residues in the MIDAS site. However, a site in and around the C-
terminal o7-helix was affected upon lovastatin binding to al. A domain. The X-ray
crystallographic data of lovastatin bound to the al. A domain resolved at 2.6A supported
the above results (Figure 1.9). The lovastatin-binding site was shown to be distal to the
MIDAS site, in the hydrophobic crevice formed between o7 and o l-helices and the central
f3-sheet. Binding of lovastatin established several contact sites with the C-terminal pole of

the aL. A domain and large changes of up to 1.4A were identified for a7-helix residues
302 and 304.

The site termed ‘L-site’ for lovastatin-binding site [Kallen et al., 1999; Weitz-Schmidt et
al., 2001] has also been named ‘I-domain allosteric site’ or ‘IDAS’ by others [Huth et al.,
2000]. Quantitative analysis, in both ELISA-type oL A domain — ICAM-1 binding assays
and cell adhesion assays, measured the affinity of the L-site for lovastatin and lovastatin-
like compounds in the lower micromolar range [Weitz-Schmidt e al., 2001]. Since then,
compounds of diverse chemical classes including hydantoins [Last-Barney et al., 2001]
and cinnamide derivatives [Liu et al., 2001] have also been identified to interact with LFA-
1 in the L-site. These compounds are believed to inhibit adhesion of LFA-1 to ICAM-1 by
lowering the affinity of LFA-1 for ICAM-1 through an increase in the Kp, of the receptor or
through stabilising the low affinity state of LFA-1 [Liu G., 2001].

The presence of a ligand-binding site, which is located at the lower face of the aA domain,
thus opposite site from the MIDAS, suggested that there are different ligand-binding
pockets on specific integrin domains rather than an extended ligand-binding interface.
Moreover, the presence of such regulatory sites suggested that it is possible to identify
small molecules which bind with high affinity to the integrin to inhibit activation and
subsequently hinder cell adhesion. Thus, allosterically blocking integrin activation in
selected adhesion pathways presented new targets for the development of integrin

antagonists with therapeutic applications.
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b)

Figure 1.9. The Lovastatin binding site. Structures ofa) al. A domain-lovastatin
complex and ofb) alL A domain in the closed conformation. The and M ions in
the MIDAS motif are shown as green and magenta spheres respectively. Lovastatin (in
purple) binds in a crevice formed between al. A domain j84, ]85-sheets and the a7-helix,
which is highlighted in orange.
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1.7.2 The BA domain MIDAS

Until recently the domain structure of integrin B subunits was less well defined than the o
subunits. The resolution of aVP3 crystal established the presence of a domain resembling
an oA domain in the B subunit that is the major site for ligand binding. Chemical cross-
linking of RGD-containing peptides to integrin extracellular domains has identified broad
segments of the extracellular B subunit that are important in ligand binding including
residues 61-203 of VB3 and 107-171 of allbP3 that fall within the BA domain [D’Souza
et al., 1988; Smith & Cheresh, 1988].

The first 3-D structure of a liganded integrin [Xiong et al., 2002] confirmed models based
on structure predictions and detailed biochemical analyses relating to B integrin structure
[reviewed by Humphries M.J. 2000; 2002]. In the crystal structure of «VB3-RGD, a Mn**
metal ion in the MIDAS is coordinated by the acidic Asp from the ligand peptide (Figure
1.10a, b). The MIDAS is formed from the hydroxyl oxygens of the DxSxS motif (in 3
D119, S121, S123), the carboxyl oxygens from E220 and D251, and the carboxylate group
from the ligand Asp. The LIMBS site is formed by the side chains of D158, N213 and
D217 and the carbonyl oxygens of D217 and P219. The sixth coordination is provided by
the other carboxylate oxygen of E220, which is also coupled to the MIDAS site. In the
absence of the ligand E220, which is hydrogen bonded with D119, side chain occupied the
space where the MIDAS cation would bind, thus blocking metal ion binding by steric
hindrance [Xiong et a/., 2002]. This explained why there was not a metal ion present in
the MIDAS in the unliganded structure. Although, the Mn®>" ion at the LIMBS site did not
contact the ligand but the coordination parameters for this site were dependent on the
presence of the ligand. Likewise, the third Mn** ion at ADMIDAS did not have a direct
role in ligand binding. However, in the liganded V(3 structure, the ADMIDAS is more
intimately linked to the MIDAS as the M335 coordinate is replaced by the MIDAS residue
D251 and al-helix is drawn closer to the complex. It would appear that in the unliganded
BA, the ADMIDAS ion maintained the integrin inactive by maintaining the link of the al1-
helix to the BF-a7 loop [Xiong et al., 2002].

Structural comparisons of VB3 in the presence or absence of ligand mainly involved
rearrangements in the three metal-binding sites and the surrounding loops. In the open

structure, the ADMIDAS cation is positioned closer to the MIDAS. This movement
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LIMBS
a) MIDAS
ADMIDAS

b) N215

Figure 1.10. Coordination of the divalent cation sites in and around MIDAS in the
liganded p3 crystals. The three divalent cations in the P3 A domain are present at
MIDAS (cyan), LIMBS (grey) and ADMIDAS (magenta), a) Ribbon diagram ofthe p3 A
domain b) Metal ion coordination sites in the open and closed p3 A domain. The open
conformation is illustrated in cyan, based on the liganded allbp3 crystal. The closed P3 A
domain conformation is shown in yellow, based on the aVp3 crystals; ADMIDAS
coordinating parameters as seen in the unliganded-closed aVp3 [Xiong et ai, 2002],

LIMBS and MIDAS parameters taken from the liganded-closed structure [Xiong ef al,
2003]. As published by Xiao et ai, 2004.
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required the al-helix to shift inwards. In addition, the formation of the LIMBS site
repositioned E220 in loop 2 for optimal metal ion coordination in MIDAS. Consequently,
the major structural changes were observed in the regions of the al-helix (S121, S123), in
the bottom of helix-a2 (E220) and the surrounding loops a1-a2 and 02-BC’, including the
specificity loop BB-BC. A small movement in loop BF-o7, adjacent to helix-a7, is also
observed when the link with helix-ol is severed. However, as discussed above, the
liganded VB3 integrin is bent in the crystal and the full extent of conformational

rearrangements upon activation have been restrained.

Independent investigations into the molecular mechanisms of f1 A domain activation
highlighted significant structural changes into the configuration of helix-a.1 and helix-o7
in the B1 A domain and a large rearrangement of the preceding hybrid domain [Mould et
al., 2003a]. Comparisons of the VB3 and the liganded alIbB3 structures verified findings
by Mould et al., whereby there was a large upward movement in the ol-helix, while a
downward movement of a7-helix pushed the hybrid domain to swing away from the o
subunit (Figure 1.11), which has been proposed to act as a lever for the transition from bent
to extended integrin. The crystallographic frame of alIbf3 revealed that there was a more
pronounced al-helix movement than the one seen in aVB3. The al-helix is actually
remodelled in the liganded open allbp3 structure [Xiao ef al., 2004]; the unwinding of 3o~
helix (preceding the c1-helix) by one-turn, added five residues at the N-terminal of the o1-
helix that at the same time was displaced laterally. This was in concert with an upward
movement of the wl-helix which accompanied reorientation of the BA’-ail loop that

includes the metal-coordinating residues. Small shifts observed in the positions of the
MIDAS and LIMBS ions reflected the reorientation of the metal coordinating residues at
similar positions. In contrast, in a large move the BF’-a7 loop was displaced downwards
to allow realignment of the ADMIDAS coordination parameters. Most of the remaining
structural changes materialised as a consequence of this downward movement that pushed
the following o7-helix to move downwards. In addition, the a7-helix pivoted laterally
resulting in a large 5.3A displacement for residues 333-352. The latter two residues
unwrapped from the helix and relocated to the exterior of the new smaller interface.
Therefore, this downward movement of a7 relayed to the BC strand of the neighbouring

hybrid domain and forced the hybrid domain to ‘swing-out’ and away from the B-propeller.
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P-propeller |% |

pA

: domain
Thigh Hybrid
domain domain

Figure 1.11. Conformational changes in the PA domain that regulate ligand binding
in non-oA domain-containing integrins. The model was built with the aSpi sequence
according to the aVp3 crystal structure. The @ subunit is on the left, p subunit on the right.
The critical conformational changes upon ligand binding as seen in the allbp3-ligand
crystal are highlighted with green arrows. The transition to the open, high affinity integrin
involved downward displacement of the C-terminal a7-helix of the pA domain which
forced the hybrid domain to swing-out and away from the a subunit p-propeller. The al-
helix moved upwards and pivoted laterally to allow for ligand occupancy at the MIDAS. A
single divalent cation at the PA MIDAS and the four cations at the bottom of the P-
propeller are shown as magenta spheres. The ADMIDAS and LIMBS metal ions are
omitted for the sake of clarity. No change is observed in the orientation of the P-propeller
relative to the pA domain.
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The reorientation of the hybrid domain relative to the PA domain has been shown recently
to be essential to the transition to high activity BA domain [Luo ef al., 2003; 2004; Mould
et al., 2003a]. Taken together, the above findings suggested an important functional role
for a7-helix in the BA domain activation. Consequently, the transition from closed to open
3 A domain involved changes in the loops at the top of the BA domain and at the C-
terminal helix of BA domain. These changes were similar to those seen in the oA domain,
in particular the downward displacement of o7-helix that is characteristic of ligand-bound

oA domains.

Mutagenesis and domain swapping studies utilising interspecies or interdomain chimeras
identified another BA domain region involved in ligand binding. For example,
replacement of B1 residues 187-193 with the corresponding !"’CYDMKTTC!™ loop region
of aVP3, resulted in a VB 1 chimeric receptor with increased binding to fibronectin, vWF
and vitronectin, thus displaying binding specificities more similar to V3 [Takagi ef al,
1997]. Moreover, it was shown that this ‘specificity’ determining region is required for
ligand binding to aSB1 [Takagi et al., 2002b]. In the 33 A domain the specificity segment
corresponds to residues in loop B-BC. In fact, the crystal structures of $3 showed that the
specificity loop is positioned at the top of B3 A domain, framing the ligand-binding sites.
In the aIIfP3 crystal the B3 specificity loop is closely associated with the cap subdomain
[Xiao et al., 2004]. As a consequence of these data, it is thought that the orientation of this
loop relative to the o subunit B-propeller contact sites may determine ligand specificity

among integrins.

The oV and culIb subunits lack an oA domain, so the ligand-binding head is comprised of
the B subunit A domain (with a MIDAS motif very similar to the a A MIDAS motif). By
contrast, the major ligand-binding site within oA domain-containing integrins is located
mainly within the o subunit A domain. However, several lines of evidence have shown
the BA domain to be functionally important. Mutagenesis studies investigating the role of
the individual residues forming the conserved DxSxS motif found in the B subunits,
revealed a strict requirement for the three adjacent oxygenated residues for ligand binding
in all cases including 1 [Takada et al., 1993], B2 [Bajt ef al., 1995] and B3 integrins [Bajt
& Loftus, 1994]. Moreover, antibody-mapping studies indicated that the BA domain has
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an indirect regulatory role. For example, in a study by Huang ez a/. (2000}, 12 antibodies
with at least five distinct classes of epitopes within the B2 A domain, were all shown to
inhibit binding of aLB2 to ICAM-1 and ICAM-3. Thus, the BA domain regulates

activation via the oA domain rather than directly participating in ligand binding,

Overall, the crystal structures of the open B3 A domain signify a similar mechanism of
ligand-induced activation to the oA domains. The critical structural rearrangements that
take place in al-helix, a7-helix and the surrounding loops are comparable in both A
domains of a and B subunits. Although the magnitude of the al- or «7-helix movements
between the two A domain are not the same, the conservation in the direction of the
movements is noticeable. The shift of the C-terminal helix towards the lower face of the A
domains can be considered as a marker of integrin activation. Especially, in the BA
domain the downward displacement of a7-helix is vital to the propagation of
conformational changes to the hybrid domain. In the current model of A domain-
containing integrin activation, the downward pull of the o7-helix is also thought to
communicate the conformational changes to interacting domains. However, the large shift
of a7-helix in isolated oA domains may be exaggerated because the domain is not
constrained by intramolecular contacts with the propeller and therefore the o7 movement

may be less in the whole integrin.

1.7.3 The o subunit B-propeller

Evidence for additional sites of the o subunit taking part in ligand bvinding come from
ligand-receptor cross-linking experiments on integrin heterodimers that lack the oA
domain. Originally, regions implicated in ligand binding on e.g. aVB3 and alIbp3 were
mapped close to or overlapped with the N-terminal repeats of the o subunit [D’Souza et
al., 1990; Smith & Cheresh, 1990]. Inter-integrin chimera experiments have been valuable
in defining the regions involved further. Loftus et al, (1996) showed that ollb / aV
chimeras containing the N-terminal repeats 1-5 of allb retained ollb ligand-binding
specificity, whereas the chimera containing repeats 4-7 did not. This suggested that ligand

binding specificity is contained within blades 1-3 of the f-propeller.
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Comparisons of the aV and allb propeller domains based on the two integrin crystals
verify data from almost 10 years ago. Four insertions in blades 1, 2, and 3 of the -
propeller make up a ‘cap’ subdomain that is positioned on the protein surface opposite to
the B3 specificity loop. Corresponding to inserts 1, 2 and 3 are two $-hairpins and an a-
helix which emanate from loops in the upper face of the propeller. Insert 4 is an o-helix
plus a long loop which protrude from a loop on the lower face of the B-propeller. The
differences in the cap subdomain of aV and allb and their orientation relative to the
neighbouring BB-BC specificity loop in (33 appear to be responsible for the ligand-binding
specificity of these two highly homologous RGD-binding 33 integrins [Xiao ef al., 2004].

The same upper face B-propeller regions have been implicated in ligand recognition
specificity in other non A domain integrins. In a study by Mould ef al. (2000), integrin
a5 residues 154-159 of blade 2, 4-1 loop (with current structural knowledge are assigned
to cap insert 3) were identified to hold ligand-recognition properties. In this study, a5
loops from blades 2 and 3 inserted into oV, conferred a5 ligand-binding specificity to the
chimera as well as the epitopes for ail function-blocking o5 monoclonal antibodies.
Likewise loss-of-function chimera studies have implicated blades 2 and 3 in ligand binding
of a4 [Irie et al., 1997] and o3 integrins [Zhang ef al., 1999]. Finally, antibody epitope
mapping studies supported the above findings; inhibitory monoclonal antibody epitopes
mapped within the first three blades on the upper face of the B-propeller in a3 [Zhang et
al., 1999], o4 [Munoz et al., 1996; 1997] and a5 [Burrows et al., 1999].

The structural data gathered from recent studies on allbB3 and aVB3 contribute
significantly to our understanding of the structural and molecular basis of integrin-ligand
interaction. Accumulated data from numerous studies show that multiple sites in the N-
terminal region of both the o and the B subunits collaborate in ligand recognition. In
general, the cap loops locate to the B-propeller / BA domain interface that comprise the
ligand binding face of the integrin molecule. A similar mechanism of ligand recognition
and specificity determination is likely to be conferred by structural arrangements between
o. subunit cap subdomain and 3 subunit specificity loop in all integrins. Differences in the
sequence and length of the inserts comprising the cap subdomain are postulated to

sculpture the ligand-binding surface and confer specificity [Xiao et al., 2004]. Of note, in
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integrins that contain an A domain in the o subunit, the oA domain is positioned by the o-

helix of cap insert 3.

There are still several questions that remain unanswered. How is a local conformational
change in the aA domain linked elsewhere in the integrin? How does the BA domain
communicate to the oA domain to regulate ligand binding? It is yet to be determined how
long-range conformational rearrangements result in signal transduction from the
cytoplasmic end of the molecule to extracellular head domain. And are the mechanisms of
signal transduction the same for outside-in and inside-out signalling the same? These

questions are addressed below.

1.8 Models of integrin activation

Atomic resolution studies advanced the knowledge of integrin structure but cannot report
alone on how the observed conformational changes regulate activity and function. The
next major challenge is to understand how a local change in the extracellular ligand-
binding pocket is transmitted across the whole integrin to regulate binding inside the cell,
and vice versa. Several models have been proposed to explain the structural mechanisms
of integrin activation including the ‘switchblade / flick-knife’ model [Beglova et al., 2002;
Takagi et al, 2002a], the ‘bell-rope’ model [Takagi & Springer, 2002], the ‘deadbolt’
model [Xiong et al., 2003a], and the ‘pull-spring’ model [Yang et al., 2004]. The above

models, despite their differences, have two main features the same: a) the active integrin is
in the extended conformation and b) where present, the oA domain acts as an intrinsic
ligand for the BA domain. Experimental confirmation of any one of these models is
awaiting crystallisation of additional ligand-bound integrin heterodimers. At present,
combining structural data together with biochemical, mutational and modelling data
provides a useful framework for interpreting experimental evidence on the structure-
affinity correlation of integrin molecules. Below is some of the evidence contributing to

the general model of integrin affinity regulation as it stands at present.

1.8.1 Integrin ‘unbending’ and activation

Beglova et al. (2002) first proposed that the bent integrin, seen in the unliganded-a V(33
crystal, represents the inactive integrin. Structural data collected by NMR studies on
recombinant B2 modules were modelled on the 3-D structure of aVB3. The predicted
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model was used to localise the epitopes of aLB2 antibodies that bind to the active- or
ligand-occupied integrin [Beglova ef al., 2002]. In the bent conformation the activation
epitopes were buried and thus inaccessible. Moreover, B2 residues that interact with the o
subunit to restrain activation were localised in an interface with the o subunit. The above
led the authors to propose that upon activation gross conformational changes lead to a
‘switchblade-like’ opening motion and result in an extended integrin conformation. The
latter straightened form reveals the binding sites for integrin ligands and permits binding of
activating antibodies to the previously masked epitopes. The transition to the active state
involved separation of the o and B subunits at their transmembrane and cytoplasmic
domains [Vinogradova et al., 2002, Kim et al., 2003, Luo ef al., 2004]. Therefore, in
conjunction with previous models of integrin activation, in the model proposed by Beglova

et al. (2002) the juxtamembrane regions of o and 3 were spatially distant.

In support of the extended morphology of integrins in the high affinity, ligand-bound
conformation were the data from a study combining EM, mutagenesis of soluble B3
integrins and ligand-binding measurements. High resolution EM images revealed integrins
that can adopt both the bent and the extended form in solution (Figure 1.12) [Takagi et al.,
2002a]. In the presence of Ca®* / Mg®" and / or a C-terminal disulphide clasp, predicted to
restrain the integrin inactive, the recombinant soluble a'V3 molecules appeared in the V-
shaped morphology, characteristic of the bent aVP3 crystal. Addition of a ligand-mimetic
peptide did not change the overall morphology of the C-terminally constrained integrins,
whereas addition of Mn®" alone and / or ligand converted the unclasped integrin molecules
in a fully extended form, as visualised by EM. Surface plasmon resonance measurements
of fibronectin and vitronectin binding to the same integrin preparations used for EM
showed that the extended but not the bent conformation has high affinity for biological
ligands. Moreover, the researchers examined the effect of an engineered intersubunit
disulphide bond between the o headpiece and P tailpiece, predicted to lock the integrin in
the bent conformation, on cell surface integrins. The binding of biological ligands to wild-
type and mutated oVb3 and «lIbB3 integrins expressed on cells was measured by
fluorescence-activated flow cytometry. Results showed that the removal of the introduced
disulphide bridge by dithiothreitol (DTT) reduction, and thus release from the bent
conformation, was required for activation of ligand binding to the mutated B3 integrins.

These studies showed that binding to a small ligand-mimetic peptide converted the B3
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a)
INACTIVE INTERMEDIATE LIGAND-
STATE STATE OCCUPIED
LOW INTERMEDIATE HIGH
AFFINITY AFFINITY AFFINITY
b)

Figure 1.12. Physiological integrin conformations. Truncated soluble aVb3 micrographs
obtained by negative stain EM [Takagi ef a/, 2002]. Integrins as visualised in a) the bent
(1), extended (i1) and ligand-occupied (iii) conformations and in b) Schematic

representation ofthe three conformers. The a subunit is depicted in blue, with the b subunit
in red.
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integrin extracellular domain from the compact bent conformation into an extended

conformation, and that this conversion was essential for integrin activation.

The same group also utilised high EM images to visualise a clasped a.5B1, truncated
integrin bound to a macromolecular ligand [Takagi et al, 2063]. In this study, a
fibronectin fragment (containing the type three repeats modules 7-10) was seen bound to
the top of the a5B1 headpiece which assumed an ‘open’ conformation. This a5B1
conformer showed great differences to the ‘closed’ headpiece, in the absence of bound
ligand, in the position of the B-subunit tailpiece that moved away from the o subunit p-
propeller. The opening of the angle between the BA domain and the hybrid was estimated
at 80° and substantiated that the swing-out movement of the hybrid domain is directly
linked with ligand binding. Based on the EM micrographs and biophysical data, Takagi et
al., (2002a, 2003) supported the switchblade-like model of integrin activation. The authors
added that upon integrin activation an extensive interdomain movement between the BA
domain and hybrid domain induced the bent, low affinity integrin conformer to rise to an
extended integrin with a ‘closed’ headpiece. Upon ligand binding, the latter intermediate
affinity integrin converted to ‘open’ headpiece integrin that bound ligand with higher
affinity. Although the high-resolution EM observations confirmed the presence of both
conformers, the above studies were done with recombinant integrins suggesting the

transition from one conformer to another might take place under physiological conditions.

The evidence for a global shape change upon integrin activation on live cells, for both non-
oA domain and oA domain-containing integrins, were recently obtained with the
fluorescent resonance energy transfer (FRET) technique. Unbending of integrins upon
activation would be expected to lead to changes in the vertical distance of the integrin
subunits relative to the plasma membrane. Indeed, these structural changes were detected
as changes in the magnitude of fluorescent signal exchanged between fluorescein (FITC)-
labelled integrin ligands and rhodamine-labelled cell-surface probes. Using FITC-labelled
peptide bound to a4f1 and rhodamine lipid incorporated into cell membranes, it was
shown that T mM Mn?" triggered extension of the integrin, whereas 1 mM Mn** + 1 mM
Ca?* did not cause full extension of the a4B1 i.e. increased the quenching efficiency of
FRET [Chigaev et al., 2004]. The same process was applied to aLB2 except for using
FITC-labelled antibody fragments directed against aL$2. When cells were activated with
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DTT or Mn™, aLB2 changed its height relative to the cell surface as detected by the
increase in fluorescence [Larson et al., 2005]. The above data suggested that although the
conversion from bent to extended form is also true for the oA domain-containing integrins,
there may be differences between the different integrin heterodimers. In addition, the data
implied that depending on the activation condition, there are multiple overall shapes
between the bend and the extended state an integrin can adopt. FRET measurements
between integrin and ligand/antagonist or the plasma membrane allow for direct
characterisation of the spatio-temporal activation of integrins in situ. Undoubtedly,
imaging of molecular interactions using FRET or other high-resolution spectroscopy
methods will be needed to visualise complex molecular interactions or even uncover

activation-dependent conformational changes in integrins in a physiological context.

Taken together the current data suggest that the bent integrin conformation is
physiological, as is the extended conformation. The combined structure-function studies
suggest that resting integrins on cell surface are in the bent conformation, inactive or with
low affinity for ligands. This compact conformation where the headpiece is facing the cell
surface is unfavourable for macromolecular ligand binding. In response to activation
stimuli the low affinity conformers convert to extended integrins. At the tertiary level, the
extended integrin headpiece will bind ligands in the ‘open’ conformation but not in the
‘closed’ conformation. For cell surface integrins, acquisition of high affinity by local
conformational changes and better ligand accessibility by full-length integrin extension
may both be important to ensure efficient cell adhesion [Takagi et al, 2003]. Ligand
binding increases the affinity for ligand, which reinforces the extended form as at the same
time the swing-out of the hybrid domain structurally changes the overall conformation of
the receptor (Figure 1.13). This movement acts as a lever to separate the membrane-
proximal segments and the binding signal is transmitted across the plasma membrane.
Movement apart of the cytoplasmic tails triggers binding to intracellular signalling

molecules initiating a cascade of events.
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Extended conformer
with closed headpiece,
intermediate affinity

Bent integrin,
low affinity Ligand occupied,

high affinity

Primed integrin,

intermediate affinity

Figure 1.13. Structural rearrangements in integrin activation. In the bent form the
ligand-binding integrin head is facing the cell membrane and has low affinity for other
molecules. Integrin priming may induce variable intermediate conformations with
intermediate affinities for ligand. Ligand binding stabilises the outward swing of'the hybrid
domain and the equilibrium switches to the high affinity for ligand. Integrin activation also
requires separation of a / p cytoplasmic tails and legs. The a subunit is depicted in blue,
with the P subunit in red. Note that this model is for integrins not containing an aA
domain.
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1.8.2 Activation of integrins containing an oA domain

Structure-function correlations of ®A domain-containing integrins have been the subject of
detailed studies investigating how conformational changes in aA domains are linked to
specific structural alterations elsewhere in the integrin. As already mentioned, the open
and closed conformation of the isolated oA domain seen in the crystals corresponded to
the liganded and unliganded protein, respectively. Mutagenesis approaches have been
taken to stabilise one conformation over another and study the functional significance of
the alternative conformations of the ¢ A domains. For example, disulphide-locked forms
of aL [Lu et al, 2001c] and oM A domain [Shimaoka e? al., 2002a] which assumed
active, ligand-binding or closed, inactive conformations have been produced confirming
that oA domain conformational changes took place in the context of the whole integrin and
underlie affinity regulation. More recently, multiple conformations were demonstrated
structurally for the al. A domain [Shimaoka et al., 2003a]. The disulphide-bonded oL A
domain mutants were crystallised in an open and a second, novel conformation which
showed an open state in the absence of bound ICAM-1. Affinity and kinetics analyses
using surface plasmon resonance demonstrated that these structures belonged to high and
intermediate affinity states of the al. A domains, whereas a locked-closed conformation

[Qu & Leahy, 1995] corresponded to a low affinity A domain.

The crystal structure of aVP3 suggested that the large interface between the B-propeller
and the BA domain can accommodate the ¢ subunit A domain [Xiong ef al., 2001]. The
oA domain protrudes from loop D3-A3 of the propeller, which in aV and ollb integrins
forms part of the ligand-binding pocket with the $3 subunit. The N- and C-termini of A
domain are expected to be in close proximity to the top of BA domain and the MIDAS site
[Alonso et al., 2002]. In the current model of oA domain-containing integrin activation,
the oA domain acts as an intrinsic ligand for the BA MIDAS (Figure 1.14) [Alonso et al.,
2002; Shimaoka et al., 2002b]. An invariant acidic glutamate (E) residue at the flexible C-
terminal linker that connects the a7-helix of the clA domain to the propeller, fulfils the
requirement for an acidic ligand-residue to bind to A MIDAS. Engagement of this
internal ligand leads to downward displacement of the «7-helix which switches the A

domain in the open conformation. Mutations of the conserved glutamate in aMfB2 [Alonso
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Extended conformer Extended conformer Extended conformer
with closed headpiece - with open headpiece - bound toligand -
low affinity intermediate affinity high affinity
oA ucano
o7
propeller propeller
f
P*rimed integrin
intermediate affinity by

mm inside-out signalling

Figure 1.14. Schematic representation of the activation model of integrins that
contain an oA domain. Outward movement of the hybrid domain activates the PA
MIDAS which in turn ligates and pulls the C-terminal a7-helix of the aA domain.
Downward displacement of the a7-helix converts the extended headpiece from low to

intermediate affinity and binding of the ligand to the aA domain MIDAS switches the
integrin in the high affinity.
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et al., 2002] and a2 [Shimaoka et al., 2004; Huth et al., 2000] abolished binding of the

receptors to activation-dependent ligands.

Functional mutations, both activating and inactivating, are located at the top and at the base
of helix-a7 and the following linker sequence demonstrating the structural importance of
this region for activation of A domain-containing integrins [Alonso et al., 2002; Lupher
et al., 2001; Huth et al.,, 2000]. Strong evidence for the interaction of the oA domain to
BA MIDAS provided a recent study by Yang et al (2004) describing second-site
suppressor cysteine mutations. The effect of the individual cysteine mutations in either
subunit, which included substitution of the conserved ol E310 to Cys, was inhibitory in
respect to ICAM-1 binding. By creating an interdomain disulphide crosslink, between oL
and 2 A domains, it was shown that the receptor was constitutive active. However, the
effect of the double mutation could be reversed by allosteric oA domain inhibitors. The
data overall suggested that the interdomain link is required for ligand binding and
supported the hypothesis that the BA domain regulates the activity of the A domain by

pulling down the a7-helix. Thus the connection resembles more a ‘pull spring’ [Yang ef

al., 2004] than a rigid rod or bell rope.

This link would explain how mutations on the BA MIDAS can regulate ligand binding in
the primary binding pocket of the A domain [Goodman & Bajt, 1996; Bajt et al., 1995].
Moreover, it would explain the negative regulatory effect of antibodies [Welzenbach ez al.,
2002; Lu et al, 2001c; Huang et al, 2000] and small-molecule compounds that are
directed against the P subunit [Shimaoka et al., 2003b; Gadek et al, 2002]. Of note,
allosteric L2 antagonists belong to two distinct classes: a) inhibitors that bind at the
bottom of a7-helix and stabilise the A domain in the closed, inactive conformation [Liu et
al., 2001; Lu et al., 2001a; Weitz-Schmidt ez al., 2001] and b) inhibitors that do not require
the oA domain but bind to the B2 A domain MIDAS instead. The latter promote
induction of integrin extension, as shown by exposure of activation epitopes on the o
subunit and B subunit including in the 2 A domain [Shimaoka et al., 2003b]. These ‘a /
BA domain allosteric antagonists’ are thought to inhibit ligand binding by the aA domain
by acting as intrinsic ligand mimetics for the PA domain. Compound binding to the PA

MIDAS prevents its interaction with the oA domain rendering it inactive. Yet, A
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MIDAS occupancy activates the open BA domain conformation, induce hybrid domain

swing out and stabilise the extended integrin form.

In in vivo studies, the o / BA domain allosteric antagonists of aLp2 - ICAM-1 enhanced
rolling adhesion of murine lymphocytes in lymph node microvessels and also reduced firm
adhesion [Salas et al, 2004]. In the same study, cells transfected with the oL-E310A
mutation demonstrated complete inhibition of rolling and firm adhesion. Rolling but not
firm adhesion was rescued by treatment with an o/f A domain allosteric antagonist.
Overall, the data suggested that distinct conformations of aLp2 regulate rolling and firm
adhesion and that an extended conformation favours rolling. The authors proposed that
rolling might be mediated by an intermediate conformation of oLB2 with an extended
conformation but with the A domain in a low or intermediate affinity state. These findings
emphasize further the structural complexity of the regulation of aA domain-containing

integrins.

1.8.3 Summary

The atomic resolution studies have helped to unravel the physiological relevance of
different domains in integrin function. In addition, numerous studies highlighted the direct
link between gross conformational rearrangements and affinity regulation in ligand
binding. Taken together, the latest solved crystal of allbP3 in complex with ligand
signified that this structure represents the active integrin conformation and that the
mechanisms of activation of oA and BA domains are analogous. For both the aA and BA
domuains, the positions of the «l- and a7-helix affected the metal-ion coordination spheres
controlling ligand binding at the MIDAS site. Coordination of the cation at the MIDAS
site by the carboxyl group of the acidic-ligand residue, guided strikingly similar
movements in both A domains. In particular, the downward displacement of the a7-helix

could be considered a determinant of integrin activation.

The current model of integrin activation proposes that when the o and B cytoplasmic
domains are bound together the integrin adopts the bent conformation with the closed
headpiece adjacent to the membrane in a low affinity state. Upon activation, local
conformational changes in the extracellular ligand-binding domain result in the open

integrin conformation with intermediate affinity for extracellular ligands. The binding of

64




Chapter 1 ® Introduction

which stabilises the extended conformation and shifts the equilibrium towards the high
affinity for ligand. At the same time the transmembrane and cytoplasmic domains
separate. This movement is sensed by intracellular signalling molecules that bind to the
integrin tails and activate downstream pathways.  Similarly, inside-out signalling can
induce separation of the cytoplasmic tails causing gross conformational rearrangements to
be transmitted across the plasma membrane. The primed integrin can engage with ligands
in the extracellular matrix to enhance activation. At present there is little evidence to
suggest that the changes in integrin shape are different in outside-in and inside-out

signalling,

As discussed above, oA domain-containing integrins adopt a similar overall extended
morphology to the non-aA domain-containing integrins. In this situation, bi-directional
signal transduction is mediated via the aA~-fA interdomain link. The BA mediates ligand
binding in cA-containing integrins by regulating the ‘opening’ of the oA domain.
Essentially, ligand binding to aA domain-containing and non-oA domain-containing
integrins is regulated by the activation status of the BA domain. Experimental
confirmation of this hypothesis needs resolution of the structures of different integrins in
distinct affinity states. Evidently, crystallisation of an entire integrin bound to ligand is
awaiting in anticipation. Therefore, despite the advances in integrin structure, the precise
mechanisms of how conformational changes are propagated between integrin domains by

both outside-in and inside-out signalling remain unclear, but in recent years some key

features have been elucidated.

1.9 Modulation of integrin activation

Following receptor occupancy and subsequent increase in ligand-binding affinity, the
binding signal is transduced across the plasma membrane in a process that triggers integrin
clustering (avidity modulation) and enhancement of cellular adhesion interactions. The
relative contribution of affinity and avidity modulation to ligand binding varies according
to integrin type and cellular context [Calvete J.J., 2004). In this section, the modulation of
conformational changes within the individual receptors’ domains is explored. In general,
integrin priming can be induced artificially by the use of cations, specific monoclonal
antibodies or small-molecule antagonists. Of course, internal structural changes of integrin

architecture also provided evidence for direct modulation of integrin conformational states.
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These alterations included truncation studies exploring the ligand-binding activity of the
recombinant integrins by breaking extracellular constraints or by deleting the
transmembrane / cytoplasmic segments. More elaborate structure-based studies produced
recombinant soluble receptors that assumed active, ligand-binding conformations by
engincering disulphide bridges [Lu ef al., 2001b, ¢; McCleverty & Liddington, 2003] or
glycosylation wedges [Luo ef al., 2003a]. Yet, allosteric up- or down-regulation has been
described by less disruptive mutational approaches such as substitution of single amino
acid conformational switches. Some of these tools for studying integrin structure and

affinity modulation used in the author’s research are described below.

1.9.1 Cations

The integrin crystal structures demonstrated that these molecules contain several regions
that are competent to bind divalent cations in each of the integrin subunits. The o2 A
domain bound to the collagen peptide was crystallised with a Mg®* ion ligated to the
MIDAS site, whereas unligated A domain crystals have been crystallised with either a
Mn*" or a Mg?" ions occupying the MIDAS. The first crystal snapshot of the extracellular
segment of VB3 was determined in the presence of Ca*" or Mn** ions. There were four
solvent exposed cation sites in blades 4-7 of the B-propeller, a fifth metal ion at the thigh /
calf-1 interface and a sixth metal ion in the ADMIDAS site. In the RGD-bound (3
crystals, in addition to ADMIDAS two more Mn”" ions were present in the MIDAS site
and in the LIMBS site. The cation-binding sites in the oV or allb subunits were not
involved in regulation of ligand binding. Of course, where present in the o subunit, the

oA domain MIDAS site is essential in ligand-binding and integrin activation.

Biochemical evidence to support regulation of integrins by cations comes from numerous
studies. Mould et al. (1995a) have shown that w531 has several cation-binding sites that
fall into three functionally distinct classes. In this study the effects of Ca®*, Mn** and Mg
ions were examined in the modulation of a5pl-fibronectin binding; Mn*" and Mg**
supported high and low levels of ligand binding. Moreover, Ca>" was found to be a non-
competitive inhibitor of Mn?*-supported ligand binding, suggesting that the two cations
recognise separate binding sites. In contrast, the effects of Ca®" on Mg*-supported ligand
binding were dependent on the relative concentrations of the cations. At low micromolar

concentrations Ca’" was proposed to bind to an alternative, high affinity effector site,
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increasing the affinity of Mg?* for its binding site. However, at millimolar concentrations,
Ca® inhibited Mg®*-supported binding by directly competing with the Mg®* for the

binding site.

The presence of two separate cation sites with distinct cation affinities has also been
proposed for the A domain-containing integrin oL.B2 [Labadia ez al., 1998). Mn** or Mg*"
were shown to preferentially bind to a ligand-competent site, whereas Ca*" bound to an
effector site inhibiting ligand binding. The mixed combination of both Mg*" and Ca®*
increased the affinity of either site by approximately 10-fold; low Ca®* concentration
increased the affinity of Mg*" for a2 but high concentrations inhibited Mg®*-induced
ICAM-1 binding. Similar studies of the effects of these cations on a2 1-collagen binding
also demonstrated a mixed type of inhibition; 2 mM Mg®" supported collagen binding to
a2f1 and Ca®" at the same concentration inhibited the integrin-ligand interaction, while 10
pM Ca®* synergistically enhanced Mg**-induced collagen binding [Dickeson et al., 1997;
Onley et al., 2000].

Given the fact that several cation-binding sites exist per integrin molecule, the exact role of
cach binding site has yet to be defined. The importance of the ADMIDAS and LIMBS

cation-binding sites in ligand binding to the a5p1 is demonstrated by loss-of-function

mutations of residues that make up the B1 cation-binding sites [Mould et al, 2003b].
Another significant finding of the above study is that the ADMIDAS was shown to be the
negative regulatory Ca*" site [Mould et al,, 2003b]. Preliminary evidence exists to suggest
that LIMBS is the stimulatory Ca®" site [Dr. P.A. Mould, personal communication], but are

discussed extensively in chapter 6.

Integrin binding is universally divalent cation dependent. The affinity of different ligands
for a particular integrin heterodimer can be differentially regulated depending on the
cation. It is of particular interest that the same general trend of cation regulation applies to
oA domain-containing integrins and non-cA domain-containing integrins. In general,
Mn*" and Mg** promote ligand binding, whereas Ca?* fails to support ligand binding. In
addition, Ca®" binding sites fall into two classes — one high affinity and stimulatory and the
second low affinity and inhibitory. Integrin allbf3 is unusual in that ligand binding can

take place in the presence of Ca** [Rivas & Gonzalez-Rondrigues, 1991; Cierniewski et
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al., 1994]. In vivo the concentrations of these cations are in the millimolar range and hence
could alter integrin activity. However, the physiological relevance of cations in ligand

binding by integrins remains unclear at present.

1.9.2 Monoclonal antibodies

The functional states of integrins correspond to different integrin conformations which
with a minimalist view can be portrayed as closed / inactive, open active, ligand bound.
These different integrin conformations are recognised by monoclonal antibodies (mAbs).
For many years, mAbs have been used iz vitro to monitor binding to specific domains and
to report conformational alterations upon integrin activation. Some examples of the large
repertoire of mAbs being utilised in biochemical analyses include non-blocking, activating
or inhibitory mAbs, are described below (for excellent reviews see Humphries M.J., 2000;
2004).

Interestingly, most activating mAbs recognise the [} integrin subunits. The activating anti-
o581 mAbs N29 and 8E3 were reported to bind to the f1 PSI domain and favour the
extended/ active integrin conformation [Mould ef a/., 2005]. Using recombinant integrin-
domain fragments it was shown that the stimulatory action of these mAbs was dependent
on the a5 calf-1 domain. This suggested that the epitopes on the B1 subunit are likely to
lie on the side of this domain that faces the a5 subunit knee [Mould ef al., 2005]. Both

these regions are predicted to undergo structural rearrangements during straightening of the
integrin tailpiece. Therefore, N29 and 8E3 mAbs binding induced structural changes in
regions that are functionally important in the open integrin and provided direct evidence
that the conformational changes are linked to activation of the a5B1 holoreceptor. Several
other activating mAbs have been to mapped to the regions of the cysteine-rich EGF-like
repeats. TASC and 9EG7 are anti-f1 mAbs [Bazzoni et al., 1995; Shih et al., 1993], CBR
LFA-1/2 KIM185, KIM 127 recognise the 2 subunit [Huang et al., 2000; Takagi ef al,
2001a], and LIBS2, 3 and 6 are mapped to the 33 EGF-like repeats [Du et al., 1993]. The
high number of activating mAbs that recognise the cysteine-rich repeats, pointing to the
importance of this region in signal transduction. In particular, the broad area recognised by
regulatory mAbs is in agreement with the concept that large-scale shape alterations, not

limited to the binding regions, take place during integrin activation.
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Binding of the ligand to the integrin brings about conformational changes that result in the
exposure of ‘ligand-induced binding sites’ or LIBS. A subset of antibodies that react
preferentially with the ligand-occupied conformation of the integrin have been termed anti-
LIBS mAbs (Mould ef al., 1996a). 12G10 is an example of an anti-f1 anti-LIBS mAb that
has been extensively utilised to study o511 modulation. Mould ef al. (1995c) showed that
availability of 12G10 binding is promoted by Mn”* and inhibited by Ca®*, reflecting the
cation dependency of the ligand. Examples of activation- and cation-sensitive mAbs that
bind to the integrin o subunit are more sparse. The mAb JA208, which is in fact the first
anti-a2 A domain anti-LIBS mAb reported; showed increased binding by addition of the
collagen GFOGER peptide [Tuckwell et al, 2000]. Anti-LIBS mAbs are thought to
recognise a natural occurring ligand- and cation-bound conformation of integrins hence

stabilising the ligand—occupied conformation and enhancing ligand binding,

Other mAbs have been found to act as ligand-mimetics and therefore decrease the affinity
of the integrin for the ligand in a competitive fashion. Examples include PAC1 anti-
allbP3 [Abrams et al., 1994] and WOWI1 anti-oVP3 mAbs [Pampori et al., 1999]. The
oA domains have been shown to contain the epitopes for several anti-functional anti-o
subunit mAbs. A thorough study of anti-a231 mAbs that blocked collagen binding to
o231 mapped mAbs, namely JA202, JA215 and JA218, to the a2 A domain [Tuckwell et
al., 2000]. JA202 epitope was mapped to residues 199-216 of helix-a3, in close proximity
to the MIDAS site and therefore was proposed to inhibit collagen binding by steric
hindrance. However, most integrin inhibitory mAbs have been shown to modulate integrin
activation in an allosteric manner. For instance, Mould et a/. (1996a) studied the reduced
recognition of the anti-f1 mAbl13 by a5B1 upon binding of a fibronectin fragment and a
GRDGS peptide. Using competitive ELISA it was demonstrated that this inhibitory mAb
did not compete directly with the ligand for binding to a5f1, but that the epitope was
perturbed in an allosteric manner. The subset of mAbs that recognise epitopes expressed
on the inactive integrin, known as ‘ligand attenuated binding sites’ or LABS, hence these
are known as anti-LABS mAbs (Mould ef al., 1996b). These mAbs are though to stabilise

the inactive conformers of integrins or prevent the conformational changes required for

activation.
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The importance of mAbs in integrin studies can be simply demonstrated by the broad use
of mAbs in research. In a vast majority of studies the utilisation of antibodies to check for
correct receptor folding and cell surface expression are the first necessary steps in
subsequent analyses. The identification of activation / conformation-sensitive mAbs
provides useful probes to study structural reorganisation of the integrin receptors as a result

of ligand binding and pinpoint functionally important regions within the active domains.

1.9.3 Small molecules

The identification of compounds that bind to the regulatory L-site in the al. A domains
represents another way by which integrin activation can be studied. The inhibitory
properties of lovastatin on aLB2 adhesion to ICAM-1 has been investigated extensively by
several pharmaceutical companies. Moreover, high throughput library screens have
identified several novel non-peptide compounds that prevent LFA-1 binding to ICAM-1.
Structure optimisation has successfully yielded potent LFA-1 antagonists including statin-
derived compounds [Novartis AG], and derivatives of p-arylthio cinnamides [Abbot Labs/
ICOS Corp] and of 5-substituted-3- phenylhydantoins [Boehringer Ingelheim] — all

referenced in a review by Liu G., 2001.

In a study by Welzenbach et al. (2002) the molecular mechanisms of the aLB2 integrin
activation were explored by the use of small molecular compounds. In this novel approach
no mutagenesis strategies were employed to modulate integrin activation. Monoclonal
antibodies were used as reporters of the conformational changes on the LFA-1 A domain,
the B-propeller and the 2 A domain upon binding of small molecule inhibitors to LFA-1.
The binding of the statin-derived compounds to the L-site ligands induced epitope changes
in both the aL. A domain and in the BA domain and inhibited LFA-1 activation. The
propagation of conformational changes to the BA domain depended on the chemical
structure of the statin-derived molecules. Moreover, binding of XVA143, a dual aLf2 /
aMB2 inhibitor, to the BA domain of the active LFA-1 receptor abolished ICAM-1 binding
by structural alterations of the A domain alone; no conformational changes were detected
in the oA domain of LFA-1. On the basis of these data and data published by Lu et al.
(2001a) the authors hypothesised that the binding of this small molecule to the B2 A
domain induced conformational changes, which disturbed the interaction between al. A

domain and the B2 A domain necessary for ICAM-1 binding.
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More recently, Shimaoka et al. (2003b) provided elaborate data to support the mechanism
of inhibition of the o / p I-like allosteric inhibitors, by which this class of antagonists
inhibited oA domain activation while stabilising the rest of the integrin in the active
conformation. The above studies demonstrated that there is a great degree of manipulation
of the integrin structure by small molecules that bind to sites other than the MIDAS site.
The above findings also implied that it is possible to synthesise small molecule inhibitors
against the other P-subunits that function in an allosteric way to impair oA domain-
containing integrins binding to physiological ligands. This is an attractive aspect of

integrin antagonism for the pharmaceutical industry.

At present, a number of antagonists of integrins that function as modulators of integrin
activation are being developed. These small molecule antagonists appear to mimic / inhibit
physiological ligand interactions and therefore their analysis provides new insights into the

molecular mechanisms of integrin activation.

1.9.4 Conformational switches

The 3-D data of integrin domains have facilitated the design of mutagenesis studies of
considerable value in exploring integrin activation. To understand how conformational
changes regulate affinity for ligands, mutations are introduced to promote the open or
closed conformation and tested at both the molecular and the cellular level. A small
number of studies where a single amino acid outside the ligand-binding pocket can
allosterically modulate the oA domain function have emerged over the past years. In the
closed oM A domain conformation, Ile316 is part of a hydrophobic socket, named
‘SILEN’ (socket for isoleucine), which links the a7-helix to the central B-sheet and is
replaced by Leu312 in the open conformation [Xiong et al, 2000]. Deletion or
substitution of Ile316 displaced this residue from SILEN and resulted in the crystallisation
of the mutated oM A domain in the open conformation. In addition the holoreceptor was
found to be in the high affinity state [Xiong et al., 2000]. The equivalent I1e306 to Ala
substitution in . A domain was also shown to increase L2 binding to ICAM-1 [Huth
et al., 2000; Lupher et al., 2001]. Moreover, a Ile314 to Gly substitution in aX increased
the affinity of the mutated aX A domain by 200-fold relative to the wild type A domain
[Vorup-Jensen et al., 2003]. It is significant that the residues forming SILEN in oM are
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either identical or conserved in all the other A domains. This suggests a similar

mechanism of activation is shared by all integrin oA domains [Xiong et al., 2000].

A second allosteric, single amino acid switch has been reported for o2 and oM. Residue
Glu318, at the N-terminal end of helix-a7, is buried in the closed o2 A domain but is
solvent exposed in the open conformation. Substitution of Glu318 to Trp / Tyr / Ile in a2
A domain resulted in an increase in ligand binding: in collagen I, collagen VI, collagen I
C-propeptide, laminin and E-cadherin [Aquilina er al, 2002]. The glutamic acid
substitutions promoted the open A domain state by disruption of a single H-bond and
possibly by alterations of the hydrophobic interactions. A gain-of-function P302W
mutation was first reported for oM A domain residue Phe302, corresponds to Glu318 in
o2, by Li et al. (1998). Glu31l8 is conserved in «l, l0 and «ll and has been

hypothesised that the same activation strategy may be extended in these integrin domains.

Allosteric up-regulation and mutant integrin receptors stabilised in a locked state that
override the blocking effect of mAbs / inhibitory compounds, are helping to characterise
the structural requirements underlying integrin affinity modulation. The crystal structure
of an oA domain-containing integrin heterodimer would undoubtedly be of a great
advantage in studying the substantiation of cation-binding sites but nevertheless, further
biochemical investigations are required to understand integrin-cation interactions. The
solution of more integrin 3-D crystallographic data will help to distinguish the more subtle
conformational changes that may occur in different integrin heterodimers to confer the
ability to recognize various ligands with appropriate specificities. Undoubtedly, how the
oA domain contacts the B-propelier and how the o subunit interacts with the B integrin

subunit will be the focus of intense structural and biochemical investigations.
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1.10 The aA domain-containing integrin a2B1

Integrin a2P1, also known as very late antigen (VLA)-2, CD49b/CD29 and glycoprotein
(GP) Ia/lla, is expressed on several different cell types. It is a collagen and laminin
receptor on endothelial and epithelial cells [Elices & Hemler, 1989], but it binds
exclusively to collagen when it is expressed on megakaryocytes and blood platelets [Zutter
& Santoro, 1990]. The biological and physiological importance of integrin o2f1 mediated
collagen binding in thrombosis and hemostasis is well documented [Santoro & Zutter,
1995]. The importance of a2fB1 integrin in normal hemostasis is demonstrated by severe
bleeding disorder in patients who lack a21 on their platelets [Nieuwenhuis et al., 1985]
or have developed autoimmune antibodies against a2f1 [Deckmyn ef al., 1990]. Recent
studies have implicated o231 density on platelets to hemostasis, arteriothrombosis and
several cardiovascular disorders. Integrin a:2f1 density on platelets is an inherited trait
determined by three a2 alleles; allele 1 is associated with increased a2B1 levels, whereas
allele 2 and 3 are associated with lower levels of a2f1 [Kritzik ef al, 1998]. The
inheritance of allele 2 or 3 in patients with Willebrand disease type I is associated with
increased risk of bleeding [Di Paola et al., 1999] and inheritance of allele 1 may predispose
patients to acute coronary disease [Moshfegh et al., 1999], stroke [Carlsson ef al., 1999] or
diabetic retinopathy [Matsubara et al., 2000]. In addition, the a2-knockout animal model
showed abnormalities of mammary gland branching morphogenesis and revealed
important roles for a2p1 in platelet biology. Platelets from a2p1-deficient mice failed to
adhere to type I collagen under static or flow conditions and showed impaired collagen-
induced aggregation [Chen ef al., 2002]. Further examinations in an in vivo model of
thrombosis revealed that a2 1-deficient mice showed defects in thrombus formation after
acute vascular injury [He et al., 2003]. Therefore, integrin 231 is particularly interesting

because of its role in thrombosis and hemostasis.

Integrin a2P1 is composed of a 150 kDa a2 subunit and a 130 kDa 1 subunit. Within the
o2 subunit, the 200 amino acid A domain is the main coliagen-binding site for collagen
[Emsley et al., 1997; 2000]. Crystallisation of open (liganded) and closed forms of the a2
A domain has demonstrated the existence of at least two conformers. The two crystal
forms have allowed definition of the structural basis of the 02 A domain MIDAS-collagen
interactions. Yet, the molecular mechanisms of a2B1 activation are not fully understood.
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The a2 A domain is predicted to be tethered to one face of the p-propeller domain. In
response to agonists, changes in the position of the C-terminal helix of a2 A domain
relative to the rest of the a2P1 heterodimer are thought to result in gross conformational
alterations that are propagated along the integrin heterodimer and through to the

cytoplasmic domains to initiate signalling cascades.

The ability of oA domains to fold independently from [ subunits [Hangan et al., 1996] and
the successful expression of recombinant 02 A domains that retain the ligand affinity and
specificity of the intact integrins in the same cation-dependent manner [Calderwood et al.,
1997] facilitated a number of different studies. However, the biochemical and structural
characterisation of the 21 holoreceptor has been limited. Moreover, the finding of the
allosteric IDAS / L-site in a2 integrin or of the SILEN pocket in aMB2 suggested that it
is possible to identify regulatory sites in other oA domain integrins. Consequently,
exploring the contributions of the activation-regulatory C-terminal o7-helix of a2 A
domain with the prospect of identifying gain-of-function or loss-of~function mutations that
modulate functional activity of the whole integrin is attractive. In addition, other studies
showed that some point mutations in the BA domain significantly reduced binding of the
intact oA domain-containing integrin to their ligands [Bajt et al., 1995; Kamata et al.,
1995b]. These observations made the B1 A domain an exciting target. Alternatively, the
presence of regulatory site(s) within the a2f1 integrin distinct from the o subunit that

leads to conformational changes and to allosteric inactivation of the whole integrin is also

to be considered.
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1.11 Aims

At the outset of this project, the aim was to generate soluble human o2p1 integrin at
readily sufficient levels to conduct functional analyses to study the mechanisms that
regulate a2P31 activation. A mammalian cell line was utilised to express truncated o231
lacking the transmembrane and cytoplasmic integrin segments; albeit targeting the
production of recombinant integrin that retained the folding and functionality of the native
molecule. The individual extracellular subunits of the a2p1 integrin were co-expressed
each fused to the Fc region of IgG1 to aim heterodimerisation of the integrin subunits. The
soluble a2Pp1-Fc integrin was characterised using anti-a2 and anti-Bl conformation
sensitive monoclonal antibodies and collagen type I so as to confirm the parent integrin

structure and function.

~ This work was undertaken to produce a system where the functional relative to the
structural relationships of a2 and 1 integrin subunits could be studied using mutagenesis.
A series of mutations were introduced into the critical A domains, mainly in and around
the integrin-ligand active sites, to study their effect into a2B1-collagen interactions. Gain-
of-function mutations, as previously described for other A domains, were engineered to
investigate allosteric up-regulation of the 02 A domain in the context of the holoreceptor.
Other oA domain activation-sensitive and / or BA cation-dependent mutations, as
modelled on the B3 structure, aimed to examine whether the oA domain ligand-binding

affinity was regulated by the 1 A domain.

The collagen-binding properties of the recombinant integrins were examined in detailed
biochemical investigations to study a2B1-collagen interactions at the molecular level. In
particular, analysis of the divalent ion requirements for ligand recognition of the mutated
receptors compared to the unmodified recombinant or native, whole o231 integrin helped
to a better understanding of cation-mediated integrin activation. The data generated in this
study in combination with data from similar studies in non-aA domain-containing

integrins aimed to elucidate the mechanisms that regulate integrin activation.

Integrin a2B1 is abundantly expressed in various tissues suggesting an important

biological role. Understanding the molecular mechanisms of 2B 1-collagen binding is
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important in devising ways to control receptor activation and function. Ultimately,

dissecting the structural basis of ligand binding will allow rational drug design against

o2 1-mediated diseases such as thrombosis.
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Chapter
2.0 Materials and Methods

2.1 Materials

All solutions were made using de-ionised or Milli-Q water (Millipore, Billerica, MA,
USA). Oligonucleotides were purchased from MWG Biotech UK Ltd. (Milton Keynes,
UK). Restriction and modification enzymes were purchased from Boehringer Mannheim
Ltd (East Sussex, UK), Promega (Southampton, UK) or Roche Molecular Biochemicals
(Lewes, East Sussex, UK). All enzymes were used according to the supplier’s instructions
with the supplied buffers unless otherwise stated. Cell culture reagents were purchased
from Biowhittaker (Cambrex Bioscience Wokingham Iitd, Wokingham, UK), tissue
culture vessels were obtained from Comning (Costar UK Ltd, High Wycombe, UK). All
other reagents were purchased from Sigma (Poole, Dorset, UK) or BDH (Lutterworth,
Leicestershire, UK) unless otherwise stated. Where necessary, solutions and equipment
were sterilised by autoclaving (20 minutes at 121 °C, 15 psi). All kits were used according

to the manufacturers’ instructions unless otherwise stated.

2.1.1 Antibodies, purified proteins and integrin ligands

A number of monoclonal antibodies (mAb) raised against human integrin a2, o5 and 1
subunits were used in this study. Mouse anti-human integrin a2 mAb included: Gi9
(Beckman Coulter, High Wycombe, UK), 12F1 (BD Pharmingen, Oxford, UK), P1HS5
(Serotec, Oxford, UK), JBS2 and 10A4 (lab stocks). Mouse anti-human integrin a2 A
domain mAb JA202, JA212, JA215 and JA218 (Tuckwell ef al., 2000). Mouse anti-human
integrin 1 mAb TS2/16 was a gift from Dr. A. Sonnenberg (Netherlands Cancer Institute,
Amsterdam, The Netherlands). Mouse anti-human integrin 1 mAb 12G10 (Mould et al.,
1995¢) 8E3 (Mould et al., 1997), 4B4 was purchased from Coulter Immunology. Rat anti-
human integrin a5 JBS5 (Serotec), mAb16 was a gift from K. Yamada (NIH, Bethesda,
MD, USA). Goat anti-human yl Fc¢ and peroxidase-conjugated anti-human Fc were
purchased from Jackson Immunochemicals (Stratech Scientific Ltd., Bedfordshire, UK).
Immunoglobulin G (IgG) monoclonal anti-mouse and peroxidase-conjugated secondary

antibodies were purchased from Jackson Immunochemicals. ExtrAvidin-horse-radish

peroxidase (HRP) was purchased from Sigma.
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Human integrin 21 was purified from the human fibrosarcoma cell line HT1080 [Mould
P.A., 2002, Current Protocols in Cell Biology], human integrin 581 was purified from
human piacenta [Mould P.A., 2002, Current Protocols in Cell Biology]. Acid soluble rat
tail type 1 collagen was obtained from Sigma. The recombinant 50 kDa fragment of
fibronectin containing of fibronectin type III repeats 6-10 — Fnlllg 19, was provided by Dr.
P.A. Mould (University of Manchester).

2.1.2 Bacterial strains and plasmids

Human integrin a2 full-length ¢cDNA in the pcDMS8 vector and human o2 A domain
c¢DNA in the pGEX-2T vector were generated as described in Tuckwell ef al., 1995. The
full-length integrin a5 (residues 1-613) construct in pEE12.2hFc¢ was generated as
described in Coe et al., 2001. The pEE12.2hFc is a derivative of pEE12, in which the
vector Sall site has been replaced by a Nofl site, and had a Sall-EcoRI genomic fragment
of human IgG1 y chain inserted [Takahashi ef al., 1982]. The extracellular domain of B1
(residues 1-708) in pV.16hFc was generated as described in Coe et al., 2001. pV.16hFc is
a derivative of pEE6 HCMYV [Stephens & Cockett, 1989] in which the vector Sall site has
been removed and replaced by a Nofl site. A second No:l site has been introduced at the 5'
end of the HCMV promoter fragment. This vector also contains the human y1 Fc as a Sall
- EcoRI genomic fragment. The C-terminally truncated B1 constructs in pV.16hFc were
provided by S. Barton (University of Manchester). These consisted of a fragment of the

human 31 cDNA, encoding amino acids 1-455, containing a series of single amino acid

substitutions.

Competent Escherichia coli DHS5a’ strain: F'¢80d/acZAMA(lacZY A-argF) U169 deoR
recA endAl hsdR17 (1%, mk’) phoA supE44 X~ thi-1 gyrA96 relAl was purchased from
Invitrogen Ltd (Paisley, UK). Competent E.coli X1.-1 Blue strain (recAl endAl gyrA96
thi-1 hsdR17 supE44 relAl lac F’[proAB” lacl® lacZAM15 Tnl-(tet")]) was purchased
from Stratagene Ltd (Cambridge, UK).
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2.1.3 Mammalian cell Iines

The Chinese Hamster Ovary L761h (CHO) cell line was a kind gift from P. Stephens
(Celltech Group plc, Slough, UK). This is a CHO cell line variant with enhanced
production of secreted protein [Cockett et al., 1991].

2.1.4 Oligonucleotides

Synthetic oligonucleotides were purchased from MWG Biotech (Milton Keynes, UK). All

sequences are quoted 5° to 3°.

2.1.4a Construction primers for cloning the o2 ¢cDNA into pEE12.2hFc

e DT24 5’ - CGC AAG CTT ATG GGG CCA GAA CGG ACA GG-3

sense primer to introduce a HindlIl restriction site at 5° end of a2 cDNA

e DT23 5’-CGC GTC GACTTC GGCTIT CTC ATC AGGTT -3’

antisense primer to introduce a Sa/l restriction site at 3’ end of ®2 cDNA

e« DT 32 5’ - CGC GTC GAC TAT TTG TCG GAC ATC TAG GAC

antisense primer to truncate the a2 cDNA sequence and introduce a Sa/l restriction site
e DTO3 5’ - GCT GAT GTA GCT ATA GAA GCC TCA TTC ACA CCA GAA
AAA -3 sense primer to remove the internal HindIll restriction site

e DT02 5’ -TTT TTC TGG TGT GAA TGA GGC TTC TAT AGC TAC ATC

AGC-¥ antisense primer to remove the internal Hindlll restriction site

2.1.4b Construction primers for engineering mutations into the a2 cDNA

e DT26 5’ - ACA TTA GGA CAA GGT TTC AGC ATT GAA GGT -3

sense primer to introduce 1332G

e DT27 5’ -ACCTTC AAT GCT ACCTTG TTC TCC TAATGT - 3°

antisense primer to introduce 332G

e DT238 5’ -CAAATT TTC AGC ATT GCA GGT ACT GTT CAAGGA -3
sense primer to introduce G336A
e DT20 5’ -TCCTTG AAC AGT ACC TGC AAT GCT GAA AATTTG-3

antisense primer to introduce G336A

e DT30 5" - GGA GAA CAA GGT TTC AGC ATT GCA GGT ACT GTT- 3’
sense primer to introduce 332G and G336A

e DT31 57 - AAC AGT ACCTGC AAT GCT GAA ACCTTGTTICTCC -3’
antisense primer to introduce 1332G and G336A
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e DT35 5" - ATA GAT GTT GTG GTT TGT GCT GAA TCA AAT AGT ATT
TAT CCT - 3’ sense primer to introduce D151A

s DT36 5° - ACA CAC AAC CAC AAC ATC TAT GAG GGA AGG GCA -3’
antisense primer to introduce D151A

s DT38 5’ - CAA GGA GGA GAC AAC GCT CAG ATG GAAATGTCA -3
sense primer to introduce F345A

« DT39 5’ -TGA CAT TTC CAT CTG AGC GTT GTC TCC TCC TTG -3’

antisense primer to introduce F345A

2.1.4c Construction primers for cloning the 62 A domain ¢cDNA into pGEX-2T

(Stop codons are shown underlined)

e DTO8 5’ - CGC GGA TCC TGC CCT TCC CTC ATA GAT GTT - 3°
sense primet to introduce a BamHI restriction site
o DTO6 5’ -GGG AAT TCT CAA ACA GTACCTTCA ATGCTG-3¥

e DT22 5’ - GGG AAT TCT CAA ACA GTA CCT TCA ATG CTG AAA CCT
TGT TCT CCT AAT GTC -3’ antisense primer to engineer 1332G

2.1.4d Sequencing primers

DT25-pEE12 5" - GCT GAC AGA CTA ACAGACTGT TCC- 3
o pGEX forward 5" -GGG CTG GCAAGCCACGITTGG TG -3
e pGEX reverse 5’ - CG GGA GCT GCA TGT GTC AGA GG -3’

e DT13,+133 5’ - AGT GAA CGA TTT GGG TAT GCA GTG - 3’
e DT14, +643 5’ - CAGTAT GCC AAT AAT CCAAGAGTT-%¥
¢ DT15, +1093 57 - GAA GGT ACT GTT CAA GGA GGA GAC -3’
e DT16, +1513 5’ - ATT ACA GAC GTG CTCTTG GTAGGT -3
e DT17, +1873 5’ - TAT GGA GAT TTA AAT GGG GATTCC -3’

e DT18, +2293 5 -CCT GGCACT AGC CCT GCC CTT GAA -3’
e DT19,+ 2713 5’ -CAGGCG TCT CTC AGT TTC CAA GCC -3’
e DT20, +3073 5" - CCA CTG AAA ATA GGA CAAACATCT -3
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2.2 Methods

2.2.1 Bacterial cultures

2.2.1a Growth of bacterial cultures

Bacteria were grown as broth cultures in Luria -Bertani [LB; 1% (w/v) bacto-tryptone,
0.5% (w/v) yeast extract, 1% (w/v) NaCl pH 7.4] medium or on LB-agar [as LB but
including 1.5% (w/v) bacto-agar] plates under aerobic conditions for 14-16 hours at 37 °C.
Antibiotics were used in selective media. To select for vector transformed DHS5o’ and
XL1-Blue E.coli strains were cultured in the presence of 50 pg/ml ampicillin. Isolated
bacterial colonies were picked with a toothpick under aseptic techniques and patched out

onto LB-agar plates, containing the appropriate antibiotics for storage at 4 °C.

2.2.1b Transformation of E.coli

Frozen competent E.coli cells were thawed on ice for approximately 5 minutes. 50-100 pl
of the thawed E.coli competent cells were transferred into pre-chilled, sterile 17x 100 mm
polypropylene culture tubes with immediate addition of the sample DNA and incubation
for a minimum of 30 minutes on ice. Next, the cells were heat shocked at 42 °C for 45-50
seconds, followed by further incubation in ice for 2 minutes. 300 ul of LB medium at
room temperature was added to each transformation reaction and the cells were incubated
at 37 °C for 60 minutes in the absence of antibiotics in order to allow the antibiotic
resistance genes to be expressed. Finally the transformation mix was spread into LB-agar

plates containing appropriate antibiotics, left to dry and incubated overnight at 37 °C.

2.2.2 DNA manipulations

2.2.2a Plasmid DNA purification

10-20 pg plasmid DNA was isolated using a QIAprep Spin Miniprep kit (Qiagen, Surrey,
UK) according to the manufacturer’s instructions. After overnight growth in 5 ml LB
broth, the bacteria were harvested by twice centrifuging 1.5 ml aliquots, in a single
Eppendorf tube, for 2 minutes at 24,100 g at room temperature (RT). Briefly, the pellets
were resuspended in RNase A containing buffer and lysed under alkaline conditions.
Neutralisation of the lysis reaction was followed by the absorption of the plasmid DNA
onto a silica-gel membrane in the presence of high salt concentration, allowing the DNA to
bind. Elution and concentration of the plasmid DNA was achieved in low salt buffer — 50
ul TE (10 mM Tris-HCI, 1 mM EDTA). The DNA was stored at 4 °C for further use.

81




Chapter 3 ® Results

2.2.2b Polymerase chain reaction (PCR)

PCR reactions were carried out using one of two thermostable DNA polymerase enzymes.
2 pl cDNA or 5 ul template DNA was mixed with 15 pmol of each of the PCR primers, 1.5
pl 10 nM dNTPs, 1 unit Advantage cDNA polymerase (Clontech, Hampshire, UK)) or
Expand High Fidelity DNA polymerase (Roche), 5 ul of the appropriate 10x PCR reaction
buffer, in a total volume of 50 pl. PCR was performed in a automated DNA thermal cycler
(GeneAmp PCR System 24000, Perkin Elmer, Chesire, UK) according the regime of: 40
cycles of 94 °C (1 minute) and 55 °C (1 minute) followed by 72 °C (1 minute per 1 kb of

DNA to be amplified). PCR products were analysed by 1% agarose gel electrophoresis
and the DNA was purified as described in section 2.2.2g.

2.2.2¢ Restriction digestions

Restriction endonucleases were routinely used in the analysis and construction of
recombinant DNA. The amount of DNA used varied according to the nature of the
experiment (analytical, preparative). The restriction endonucleases, supplied with the
appropriate buffers, were obtained from Boehringer Mannheim or Roche and were used
according to the instructions of the supplier. In general, digestion reactions were

performed at 37 °C for 2 % hours.

2.2.2d Ligation reactions

Ligation reactions were carried out with 50 ng restriction digested vector DNA and
approximately equimolar amount of DNA to be subcloned. The reactions were
accomplished in a total volume of 10 pl also containing 2 ul T4 DNA Ligase (Promega,
Southampton, UK) and the appropriate buffers (supplied with the enzyme) according to the

manufacturer’s instructions. The reactions were left to complete over 16 hours at 15°C.

2.2.2e DNA concentration determination
DNA concentration was estimated by measuring absorbance at 260 nm, assuming that 50
ng/ml of double stranded DNA has an absorbance value at 260 nm of 1.0. Purity of the

plasmid DNA preparation was assessed by 1% agarose gel electrophoresis.
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2.2.2f Agarose gel electrophoresis

The DNA samples were mixed with 10x loading buffer [50% (w/v) glycerol, 5 mM EDTA
pH 7.5, 0.02% (w/v) bromophenol blue] before loading. DNA samples were separated in
1% (w/v) agarose gels prepared in 1x TAE buffer [2 M Tris-acetate, 0.05 M EDTA].
Electrophoresis was performed in a horizontal gel apparatus (Amersham Pharmacia
Biotech, Sweden) using 60 ml gel and were run for approximately 1 %2 hours at 70 Volts or
until the visible bromophenol blue dye had migrated to a desired position. HyperLadder I
(BIOLINE, London, UK) was used as DNA molecular weight marker standard. Gels were
stained with 10 ug/ml ethidium bromide for 10 minutes and then destained in several
changes of water. Bands were visualised under short ultraviolet (u.v.) transilluminator
(UVP white/ u.v. transilluminator). Gel photographs were captured with an image analysis
system (Grab-IT 2.0, Win 32 Application).

2.2.2g DNA gel extraction

DNA bands that were destined to be excised from the gels were visualised under longer
wavelength u.v. light to minimise DNA damage. Removal and isolation of DNA from
agarose gels and enzymatic manipulation reactions was performed by the QIAquick Gel
Extraction kit (Qiagen). Briefly, DNA was bound to silica matrix in the presence of high
salt concentration. Impurities were removed by washing in a NaCl/Tris/EDTA/ethanol

mixture, and then the DNA was recovered by eluting in TE or sterile deionized water.

2.2.3 DNA sequencing

2.2.3a Preparation of the sequencing reactions

DNA preparation was performed using the ABI PRISM® BigDye™ Terminator Cycle
Sequencing Ready Reaction kit (PE Applied Biosystems, Chesire, UK) was used. For
optimised results the protocols provided were modified as follows. For each reaction the
following reagents were added to a separate 0.2 pL tube, in the above order: 200-500 ng
double-stranded DNA, 4 pl 450 mM Tris-HCI1 pH 9.0 / 10 mM MgCl,, 3.2 pmol of the
provided primer, 4 ul Terminator Ready Reaction mix. Finally sterile deionised water
was added to bring the reaction volume to 20 ul. The tubes were placed into a DNA
thermal cycler (Perkin Elmer) according the regime of: 25 cycles of 96 °C (30 seconds)
and 50 °C (15 seconds) followed by 60 °C (4 minutes). For removal of the unbound dye

the DyeEx™ 2.0 Spin kit was used (Qiagen). DNA sequencing was carried out as a
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service by the Faculty of Medicine and Human Sciences core facility, The University of

Manchester,

2.2.4 Tissue culture and soluble integrin expression

2.2.4a Mammalian cell lines

CHO cells were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) without
sodium pyruvate, with 4500 mg/l glucose, with pyridoxine supplemented with 10% (v/v)
FCS and 2 mM L-glutamine and 1% (v/v) non-essential amino acids (NEAA). CHO cells
were passaged at 1:20 every three/four days, according to their rate of growth. All cell
lines were cultured in a defined medium at 37 °C in 5% (v/v) CO; in a humidified
atmosphere. Penicillin and streptomycin were used in mammalian cell cultures at 100

ug/ml where required.

2.2.4b Transfection of CHO cells by Lipofectamine 2000 reagent
CHO L671h cells were transfected transiently using the Lipofectamine 2000 reagent
(Invitrogen Ltd, Paisley, UK). Cells were passaged three days before transfection and

transferred into 75 cm” so that they were 90-95% confluent on the day of transfection.

5 pg pEE12.2ha2-Fc DNA and 5 ug pV.16hp31-Fc DNA was diluted into 1.9 ml OPTI-
MEM dilution medium. 60 pl Lipofectamine 2000 was added to 1.9 ml OPTI-MEM
medium in another tube and let to stand at room temperature for 5 minutes. Next, the
DNA was mixed with the Lipofectamine 2000 reagent for 20 minutes at room temperature.
While DNA-Lipofectamine reagent complexes were forming, the growth medium on the
cells was replaced with 10 ml fresh growth medium without antibiotics. At the end of the
incubation period the medium containing the complexes was added to each well containing
cells, mixed gently and incubated at 37 °C at 5% CO, overnight. The next day the medium
was replaced with 25 ml of fresh pre-warmed growth medium. Transfected CHO cells
were assayed for expression of «2f1-Fc integrins 72 hours post transfection. The

supernatant was harvested by centrifugation at 258 g for 5 mins and stored at 4 °C.

2.2.4c Purification of integrin-Fc proteins by Protein A affinity chromatography
200 pl Protein A-Sepharose Fast Flow beads (Amersham Pharmacia) was added to

transfection medium and rotated for one hour at room temperature. Beads were placed in a
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2 ml disposable column (Bio-Rad, Hemel Hemstead, Herts, UK) to form an affinity matrix,
and were washed with at least five column volumes of PBS(-) ((Phosphate buffered saline
without Mg?* and Ca®*, Biowhittaker). Bound protein was eluted using 10 mM NaOAc,
pH 3.0 (into 1 M Tris-HCI pH 9.0 to neutralise).

2.2.5 Production of recombinant a2 A domain proteins

2.2.5a Bacterial expression of GST fusion proteins

Large scale preparations of E.coli strain DH5aF’carrying the pGEX-2T expression vectors
were cultured as follows. Overnight cultures (100 ml) of stationary phase bacteria were
used to inoculate 1 1 of LB broth containing 50 pg/ml ampicillin. The cells were allowed
to grow for approximately 2.5 hours at 37 °C or until optical density at 600 nm reach 0.6.
GST-fusion protein expression was induced by addition of isopropyl-B-D-
thiogalactopyranoside (IPTG) to a final concentration of 0.1 mM and the cultures were
incubated for an additional 4 hours at 37 °C. Bacteria were then collected by
cenfrifugation and resuspended in a minimal volume of 150 mM NaCl 25 mM Tris-HCI,
pH 7.4 (TBS), before being frozen at —80 °C until further usage.

2.2.5b Purification of GST-fusion proteins by glutathione-agarose affinity
chromatography

The bacterial pellets from induced E.coli cultures were thawed on ice and lysed by
sonication in an ultrasonic processor (Sonics and Materials Incorporation, Dansbury,
USA). Cell debris was removed by centrifugation at 35,000 g for 20 minutes. The
bacterial lysate was applied to a 5 ml glutathione-agarose column (Sigma; prepared
according to the manufacturer’s instruction and equilibrated in TBS) and allowed to flow
by gravity. The column was washed with 20 ml TBS buffer and the bound protein was
eluted with 5 mM glutathione reduced form in TBS pH 8.0. In total, nine 1.5 ml eluate
fractions were collected and each fraction was assayed for protein content by SDS-PAGE

electrophoresis.

2.2.6 Protein analysis

2.2.6a Collagen [ solid-phase binding assay

Purified integrins or recombinant a2 A domains were tested for ligand-binding activity
using a solid-phase protein-protein assay. 50 pl transfectant culture supernatant (~1 pg/ml)

or 50 pl of purified a2 A domain proteins diluted to 5-20 pg/ml in TBS / 5 mM Mn**,
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were immobilised into a high-binding half-area 96-well microtiter plate (Costar) overnight
at 4 °C. Unbound protein was removed and 200 pl blocking buffer [5% (w/v) BSA in 1
mM MnCl; TBS, pH 7.4] was added per well to block non-specific binding sites. The
plate was incubated for 2-3 hours at room temperature. The blocking solution was
removed and the plate was washed three times with 200 pl/well binding buffer [0.1% (w/v)
BSA, 2 mM MnCl,, TBS pH 7.4]. 50 pl of biotinylated collagen I (0.5-1 pg/ml) in binding
buffer was added per well, and incubated for 3 hours at room temperature to prevent
collagen precipitation. The plate was washed three times with 200 wl binding buffer before
the addition of 50 pl /well ExtrAvidin-peroxidase diluted 1:500 in binding buffer, and
incubated for 30 minutes at room temperature. After washing the plate four times with
binding buffer (200 pl /well), bound ligand was visualised with 50 pl ABTS developing
solution [0.01% (v/v) H2O,, 2% (w/v) 2,2’-azino-bis (3-ethylbenzthiazoline 6-sulphonic
acid) in 0.1 M NaOAc, 0.05 M NaH,POy, pH 5.0]. The colour was allowed to develop
until a mid-green coloration was attained. The absorbance was measured at 405 nm using a
multiscan OPSYS MR Dunex plate reader (Dynatech). The results were the average of

three replicates for each sample.

2.2.6a. Biotinylation of protein ligands

Collagen I and 50K were covalently labelled with biotin to facilitate detection in ligand-
binding assays. Proteins were diluted in TBS to 1 mg/ml and dry EZ-Link™ Sulfo-NHS-
LC-biotin (Pierce, Chester, UK) was added to give a ratio of 1:1 (w/w) protein: biotin. The
mixture was incubated for 1 hour at 4 °C for collagen I and at room temperature for 50K.
Next, the mixture of biotin-labelled protein and biotin was dialysed extensively against

TBS to remove the unincorporated biotin.

2.2.6b Fc-capture ELISA assay

In these assays the Fc partner was used to recover the recombinant proteins from cell
culture supernatants and test for correct folding and function of the soluble c2f1-Fc
integrins. Wells of 96-well plates (half-volume area, Costar) were coated with 50 ul goat
anti-human y1 Fc antibody diluted to 2.6 pg/ml in PBS+, overnight at 4 °C. Next, the
wells were incubated with 200 pl blocking buffer for 1 hour at room temperature. The

blocking buffer was removed and the wells were washed three times with 200 pl wash
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buffer [0.1% (w/v} BSA, 1 mM MnCl,, 150 mM NaCl, 25 mM Tris-HCI, pH 7.4]. 50 ul of
culture supernatant was added to each well and incubated for 1 hour at room temperature.
The wells were washed three times with 200 pl wash buffer before addition of 50 pl 10
pg/ml anti- human integrin mAb or 1 pg/ml biotinylated collagen I and incubation for 3
hours at room temperature. Detection was performed by the addition of 50 ul of the
appropriate peroxidase-conjugated secondary antibody (5-10 pg/ml) or ExtrAvidin-
peroxidase diluted 1:500 in blocking buffer. The plate was washed four times with wash
buffer (200 pl /well), before developing with 50 ul /well ABTS developing solution. The
absorbance was then measured at 405 nm using the OPSYS MR Dunex plate reader. The

results were the average of at least three replicates for each sample, per experiment.

2.2.6¢c Divalent cation titrations in binding assays
In the solid-phase binding assays examining the effect of divalent cations on collagen I
binding the buffers used following the blocking step were treated with Chelex beads (Bio-

Rad) to remove any small contaminating amounts of endogenous Ca** and Mg*" jons.

2.2.6d ELISA assay

The recombinant a2 A domain proteins were assayed for correct folding by detection of
human anti-integrin 2 A domain mAbs epitopes. 50 pl of purified 2 A domain fusion
protein at 10 pg/ml in PBS(+) [as PBS(-) plus 0.5 mM Mg* and ImM Ca®,
Biowhittaker], was coated into a 96-well microtiter plate (half-volume area, Costar) for 2
hours at room temperature or overnight at 4 °C. The coating solution was removed and
replaced with 200 pl blocking buffer, and the plate was incubated for 2 hours at room
temperature. The blocking solution was removed and the wells were washed three times
with 200 pl wash buffer. 50 pl pre-diluted antibody at 10 pg/ml in binding buffer were
then added to the wells and incubated for a further 2 hours at room temperature. The wells
were washed three times with 200 pl wash buffer, before the addition of 50 pl the
appropriate secondary antibody diluted 1:1000 in binding buffer. The plate was incubated
for 30 minutes at room temperature. After washing four times with binding buffer (200 pl
/well), bound ligand was visualised with 50 pl ABTS developing solution. The absorbance
was measured at 405 nm using the OPSY'S MR Dunex plate reader.
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2.2.6e SDS-Polyacrylamide gel electrophoresis (PAGE) !
Protein samples were prepared by addition of 1/5 volume of SDS-PAGE loading buffer
[200 mM Tris-HCI, pH 6.8, 7% (w/v) SDS, 30% (v/v) glycerol, 0.02% (w/v) bromophenol
blue] before heating the sample up to 90°C for 4 min. For reduced samples 10% (v/v) B-
mercaptoethanol was included in the loading buffer. Samples were then run on a
NuPAGE™ 4-12% Bis-Tris pre-prepared gel (Novex, San Diego, U.S.A.) in 1x MES [50
mM 2-N-morpholino ethane sulphonic acid, 50 mM Tris Base, 3.46 mM SDS, 1.025 mM
EDTA] at 150 V (PowerPac 300; Bio-Rad) for approximately 40 minutes. Molecular
weights were determined by running samples against the Pre-stained, Broad Range
Precision Protein™ Standard (Bio-Rad). Gels were removed from the plastic plates and
stained for 30 mins in Coomassie Blue stain [0.025% (w/v) Coomassie Brilliant Blue, 25%
(v/v) propan-2-ol, 10% (v/v) acetic acid]. Next, the gels were de-stained in 10% acetic
acid for approximately 1 hour, transferred to 3 mm paper and dried under vacuum at 80 °C

for 1 hour.

2.2.6f Western blotting

After resolution by SDS-PAGE, proteins were transferred to nitrocellulose membrane
(Schleicher and Schuell Inc., Keene, NH, USA) at a constant voltage of 30V for 90
minutes using the NuPAGE western blotting system (Invitrogen Ltd). Non-specific

binding sites on the membranes were blocked with 3% milk in TBS-Tween, for ~60

minutes at room temperature. Anti-o2 A domain JA212 mAb diluted in blocking solution
was ufilised at 10 pg/ml. The primary antibody was added for 2 hour at room temperature
or 16 hours at 4 °C, and the membrane washed 6x Sminutes with TBS-Tween. Secondary
antibody conjugated to HRP (0.5 pg/ml) was added for 45 minutes at room temperature (in
blocking solution), and the membrane washed as above. Proteins were visualised using
enhanced chemiluminescence (Western lightning Reagent, Perbio Sciences, Cheshire,

UK), exposure to photographic film, and processing by an automatic film processor
(Kodak, Rochester, NY, USA).

2.2.6g Protein concentration assay

The BCA protein assay kit (Pierce) was used to determine o2 A domain protein

concentration, according to the manufacturer’s instructions.
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Chapter
3.0 Expression and purification of recombinant soluble

a2B1-Fc integrins for functional studies

To study the biochemical and structural mechanisms of intramolecular signal propagation
between the a2 A domain and the Bl A domain in regulating the collagen I binding, a
soluble recombinant a2B1 integrin was produced. In general, the expression of soluble
integrins has generated sufficient amounts of the desired protein to allow in vitro studies.
In this way, the problems of purifying these complex membrane receptors have been
avoided. The expression systems that have been described in the literature have adopted a
similar cloning strategy in which the integrin transmembrane and cytoplasmic domains
have been excised from the recombinant integrin constructs. In addition, the successful
production of functional integrins has required the addition of a tag to drive dimer
formation. The incorporation of complementary C-terminal tags in the o, B subunits has
almost invariably facilitated the dimerisation of the two integrin subunits, and this has been
shown to be required for correct integrin folding and function [Stephens et al., 2000]. In
particular, the Fos and Jun dimerisation domains have been utilised to produce functional
soluble a3B1 [Eble et al., 1998] and aVBS5 [Mathias ez al., 1998]. In a similar approach,
the Fc portion of the human immunoglobulin (Ig) G y1 chain has been utilised to keep the
o and B subunits together, resulting in the production of functional soluble integrins
including a4P1 [Stephens et al., 2000], a5p1 [Coe ef al., 2001], and a4B7 [M. Travis,
Ph.D. 2004].

In this chapter I describe the construction, expression and characterisation of a soluble
a2f1 integrin heterodimer in which the extracellular domains of the o and B subunits were
linked covalently to separate Fc domains of the human y1 IgG. Firstly, DNA coding for
the entire ectodomain of integrin «2 was amplified by PCR and fused in-frame to the hinge
and Fc regions of the human IgG y1 chain. A similar construct expressing the entire
extracellular domain of integrin B1 cloned upstream of the human y1 Fc domain has been
previously described [Coe ef al., 2001]. Both expression plasmids were co-transfected into
a mammalian cell line, and the culture supernatants were examined for soluble wild-type

(wt) full-length (FL) a2B1-Fc expression using an Fc-capture ELISA assay.
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Figure 3.1. Diagrammatic illustration of the construction of the pEE12.2ho2 integrin
mammalian expression vector. The DNA coding for the a / integrin extracellular subunit
from residue 1 to residue 1129 was amplified in a two-step PCR reaction. The PCR-
generated fragments were designed to introduce a HindiWW and a Sail restriction site at the
5’ and the 3’ ends of the final full-length (FL) a/ PCR fragment respectively. This
allowed for ligation of the Hindll / San digested a2-FL fragment into enzyme pre-treated
pEE12.2hFc vector, upstream and in-frame with the cDNA ofIgGl Fc domain.
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To test if the recombinant integrin retained the native a2p1 fold, anti-human ¢2p1 integrin
monoclonal antibodies were examined for their ability to bind to the recombinant protein
in Fe-capture sandwich ELISA assays. Finally, the functional properties of the soluble Fc-

captured o231 were examined in collagen I binding solid-phase assays.

The N-terminal head domains of integrins have been shown to form the ligand-binding
pocket [Xiong et al., 2000; 2001, Xiao ef al., 2004], whereas the C-terminal extracellular
segments contain activation-regulatory domains important for bi-directional signal
transduction in cellular context [Kamata et al, 2005]. Removal of the C-terminal
extracellular integrin domains should produce a minimised integrin without affecting the
ligand-binding specificity, in a cell-free system. If successful, an engineered C-terminal
truncated o2 subunit co-expressed with a truncated f1 subunit, described by Coe et al.
(2001), would yield the first preparation of a truncated variant of a recombinant a2f1
integrin, A truncated soluble a5B1-Fc integrin has been previously described and studied
in integrin-ligand binding studies [Coe ef al, 2001]. The truncated a5P1 integrin had a
low constitutive ligand-binding activity compared to that of full-length a5p1 integrin when
captured onto Fc-coated ELISA plates. Moreover, mutations in the f1 A domain that
favoured the active conformation of o581 were exposed [Mould et al, 2003a]. In this
scenario, the effects of activating mutations on the ligand-binding activity of a2B1 could
be explored. In addition, the truncated B1 subunit has been engineered to incorporate a
number of inactivating mutations in the cation-binding sites [Mould et al., 2002, 2003b].
Therefore, truncated wild-type and mutated integrin variants would facilitate the studies of
putative control regions of the a2 subunit - 81 subunit interaction(s). The results of the

analyses of soluble integrin-Fc variants in solid-phase assays are presented in this chapter.

3.1 Production of soluble full-length a2pf1-F¢ integrin

3.1.1 Cloning of pEE12.2ha25"® mammalian expression vector

A 3.5 kb DNA fragment encoding the entire extracellular domain of human integrin o2

was amplified by two-step PCR using human integrin o2 cDNA as a template [Tuckwell et

al., 1995]. A two-step procedure was employed to remove an internal HindlIlI site in the

integrin o2 subunit by introducing a silent mutation at position 1987 bp with internal

primers in the first round of PCR. Two separate PCR fragments of approximately 2 kb and
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1.5 kb were generated as shown in Figure 3.1. Primers were designed to include a HindIll
restriction site at the 5’end of the 2 kb DNA fragment and a Sall restriction site at the
3’end of the 1.5kb DNA fragment. The two products were used in a second round of PCR
to amplify the full-length extracellular subunit of integrin a2 to amino acid (a.a.) Glu1129.
Agarose gel electrophoresis demonstrated the successful generation of the final PCR
product of 3.5 kb. DNA was excised from the agarose gel and purified. The purified DNA
was digested with Hindlll and Sa/l, and as a single band of 3.5 kb was produced, this
confirmed the removal of the internal HindIIl restriction site (Figure 3.2). The HindlIl -

Sall fragment permitted the directional in-frame cloning into the pre-treated expression
vector pEE12.2hFc.

The pEE12.2hFc vector backbone was isolated from the pEE12.2ha5 construct (a gift from
Dr. A. Coe, University of Manchester). Briefly, the a5 subunit was cut out with HindIIl
and Sa/l restriction endonucleases and the HindlIll — Sall digested pEE12.2hFc vector was
gel-purified to ensure separation of the vector. The purified product was run on an
analytical agarose gel to check that the bands were of the correct sizes and for estimation
of the amount of DNA present (Figure 3.2). Then, the Hindlll — Sall o2 fragment was
ligated to the digested pEE12.2hFc vector. The product of the ligation mixture was
transformed into E. coli XL1-Blue competent cells. Trausformed E. coli cells were
selected on LB agar plates containing ampicillin. More than 100 colonies grew on the
experimental plates, whereas no colonies grew on the negative control plates, indicating
that a high proportion of the transformants contained the insert. DNA was prepared from
overnight cultures of eight colonies and restriction digestion with HindIll and Sall
confirmed clones contained the 3.5 kb insert. Two positive integrin clones were fully
sequenced using the Big Dye™ dideoxy terminator kit and an ABI Prism DNA sequencer

to verify that no mutations had been inserted during the PCR process (data not shown).

Comparisons with the published sequence [Takada & Hemler, 1989] revealed that the two
clones differed from the published sequence at several positions. The two clones contained
the same mutations and it was concluded that the mutations were introduced in the
sequence at the initial stages of PCR amplification. As none of the sequenced clones
matched the published sequence, the two-step PCR was repeated using High Fidelity
polymerase. High Fidelity polymerase is a Taq polymerase that has a proof reading
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M kb M
Lane Contents - Hindill / Sail digested Expected Sizes (kb)

1 PCR a2-I - none 2.0

2 PCR a2-II - none 1.5

3 pEE12.2hFc 9.0

4 PCR a2-FL 3.5

5 pEE12.2ha2 9.0, 3.5

M HyperLadder I 0.2-10.0

Figure 3.2. Cloning of the integrin 02 extracellular domain into pEE12.2hFc¢
expression vector. PCR-generated DNA, a2-I (lane 1) and a2-II (lane 2) fragments,
were used to amplify a single DNA fragment encoding the extracellular a2 domain (a.a.
1-1129) (PCR a2-FL). Following Hindill / Sail restriction digest of the pEE12.2hFc
expression vector (lane3) and the PCR a2-FL fragment (lane 4), the two pieces were
ligated to produce pEE12.2a2. Hindill / Sail restriction digest of a pEE12.2a2 clone #5
is shown in lane 5. See table above for description of fragments’ sizes.
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activity. The final PCR product was purified, HindIll — Sall digested and ligated into pre-
treated pEE12.2hFc as described above. Following transformation of E. co/i XL1-Blue
competent cells, plasmid DNA purification and control restriction digests of 10
transformants, it was confirmed that all clones carried the correct size insert. Due to
limitations on the number of sequencing primers required to fully sequence the clones,
only three clones, picked at random, were sequenced. Sequencing of all clones showed
single nucleotide substitutions in the codons encoding Gly49 and Leu202 that resulted in
silent mutations. Thus, there were no amino acid changes in the o2 protein sequence. The
construct was designated pEE12.2ha2 and upon expression would be expected to produce
the extracellular domain of the human integrin a2 coding region up to amino acid E1129

fused to the hinge and Fc domain of IgG y1 chain.

3.1.2 Expression and analysis of soluble full-length 02B1-Fc integrin

In this study, the DNA encoding the extracellular domain of integrin o2 was fused
upstream of the Fc¢ region of human IgG y1 in the pEE12.2hFc plasmid. Variants of the 81
exiracellular domain have previously been cloned as similar Fe-fusion proteins in the
pV.16hI'c vector [Coe ef al., 2001]. The pEE12.2hFc and pV.16hFc¢ vectors have been
used in this laboratory to successfully produce soluble a5p1 integrin [Coe et al., 2001,
Mould et al., 2002] as well as recombinant o4p7 integrin [M. Travis, Ph.D. thesis 2004,

University of Manchester]. The above vectors have been designed to produce a fusion

protein consisting of the integrin subunit followed by the human IgG y1 Fc¢ domain. To
increase the likelihood of heterodimerisation of the Fc-chimeras, the CH3 domain of the Fc
coding regions of pEE12.2hFc and pV.16hFc have been engineered [Ridgway et al., 1996].
Briefly, residue 407 in the Fc of pEE12.2hFc has been changed from a tyrosine to a smaller
threonine residue creating a ‘hole’. Similarly, in the Fc of pV.16hFc, a threonine at
position 366 has been replaced by a bigger amino acid, a tyrosine, creating a ‘knob’. The

above amino acid substitutions aimed to favour the formation of heterodimers.

To generate soluble wt FL o:2p1-Fc integrin, the 025''® subunit expression vector was
transiently co-transfected with the $1°7 subunit expression vector into mammalian cells.
The recombinant fusion protein a2®'??31°7% _F¢ will be referred to as FL a2f1-Fc. A

schematic representation of the domain structure of the wt FL a231-Fc is shown in Figure
3.3.
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a) 1 1 21 31 41 51 61
1 8§!~Tx3SSP Tp 133C*!SEs "™ jgK* NVGLPEAKIF SGPSSEQFSY AVQQFINPKG NWLLVGSPWS 70
71 GFPENRMGDV YKCPVDLSTA TCEKLNLQTS TSIPNVTEMK TNMSLGLILT RNMGTGGFLT CGPLWAQQCG
141 NQYYTTGVCS J1SPDFQLSA SFSPATQPCPSLIDWWCD ESNSIYPWDA VKNFLEKFVQ GioiGPTKTQ 210
211 VGLIQYANNP RWFNLNTYK TKEEMIVATS QTSQYGGDLT NTFGAIQYAR KYAYSAASGG RRSATKVMW
281 VTDGESHDGS MLKAVIDQCN HDNILRFGIA VLGYLNRNAL DTKNLIKEIK A |ASIPTIRY FFNVSDEAAL
351 LEKAGTLGEQ IFSIEGTVQG GDNFQMEMSQ VG| SADYSSQ NDILMLGAVG AFGWSGTIVQ KTSHGHLIFP
421 KQAFDQILQD RNHSSYLGYS VAAISTGEST HFVAGAPRAN YTGQIVLYSV NENGNITVIQ AHRGDQIGSY
491 FGSVLCSVDV DKDTITDVLL VGAPMYMSDL KKEEGRVYLF TIKKGILGQH QFLEGPEGIE NTRFGSAIAA
561 LSDINMDGFN DVIVGSPLEN QNSGAVYIYN GHQGTIRTKY SQKILGSDGA FRSHLQYFGR SLDGYGDLNG
631 DSITDVSIGA FGQWQLWSQ SIADVAIEASFTPEKITLVN KNAQIILKLC FSAKFRPTKQ NNQVAIVYNI 700
701 TLDADGFSSR VTSRGLFKEN NERCLQKNMV VNQAQSCPEH IIYIQEPSDV VNSLDLRVDI SLENPGTSPA
771 LEAYSETAKV FSIPFHKDCG EDGLCISDLV LDVRQIPAAQ EQPFIVSNQN KRLTFSVTLK NKRESAYNTG
841 IWDFSENLF FASFSLPVDG TEVTCQVAAS QKSVACDVGY PALKREQQVT FTINFDFNLQ NLONQASLSF
911 QALSESQEEN KADNLVNLKI PLLYDAEIHLTRSTNINFYE ISSDGNVPSI VHSFEDVGPK FIFSLKVTTG 980
981 SVPVSMATVI IHIPQYTKEK NPLMYLTGVQ TDKAGDISCN ADINPLKIGQ TSSSVSFKSE NFRHTKELNC
1051 RTASCSNVTC WLKDVHMKGE YFVNVTTRIW NGTFASSTFQ TVQLTAAAEI NTYNPEIYVI EDNTVTIPLM
1121 IMKPDEKAgv PTGVIIGSII AGILLLLALV AILWKLGFFK RKYEKMTKNP DEIDETTELS s 1181
b) a A'domain
PA-domain'#
P propeUer
Extracellular Hybrid
Extracellular
a subunit Thigh
P subunit
Calf EGF-
repeats
Calf
P-TaU
Fe
c)
a2 a2 FL a2-Fc pi Pl FLpl-Fc¢ Fe
whole Extracellular soluble whole Extracellular soluble
kDa 165 121 147 130 114 140 26

Figure 3.3. The amino acid sequence of the human a2 integrin extracellular subunit.
a)DNA encoding the ectodomain of a2 subunit (residues 1-1129) was cloned in the
pEE12.2hFc vector. The initiation methionine is assigned number 1 in the protein
sequence, followed by a 29 a.a. long signal polypeptide, shown in grey. The a2 A domain
is highlighted in yellow. Residues shown in green, Gly49 and Leu202, contained silent
nucleotide base substitutions. Highlighted amino acids in cyan have been mutagenised to
alanines. Amino acid El 129 is highlighted in blue, b) Schematic representation of the
structure of the fiill-length a2pl-Fc integrin. Co-transfection of the subunit in
pEE12.2hFc and the subunit in pV.16hFc into CHO cells should produce a soluble
full-length a2pi-Fc integrin. The extracellular @ / subunit is fused to the Fc ‘hole domain’
(grey ovals), whereas the extracellular pi subunit is fused to the Fc ‘knob domain’ (grey

ovals with triangles) to aid a2pi heterodimerisation. c¢) Expected sizes of integrin a2pi
subunits- calculated in Prosite.
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To examine the expression of wt FL a231-Fc, small-scale transfections were carried out in
a 6-well plate format. To examine variability between clones, three clones of
pEE12.2ha2""?® were used in the initial investigations. Briefly, 2ug DNA of each of the
three plasmids expressing the o2 subunit were transfected simultaneously with 2pug DNA
of the Bl-expressing construct pV.16hB1°"® into Chinese Hamster Ovary L761h (CHO)
cells using the Lipofectamine 2000 method, similarly to the method described in section
2.2.4b. CHO L761h cells have been optimised for high protein secretion [Cockett et al.,
1991]. This mammalian cell line has been successfully utilised in the lab for the
expression of soluble a5B1-Fc¢ integrin. Therefore, CHO cells co-transfected with
pEE12.2ha5 and pV.16hB1°™, known to express wt FL a5 B1-Fc, were included in initial

experiments as positive controls. Mock transfections with no DNA were carried out as

negative controls.

The culture supernatants were harvested 72 hours post-transfection. In general, culture
medium was removed from each transfectant well, centrifuged to remove cell debris and
the supernatant was stored at 4 °C until further testing. Analysis of integrin-Fc expression
secreted in the media was undertaken in Fe-capture assays. Briefly, an anti-human y1 Fc
antibody is immobilised onto a 96-well ELISA microtiter plate. The wells are incubated
with a BSA blocking solution to reduce non-specific ligand binding. Next, Fc-containing
proteins are captured on the plate by the addition of neat transfection culture supernatant.
Detection of the Fc tag is accomplished with a peroxidase-conjugated anti-Fc antibody and
ABTS colorimetric development. Alternatively, the ability of the captured proteins to bind

to human anti-integrin monoclonal antibodies (mAbs) or integrin ligands can be tested.

Sequenced clones pEE12.2ha2#3, pEE12.2ha2#5 and pEE12.2ha2#7 were examined for
wt FL a2f1-Fc integrin production in Fe-capture ELISA assays. Figure 3.4 illustrates the
results of the Fc-capture analyses of the different clones of pEE12.2ha2E'*® co-expressed
with the pV.16h81°" construct in CHO cells. A polyclonal anti-Fc antibody detected the
presence of integrin-Fe proteins in all but the negative control (Figure 3.4a). Absorbance
readings for all clones were comparable to data obtained with the control a.5p1-Fc integrin,
demonstrating good expression levels for all recombinant Fe-fusion proteins. Clone #7

gave the highest Fc expression levels of all transfectants.
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Figure 3.4. Antibody and ligand binding to soluble FL Fc-tagged integrins. Culture
supernatants from CHO cells transfected with clones of a2[E1 129]pi[D708] integrin-Fc
DNA, a5[E951]pi[D708]-Fc and without DNA (mock) were analysed in Fc-capture
assays, performed in the presence of 1 mM M\ Binding was detected with a) 1pg/ml
anti-Fc antibody, b) 10 pg/ml integrin mAbs: anti-a2 (JA218, 10A4, Gi9), anti-a5
(mAb 16) or anti-pl (TS2/16) mAbs and c) with biotinylated ligand: collagen I (1 pg/ml)
or 50K fragment of fibronectin (Fn) (0.1 pg/ml). Bound mAbs were detected with the
appropriate HRP-conjugated secondary antibodies (1 pg/ml), whereas bound biotinylated
ligands were detected using ExtrAvidin-peroxidase. Absorbance (405 nm) values and
error bars represent the average and standard deviation ofthree readings.
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Using a number of human anti-o2 and anti-B1 specific mAbs the correct folding of the
recombinant o2B1-Fc integrin was also examined (Figure 3.4b). The a2f1-Fc integrins
produced by clones #3, #5 and #7 were detected with a panel of anti-a2 mAbs directed
against the a2 A domain, namely JA218, Gi%9 and 10A4. The mAb TS2/16 was utilised as
a specific probe for the $1 integrin subunit. Although the anti-o2 human integrin mAb
Gi9 showed high background binding to the mock control, all anti-a2 antibodies bound to
all three a2f31-Fc proteins at levels higher than the mock. The anti-R1 mAb antibody also
recognised all three a231-Fc recombinant proteins. In addition, none of the anti-a2 mAbs
recognised the control a5B1-Fc integrin, whereas the anti-31 TS2/16 mAb bound to the
a5P1-Fc integrin, as expected. The anti-a.5 monoclonal antibody, mAb16, bound to a5p1-
Fc but did not bind to any of the a2f31-Fc proteins.

The ligand-binding activity of the soluble wt FL a2f31-Fc integrin to biotinylated collagen
I was also investigated in Fc-capture solid-phase assays (Figure 3.4c). All three wt FL
a2p1-Fc recombinant integrins retained the ligand-binding ability and were able to bind
collagen I. Clone #5 expressing a2f1-Fc bound collagen I at high levels. No collagen I
binding was detected in the mock control. Recombinant a.5p1-Fc integrin also did not
bind biotinylated collagen I, but was able to bind to biotinylated 50K fragment of

fibronectin, an o581 integrin ligand.

In summary, all three of the recombinant a2p1-Fc¢ protein products of pEE12.2ha2#3,
pEE12.2hc2#5 and pEE12.2ha2#7 when co-expressed with pV.16h31°%, formed soluble
a2B1-Fc proteins that were recognised by the anti-o2 and anti-B1 integrin antibodies to a
similar extent. Moreover, all three of the a2p1-Fc proteins bound collagen I and were
therefore functional. Although pEE12.2ha2 clone #7 expressed high levels a2p1-Fc, this
Fe-fusion protein had low collagen I binding activity. Therefore, based on the ligand
binding data, pEE12.2ho2 clone #5 was selected as the best expressing construct for

subsequent experiments.

To characterise the recombinant protein further, the binding of a larger panel of anti-c2
and anti-B1 integrin antibodies to soluble wt FL a2f1-Fc integrin was examined. In the

experiment described in Figure 3.5, all of the anti-o2 and anti-B1 mAbs recognised the
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Figure 3.5. Antibody and ligand binding to soluble FL ot2pl-Fc integrin. Culture
supernatants from transfected CHO cells with the a2[E1129] subunit and/or the pi[D708]
subunit, and without DlNA (mock) were analysed in Fc-capture assays, performed in the
presence of 1 mM Mn . Recombinant proteins were detected with 5 pg/ml anti-a2 (JA218,
12F1,P1E6, 10A4, 3H14) antibodies, 5 pg/ml anti-pi (12G10, TS2/16, 8E3, 4B4)
antibodies, 1 pg/ml anti-Fc antibody or 1 pg/ml biotinylated collagen 1. Bound mAbs were
detected with anti-mouse HRP-conjugated secondary antibodies (1 pg/ml), whereas bound
biotinylated collagen was detected using ExtrAvidin-peroxidase. Absorbance (405 nm)
values and error bars represent the average and standard deviation of'three readings.
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recombinant heterodimeric protein well with comparable absorbance levels. The
individual integrin subunits were also able to be expressed in isolation, as taken from the
Fc binding data. Monomeric o integrin protein products failed to express the epitopes for
the anti-o2 mAbs. Subsequently, no ligand binding was observed to the a2-Fc integrin
subunit expressed in isolation, or to the B1 alone, as expected. In agreement to the data
presented in Figure 3.4c, the heterodimeric wt FL 21 integrin supported collagen I
binding in the presence of ImM Mn**. Moreover, when the functional recombinant
protein was examined for its collagen I binding ability in the presence of the Bl-activating
mAb 12G10, the collagen I binding levels of the recombinant wt FL, a2B1-Fc integrin
remained unaltered (Figure 3.5a). Thus, the soluble wt FL. at21-Fc integrin appeared to

be expressed in a high affinity activation state.

In conclusion, 025!'? sub-cloned in pEE12.hFc was co-transfected with pV.16h81°"% into
CHO L671h cells. Integrin o2 1-Fc expression, correct protein folding and ligand binding
were examined in  Fe-capture solid-phase assays. Three different clones of
pEE12.2ha2®'?® were examined and pEE12.2ha2"'%? clone #5 was favoured as it showed

high levels collagen I binding activity.

3.2 Production of soluble truncated a2f1-Fc integrin

The successful production of functional recombinant FL «2B1-Fc prompted the
construction of variants of a2f1 in an attempt to generate a truncated (TR) soluble a2p1-
Fc integrin that retained the folding and functionality of the native molecule.

3.2.1 Cloning of pEElZ.Zhor.Z1806 mammalian expression vector

Truncation points in the a2 subunit were chosen based on the previously described C-
terminal truncations of the minimal .5 subunit that has been shown to be functional. The
sequences of o2 and o5 were aligned using CLUSTALW (www.expasy.ch) and three
truncation sites were selected based on sequence comparisons. The truncation sites were at
K821, E811 and 1806 (Figure 3.6), yielding a soluble a2 subunit comprising the o2 p-
propeller, with the inserted o2 A domain, and the adjacent thigh domain but excluding the
calf-1, calf-2 domains, and as expected the transmembrane and cytoplasmic domains. The

truncated 31 subunit, kindly supplied by Dr. A. Coe, contains the B1 A domain, the hybrid
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av LIVGAFGVDRALLYRARPVITVNAGLEVYPS T NQDNKTCSLPGTALKVSCFNVRECLKA 511
o5 LIVGSFGVDKAVVYRGRPIVSASASLTIFPAMFNPEERSCSLEGND- -VACINLSFCLNA 531
oiib LIVGAYGANQVAVYRAQPVVKASVQLLVQDS - LNPAVKSCVLPQTKTPVSCFNIQMCVGA 524
a2 VSIGAFG- -QVVQLWSQS IADVAIEASFTPEKITLVNKNAQT TLKL- - - - CFSAKFRPTK 689
v DGKGVLPRKLNFQVELLLDKLKOKGAIRRALFLYSRSPSHSKNMTI SRGGLMQCEELIAY 571
s SGKHVAD- § IGFTVELQLDWQKQKGGVRRALFLASROATLTQTLL IONGAREDCREMKIY 590
aiib TG-HNIPQKT.SLNAELOLDRQKPRQG- RRVLLLGSQQAGTTLNLDLGGKHSPTCHTTMAF 582
02 ON- - -NQVAIVYNITLDADGFSSRVT- SRGLFKENNERCLQKNMVVN- -QAQOSCPEHIIY 743
oV LRDESEFRDKLTPITIFMEYRLDYRTAADTTGLQPILNQFTPANISROAHITLDCGEDNY 631
a5 LRNESEFRDKLSPIHIALNFSLDPQAPVDSHGLRPALHYQSKSRTEDKAQTLLDCGEDNT 650
aiib LRDEADFRDKLS PIVLSLNVSLPP- - - - TEAGMAPAVVLHGDTHVQEQTR TVL.DCGEDDYV 638
a2 IQEPS-~ - DVVNSLDLRVDISLEN- - - -~ PGTSPALEAYSETAKVFSIPFHKDCGEDGL 794
av dxekrdvsvp-- - - - SDQKKIYIGDDNPLTLIVKAQNQGEG-AYEAELIVSIPLQADFIG 685
as CVPDLQLEVF- - - - - GEQNHVYLGDKNALNLTFHAQNVGEGGAYEAELRVTAPPEAEYSG 705
aiib CVPQLQLTAS--- - - VIGSPLLVGADNVLELQMDAANEGEG- AYEAELAVHLPQGAHYMR 692
a2 crspLvLovrQlleanrolorrIvenonRLTFSVTLKNKRES - AYNTGIVVDFSENLFFAS 853
av VVRNNEALARLS CAFKTENQTRQVVCDLGNPMKAGTQLLAGLRFSVHQQSEMDTSVKFDL 745
as LVRHPGNFSSLSCDYFAVNQSRLLVCDLGNPMKAGASLWGGLRFTVPHLRDTKKTIQFDF 765
aiib ALSNVEGFERLICNQOKKENETRVVLCELGNPMKKNAQIGTAMLVSVGNLEEAGESVSFQL 752
02 FSLPVDG- TEVTCQVAASQKS - - VACDVGY PALKREQQVTFTINFDFNI.ONLONGASLSF 910
av QIQSSNLF-DKVSPVVSHKVDLAVLAAVEIRGVSSPDHIFLPT PNWEHKENPETEEDVGE 804
as QILSKNLN-NSQSDVVSFRLSVEAQAQVTLNGVSKPEAVLFPVSDWEPRDQPQKEEDLGP 824
aiib QIRSKNSQ-NPNSKIVLLDVPVRAEAQVELRGNSFPASLVVAAEEGEREQN- - SLDSWGP 809
02 QALSESQEENKADNLVNLKIPLLYDAETHLTRSTN- INFYEISSDGNVPSIVHSFEDVGP 969
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b)
A domain
T d . PA domain
runcate p-propeller Truncated
Hybrid
Fc
c)
a2 pi soluble FL.  soluble FL.  soluble TR  soluble TR
extracellular  extracellular a2-Fc PI-Fc a2-Fc pl-Fc
kDa 121 114 147 140 110 110

Figure 3.6. Truncation positions in human a2 integrin to produce the truncated
extracellular domain construct, a) The amino acid sequence of integrin a2 was aligned
with those of aV, allb, and a5 using CLUSTALW (accessed through www.expasv.ch/1.
Amino acids shown in the aV subunit sequence: in blue - the thigh domain, in sky blue
the calfl domain, boxed in cyan is the aV genu. Truncation positions are highlighted in
blue and were chosen based on the published structure of aVp3 to exclude the calf 1-2
domains of the a subunit. Integrin a2 DNA sequences were cloned in the pEE12.2hFc
expression vector, transiently expressed in CHO cells and tested for functionality. The
sorter applied sequence was represented by the DNA encoding the ectodomain of a2
subunit a.a. 1to a.a. 806. b) Schematic representation of the structure of the truncated wt
extracellular a2**"plM-Fc integrin. Co-transfection of the a2®" subunit in pEE12.2hFc
and the pl""™ subunit in pV.16hFc into CHO cells produced soluble ‘truncated’ wt a2pi-
Fc integrin. c) Expected sizes of'the integrin a2 pi subunits.
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and the PSI domain. Thus, the soluble truncated B1 subunit lacked the four EGF-repeats
and the B-tail domain. The cloning strategy to generate the truncated «2 integrin subunit
was essentially the same as described in section 3.2.1 except that the 3’ primers were
designed to anneal further upstream in the human integrin a2 ¢cDNA sequence. The same
restriction sites were incorporated into the PCR-generated fragments to permit cloning into
the pEE12.2hFc expression vector. Briefly, after removal of the internal HindIIl site, the
two sequences were joined in one piece and ligated into the cut pEE12.2hFc as a single
HindllI-Sall sequence. Transient co-transfection of a vector coding for the truncated a2
(generated in this study) with an existing vector coding for the truncated 1 subunit [Coe et
al., 2001] generated a soluble truncated o2f1-Fc integrin variant. Moreover, in order to
gain a better understanding of the interaction of the o and B subunits in regulating collagen
binding, a number of truncated a:2f31-Fc single mutants were generated in the truncated
a2B1-Fc integrin. Each mutant contained an amino acid substitution of a single residue
forming one of the B1 A domain cation-binding sites. Following the expression of the
single B1 mutations as part of the a2 1 recombinant integrin, the effects of the mutations
on the collagen-binding properties of a2B1-Fc were investigated in Fc-capture ELISA

assays, which are described in the sections below.

3.2.2 Expression and analysis of soluble truncated a21-Fc¢ integrin

The CHO L761h cells were utilised for the expression of soluble truncated «2f1-Fc
integrin, in the same manner as for the production of FL a2f1-Fc. The Lipofectamine
2000 reagent was used to co-transfect the truncated a2-Fc [K821, E811, I806] constructs
with the pV.16hFc vector carrying a truncated version of the B1 subunit (B17°®) [Coe et
al., 20017 in transient transfection experiments. All three recombinant a2f1 heterodimers
were expressed as functional proteins, as taken from the positive collagen I binding activity
in Fc-capture ELISA assays (data not shown). Therefore, the shortest C-terminal truncated
version of the soluble a2 subunit, 02", was chosen for further analysis. For simplicity

0218% is referred to as TR o2.

Anti-o2 and anti-B1 mAbs, used as probes of correct integrin folding, were found to bind
to the soluble TR a2P1-Fc in a similar manner compared to the wt FL a2p1-Fc integrin
(Figure 3.7). Moreover, the levels of binding to the different mAbs for both Fc-fusion
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Figure 3.7. Antibody and ligand binding to soluble 02pl-Fc integrin variants. Culture
supernatants from transfected CHO cells and a2”*“MpiVm
were analysed in Fc-capture assays, performed in the presence of 1 mM M1
Recombinant Fc-fusion integrins were detected in a) with 5 pg/ml anti-a2 (JA218, P1E6)
antibodies, 5 pg/ml anti-pl (12G10, 8E3) antibodies and 1 pg/ml anti-Fc antibody. In b)
detection was accomplished with 1 pg/ml biotinylated collagen I, either alone or with 10
pg/ml activating anti-pi (12G10, TS2/16) antibodies. Bound mAbs were detected with
anti-mouse HRP-conjugated secondary antibodies (1 pg/ml), whereas bound biotinylated
collagen was detected using ExtrAvidin-peroxidase. Absorbance (405 nm) values and
error bars represent the average and standard deviation of three readings. Non-specific
binding as estimated from the mock transfection has been incorporated in the calculations.
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integrins were almost identical. This was also true for a third integrin-Fc variant, which
was composed of the full-length a2-Fc integrin subunit dimerised to the truncated p1-Fc
integrin subunit [a2[FL] B1[TR] —Fc] that was also produced in transfected CHO cells.
The similar level of anti-human Fe binding (Figure 3.7a) suggested that the hybrid a2[FL]
BI[TR] —Fc integrin was expressed at similar protein levels to the FL and TR a2B1-Fc
integrins, whereas the identical profile of mAb binding of all three recombinant proteins

(Figure 3.7a) indicated that the «2[FL] B1[TR] —Fc integrin was also correctly folded.

The ligand binding data for the recombinant wt a2B1-Fc variants are shown in Figure 3.7a.
Fe-captured TR a2B1 and o2[FL] B1[TR] integrins were able to bind biotinylated collagen
I in the presence of 1 mM Mn*". In the presence of TS2/16, which is an anti-human Bl
stimulatory mAb that binds to the BA domain, collagen I binding increased by ~25% for
both of the two integrin variants that contained the truncated B1 subunit. The FL wt o2 1-
Fc appeared to have a fully activated form as the presence of the activating agent had no
effect on integrin activity. Surprisingly, upon addition of 5 pg/ml of the B1 activating
mAb 12G10, the levels of collagen binding to the Fe-tagged integrins decreased.

3.3 Effect of mutations in the Bl A domain cation-binding sites on

soluble truncated a2B1-Fc integrins

A number of B1 mutants have been generated in the pV.16hp17*> vector, expressed in
CHO cells and examined in a series of detailed investigations into a5p1-ligand binding
[Barton et al., 2004, Mould et al., 2003b]. The p1 mutations were designed based on the
structural homology between 33 and B1 A domains and were constructed in the truncated
B1 extracellular domain ending at residue Pro455. To study the role of the B1 A domain in
regulating the collagen I binding capacity of the a2 A domain, mutations that targeted
residues that form the f1 A domain cation-binding sites (Table 3.1) were selected to be

studied in the soluble a2P1 integrin expression system.
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Cation - R esid ues

binding

site

MIDAS B3 Aspl19 Serl21  Ser123  Glu220  Asp251
B1 Aspl30 Serl32  Serl34  Glu229  Asp259

mutation D130A

ADMIDAS 33 Serl123 Aspl26  Aspl27 Met335  Asp251
B1 Serl34 Aspl37  Aspl38  Ala341*% Asp259
ek
mutation D137A D138A
LIMBS B3 Aspl58 Asn215  Asp2l7 Pro219  Glu220
B1 Glule9 Asn224  Asp226  Pro228  Glu229
mutation EI69A D226A
E169D D226N

Table 3.1. Cation-binding sites in the f1 and B3 A domains and their coordinating
residues. Cation-binding site mutants made in $1 are shown in bold. Mutations were based
on B3 structure (as identified in the aVP3 crystal structures), -the cation-coordinating
residues in B3 are shown alongside the corresponding residues in 1. Residues found only
in the unliganded structure are marked with ‘*’ [Xiong et al., 2001] or residues found only
in the liganded structure are marked with ‘“**’ [Xiong et al, 2002]. The table was taken
from Mould et al., 2003b with the authors’ permission.
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Single amino acid mutations in the  subunit MIDAS have previously revealed a strict
requirement for the conserved DxSxS motif in integrin function [Bajt ef al., 1995; Hogg et
dl., 1999, Kamata et al, 1995a; Mathew et al., 2000; Mould ef al., 2002; Puzon-
McLaughlin & Takada, 1996]. In the present study, alanine substitution of the MIDAS
residue D130 was included in the investigations. The 31 ADMIDAS site contains residues
Ser134, Asp137, Aspl138 and Ala341 (or Asp259) (Table 3.1). The carboxylate oxygens
from the side chains of Aspl37 and Aspl38 coordinate the ADMIDAS metal ion and
mutation of either residue would be expected to abrogate cation binding to the ADMIDAS
site [Mould ef al, 2003b]. The third metal ion-binding site in the Bl subunit, the 1
LIMBS site contains residues Glu169, Asn224, Asp226, Glu229, and Pro228 (Table 3.1).
Of these residues Asn224 and Glu229 are integral residues of other B1 A domain sites in
addition to forming the LIMBS site, and Pro228 contributes only a backbone carbonyl.
The side chains of E169 and D226 are specific for the LIMBS. Hence, mutation of E169
or D226 to alanine would be expected to abrogate cation binding to the LIMBS site. The
E169D mutation is a conservative mutation. This mutation is unlikely to block cation
binding since an aspartate residue is present in place of glutamate in the other  subunits
(with the exception of $6). To summarise, the p1 MIDAS (D130A) and ADMIDAS
(D137A, D138A) mutations, also previously described in the recombinant o:5p1 integrin,
and the LIMBS mutations (D226A, E1694, E169D) were chosen to be examined in this
study.

First, the truncated single p17**° mutants were co-transfected with the wt TR o2"% in
CHO cells, as described for the wt FL and TR a2p1-Fc integrins to generate six different
a2f1 variants. Transfection with the wt FL or wt TR a2f1-Fc¢ served as a positive control
in subsequent analyses, whereas a mock transfection with no DNA added was used as a
negative control. After the culture supernatants were harvested from each transfectant,
supernatants were assayed for a2B1-Fc protein expression and correct protein folding in

Fe-capture ELISA assays.

All combinations of a2 and mutated B1 were successfully expressed as integrin-Fc fusion
proteins as assessed by polyclonal anti-human Fc antibody binding in solid-phase assays
(Figure 3.8, Figure 3.9), As seen in Figure 3.8a and Figure 3.9a, a series of anti-a2 mAbs

recognised all a2B1-Fc transfectants to a similar extent as the positive control, wt TR
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Figure 3.8. Antibody and ligand binding to soluble o2pl-Fc¢ integrin MIDAS,
ADMIDAS mutants. Culture supernatants from transfected CHO cells with
the pi MIDAS (D130A) and ADMIDAS (DI37A, D138A) mutations were analysed in
Fc-capture assays, performed in the presence of 1 mM M. Recombinant Fc-fusion
integrins were detected in a) with 5 pg/ml anti-a2 and with 1 pg/ml biotinylated collagen
I, in b) with 5 pg/ml anti-pl antibodies and 1 pg/ml anti-Fc antibody. Bound mAbs were
detected with anti-mouse HRP-conjugated secondary antibodies (I pg/ml), whereas bound
biotinylated collagen was detected using ExtrAvidin-peroxidase. Absorbance (405 nm)
values and error bars represent the average and standard deviation of three readings. Non-
specific binding as estimated from the mock transfection has been incorporated in the
calculations.
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Figure 3.9. Antibody and ligand binding to soluble o2pi-Fc integrin LIMBS
mutants. Culture supernatants from transfected CHO cells with the
LIMBS mutations were analysed in Fc-capture assays, performed in the presence of 1 mM
Mn™. Recombinant Fc-fusion integrins were detected in a) with 5 pg/ml anti-a2 and with
1 pg/ml biotinylated collagen I, in b) with 5 pg/ml anti-pl antibodies and 1 pg/ml anti-Fc
antibody. Bound mAbs were detected with anti-mouse HRP-conjugated secondary
antibodies (1 pg/ml), whereas bound biotinylated collagen was detected using ExtrAvidin-
peroxidase. Absorbance (405 nm) values and error bars represent the average and standard
deviation of three readings. Non-specific binding as estimated from the mock transfection
has been incorporated in the calculations.
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a2fB1-Fe. Likewise, for all integrin-Fc heterodimers, the anti-B1 mAbs (Figure 3.8b, 3.9b),
gave similar binding profiles to the positive control. Therefore it was concluded that each

of the integrin-Fc fusion proteins was folded correctly.

The collagen-binding activity of the recombinant soluble TR a231 integrins relative to that
of the wt TR 02B1 was also examined in an Fc-capture solid-phase assay. Of the six
mutated integrins, the 21 LIMBS E169D mutant bound biotinylated collagen I to the
same extent as the wt TR a2p1 (Figure 3.8a). In contrast, the 1 LIMBS E169A and
D226A mutants did not support collagen I binding. The B1 MIDAS D130A mutation also

abolished ligand binding, while both ADMIDAS mutants, D137A and D138A, bound
collagen I weakly, but above basal levels (Figure 3.9a).

This initial result was investigated further to test the effects of the stimulatory anti-human
monoclonal antibodies TS2/16 and 12G10 that bind to the 31 A domain. As shown in
Figure 3.10, the D130A, D226A and E169A mutants did not bind collagen under any
experimental condition, with or without antibody addition. The E169D LIMBS mutant
bound collagen in identical manner as the control wt TR «2f1-Fc¢. Thus, both the wild type
and E169D mutant bound collagen to the same extent in the absence of the activating
antibodies, while addition of 12G10 decreased collagen binding slightly from 2 to 1.75
(Asos nm). The ADMIDAS mutants D137A and D138A, supported low collagen binding
levels in the absence of the stimulatory antibodies, as observed previously. Upon addition
of 12G10 and TS2/16, the collagen I binding signal increased dramatically, with TS2/16
having a more potent effect. Similar findings were observed for all integrin mutants that
bound collagen, i.e. the highest collagen binding levels were obtained in the presence of

TS2/16. No signal was developed in the presence of EDTA, as expected.

110




Chapter 3 * Results

3.0 1
Collagen 1
plus 12G10
2.5 - plus TS2/16
plus EDTA
E
c
10
0
<
X
0.5 -
0.0 - 01— whhbU 1 1 I I

wta2pl D130A DI137A DI138A D226A E169A E169D

Figure 3.10. Collagen I to soluble TR o02pl-Fc integrin mutants. Culture supernatants
from transfected CHO cells, with were analysed in Fc-capture assays,
performed in the presence of 1 mM M. The ligand-binding activity ofthe recombinant
Fc-fusion integrin mutants was detected with 1 pg/ml biotinylated collagen I, either alone
or with 10 |ig/ml activating anti-pi (12G10, TS2/16) antibodies. 5 mM EDTA was also
included in the investigations. Bound biotinylated collagen was detected using
ExtrAvidin-peroxidase. Absorbance (405 nm) values and error bars represent the average
and standard deviation ofthree readings. Non-specific binding as estimated from the mock
transfection has been incorporated in the calculations.
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3.4 Quantification of expression levels for a2p1-Fc variants

To estimate the amount of soluble a2Pl-Fc integrins produced in each transient
transfection, the protein contents of transfection supematants were compared against
known concentrations of recombinant a5p1-Fc integrin (a gift from Dr. P.A. Mould).
Purified a5B1-Fc was diluted 10-200 ng/ml and captured on the anti-human Fc¢ pre-coated
ELISA plates. Recombinant a2B1-Fc integrins from neat culture supernatants were
diluted one-in-eight in the assay buffer and captured on the ELISA plate. To detect the
amount of integrin-Fc captured on each well a peroxidase-conjugated anti-human Fc
antibody was used. A standard curve was plotted for the purified a5p1-Fc and the relative

amounts of wt FL, wt TR and mutated a231-Fc were estimated by interpolation (Figure
3.11).

The estimated amounts of recombinant integrin expression varied from 0.8 — 1.2 pg/ml.
These results indicated that the a2 1-Fc integrins are produced in the transient transfection

system in good levels.
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TR 0.607 150 1200
TRDI130A 0.410 103 824
TRD137A 0.439 109 872
TRD138A 0.437 108 864
TR D226A 0.572 141 1128
TR E169A 0.606 149 1192
TR E169D 0.466 116 928

Figure 3.11. Quantification of soluble o2pi-Fc protein yields from transient
transfections, a) Known concentrations of aSpi-Fc integrin were detected with an anti-
human Fc-HRP antibody to draw a standard curve, b) Transfection culture supernatants
were diluted 1:8 and the approximate amount of a2pl-Fc in the supernatant was
interpolated from the aSpi-Fc standard curve, likewise to the examples shown for wt FL
andTR a2pi-Fc in the magenta lines.
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3.5 Purification of soluble a2B1-Fc¢ integrins

The soluble FL and TR o2P1-Fc integrins were purified from transfection culture
supernatants by Protein A — Sepharose chromatography as described in section 2.2.4c.
Fractions were collected and analysed by SDS-PAGE electrophoresis, followed by
Coomassie blue staining. In Figure 3.11a, purification of FL. a2p1-Fc was carried out
from 2 x T75 cm? flasks of transfected CHO cells, while twice as many cells as utilised for
the purification of TR a2f1-Fc¢ described in Figure 3.11b. The recombinant integrin
subunits, a2-Fc and B1-Fc, dimerised by disulphide bonds at the human Fc¢ domains
forming stable structures.

Under reducing conditions, a FL. a2-Fc protein of approximately 190 kDa (Figure 3.12a)
and a TR a2-Fe protein of 150 kDa were observed (Figure 3.12b). The molecular masses
of the bands differed from the calculated molecular weights of ~150 kDa for the FL a2-F¢
and 110 kDa for the TR a2-Fc (Figure 3.6¢). Therefore, the a2-Fc subunits resolved on
SDS-PAGE gels at higher points than expected. Recombinant soluble a2 1-Fc has been
previously reported to migrate at an apparent molecular mass of a 185 kDa fragment
corresponding to the a2 subunit [Kainoh & Tanaka, 2002]. The higher molecular weight
of the o2 integrin subunit suggested that this is due to glycosylation. The band
corresponding to the FL f1-Fc was 140 kDa (Figure 3.12a) and to the TR B1-Fc was 110
kDa (Figure 3.12b) as expected.

Because of the relative large volume of purified protein needed to be used in SDS-PAGE
analysis, it was decided that protein containing fractions were to be identified in Fc-capture

solid-phase assays by anti-a2p1 sandwich ELISA assays.

For further characterisation of the a2p1-Fe integrins, Protein A purified samples were
utilised in Western blotting experiments utilising an anti-human o2 A domain antibody,
JA212 (Figure 3.13). It also became apparent that the low pH used in the Protein A
purification method affected the stability of the soluble a2 1-Fc heterodimeric integrins.

Alternatively, storage of protein samples at 4 °C over a prolonged time may have led the

heterodimer to fall apart.
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Figure 3.12. Analysis of Protein A purified a) FL wt 02pi-Fc and b) TR wt <x2pl-Fc¢
integrins by SDS-PAGE electrophoresis. Purified protein samples were dissolved in
reducing SDS sample buffer, subjected to SDS-PAGE on 3-8% Tris - Acetate Novex gels,
and subsequently stained with Coomassie blue. Lane M: precision prestain protein
standards, lanel-9: Protein A chromatography fractions.
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° kDa

FL a2-Fc

TR a2-Fc

Fig 3.13. Western blotting of (x2 A domain-containing integrins. Purified GST-a2 A
domain, a2pi integrin, soluble FL a2pi-Fc and TR a2pl-Fc integrins were resolved by
non-reducing and reducing SDS-PAGE. Following protein transfer to nitrocellulose
membrane, the proteins were detected with JA212 anti-human a2 A domain mAh (10
pg/ml) and a peroxidase-conjugated secondary antibody (0.5 pg/ml). Molecular weight
markers are labelled on the membrane in kDa. Identity of protein bands is labelled on the
right.
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3.6 Summary

In this study the extracellular domains of human «2 integrin subunit and B1 subunit were
co-expressed as Fc-fusion proteins, in mammalian CHO cells, to produce a soluble o231
integrin heterodimer. Antibody binding to the recombinant a2p31 integrin using a panel of
monoclonal antibodies that recognise the native a2f1 integrin, suggested that the soluble
a2B1-Fc was folded correctly. Furthermore, the full-length extracellular soluble integrin,

FL a2p1-Fc, possessed the ability to bind to collagen I, and was therefore biologically
functional.

The successful production of the FL a2f31-Fc prompted the production of a novel soluble
o2 subunit that has been truncated in the C-terminal extracellular domain to amino acid
1806 to remove long-range regulatory elements involved in integrin activation and to
identify a minimised c:2p1 integrin that retained the structure and function of the native
integrin. The truncation of the o2 subunit was designed to exclude the calf-1 and calf-2
domains of the o2 subunit from the soluble integrin-Fc. Following co-expression with the
previously described truncated B17*°° subunit, the structure of the truncated 0:2p1, was

analysed in solid-phase assays. The truncated 2%

—Fc¢ subunit was successfully
dimerised with the truncated p17*°~Fc subunit in mammalian cells to generate TR o2f1-
Fc, a truncated soluble integrin. The data suggested that the recombinant truncated

integrin maintained the default high affinity state of the full-length «2p1 integrin.

To study the role of the Pl A domain in a2Pl-collagen binding, a site-directed
mutagenesis strategy was adopted. Six f1 A domain mutants were expressed as truncated
a2B1-Fc integrins and analysed for their ability to support ligand binding in Fc-capture
ELISA type assays. The 1 A domain mutants contained single amino acid mutations in
the cation-binding sites of the B1 subunit (i.e. LIMBS, MIDAS and ADMIDAS). Only the
control 31 E169D mutant was shown to be able to bind collagen I and to the same extent as
the wt TR 231 Fe-fusion protein. The ADMIDAS D137A and D138A mutants appeared

to exhibit low affinity for collagen I, whereas the LIMBS D226A and E169A mutants as
well as the MIDAS mutant lost the collagen I binding ability. The significance of each

mutation is discussed in chapter 6.
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Chapter
4.0 Characterisation of the regulatory properties of mutations

in the functional domains of soluble a2B1-Fc¢ integrin

In the previous chapter the production of soluble a2f31 integrins was described. Briefly,
recombinant a2f1 integrins were expressed transiently in a mammalian Fc-expression
system. The soluble integrins included af heterodimers containing the entire ectodomain
of a2p1, referred to as full-length (FL), or C-terminal truncated variants (TR} that lack the
calf 1-2 domains in the a2 subunit and the EGF repeats in the 81 subunit. Recombinant
proteins composed of the unmodified sequence of human integrin a2f1 (excluding silent
mutations introduced for cloning purposes) are referred to as wild-type (wt) proteins.
Analysis of the recombinant wt proteins in ELISA and ligand-binding solid-phase assays
suggested that the recombinant proteins retained structural and functional characteristics of
the parent 2B 1 integrin. In addition, truncated integrins with single amino acid mutations
of the B1 A domain cation-binding sites: MIDAS, ADMIDAS and LIMBS, were also
expressed. Mutations of the key residues that form part of the f1 cation-binding sites did
not perturb the overall structure of the mutated a21-Fc, as assessed by mAb binding
directed against the integrin subunits. However, in ligand-binding assays the single 1
mutants either did not bind collagen I or bound collagen very weakly. Thus, detailed
examination of the collagen I binding properties of the single p1 mutants in the TR a2p1-

Fc was not feasible.

To enable further study of «2Bl-collagen interactions, an activating mutation was
generated in the isolated a2 A domain and subsequently introduced in the a2-Fc construct.
This approach resulted in the generation of a series of double mutants, carrying a mutation
in the TR a2-Fc and a second mutation in the TR f1-Fc integrin subunit. The construction
of bacterial and mammalian expression vectors containing mutations in the integrin a2 A
domain is described in this chapter. The structural and functional analysis of soluble TR

a2p1-Fc¢ double mutants are also presented below.
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4.1 Production of recombinant 02 A domain proteins

The aim of'this part of'the project was to identify an ‘activating’ mutation that favoured the
primed conformation of the a2pl-Fc receptor. This would allow further studies of the
subunit interactions in the activated a2pi integrin by measuring collagen binding in solid-
phase assays. Since the a/ A domain is the principal collagen-binding domain of integrin
a2pl, it is the logical region to target for an activating mutation. In fact, studies of the
isolated aA domains of other integrins have previously identified activating mutations that
induce a high affinity integrin state in an allosteric manner. Such activating mutations,
located around the interface between the C-terminal a7-helix and the opposing p-sheet,
have been shown to increase ligand-binding affinity by stabilising the open aA domain
conformation relative to the closed conformation. In particular, the substitution of a
conserved isoleucine to a glycine has also been shown to produce constitutive activation in
all aA domains. [Vorup-Jensen et al., 2002; Huth et al., 2000; Xiong et al., 2000]. The
above data suggested that the same allosteric regulation would apply to other A domains
too. This provided the structural rationale for mutating this invariant isoleucine residue to

a glycine in the a / integrin; that is residue I1e332 in the a/ 4 domain (Figure 4.1).

al 317 ELALVTIVKTLGER A L ATADQSAAS EMEMS QTGFSAHYSQ
a2 318 EAALLEKAGTLGEQ FS I GTV-QGGDN QMEMS QVGFSADYSS
aD 301 FAALGSIQKQLQEK YA V GTQSRASSS QHEMS QEGFSTALTM
alo 318 EAALTDIVDALGDR FG L GSHAENESS GLEMS QIGFSTHRLK
all 313 EAALKDIVDALGDR FS L GTN-KNETS GLEMS QTGFSSHWE
aL 292 FEKLKDLFTELQKK YV I GTSKQDLTS NMELS SSGISADLSR
aM 302 FEALKTIQNQLREK A I GTQTGSSSS EHEMS QEGFSAAITS
ax 300 FDALKDIQNQLKE FA I GTETTSSSS ELEMA QEGFSAVFTP
akE 354 YMALDGLLSKLRYN1IS M GTV GDALHYQLA QEGFSAQIL%
a7 helix C-term linker B-propeller

Figure 4.1. Alignment of human aA domains C-terminal a7-helices and C-terminal
linker sequences. Conserved residues are highlighted in green, grey and pink. In the a2

A domain they correspond to [le332, Glu336, Phe345 and were selected for mutagenesis
studies.

The successful production of recombinant wild-type a/ 4 domain protein with similar
properties to the parent integrin has previously been achieved in this laboratory [Tuckwell
et al., 1995]. Therefore, the a2 A domain was used as a prototype in collagen I solid-

phase binding assays to examine the effect ofthe Ile332 to Gly substitution.
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In this section I describe the production of recombinant a2 A domain proteins in a
bacterial expression system. The coding region of human &2 A domain was amplified
from human o2 A domain cDNA, cloned into the pGEX-2T vector and two o2 A domain
variants, one unmodified and one mutated, were expressed as glutathione S-transferase
fusion proteins. Purified fusion proteins were initially characterised structurally in ELISA
assays with a panel of anti-o2 A domain antibodies. Next, the functional state of the
recombinant proteins was investigated in solid-phase assays by testing for collagen I

binding. The divalent cation dependency of each recombinant protein was also examined.

4.1.1 Cloning of a2 A domains into the pGEX-2T expression vector

As mentioned above, a functional a2 A domain protein has been cloned and expressed in
isolation in this laboratory by Tuckwell ez al. (1995). The above protein contained the
entire unmodified a2 A domain sequence and is referred here as ‘FI’. However, more
recently a truncated a2 A domain protein has been utilised successfully in crystallisation
trials by Emsley ef al. (2000). For the purposes of the present study I have produced the
truncated o2 A domain protein that comprises the unmodified, wild-type a2 A domain
sequence but differs in the amino acid chain length from the Fl a2 A domain originally
produced by Tuckwell ez al. (1995).

For cloning of the wt :2 A domain, a DNA sequence encoding residues Cys140 to Val339
was amplified by PCR from a human ¢cDNA clone contained in pGEX-2T vector, kindly
provided by Dr. D. Tuckwell (University of Manchester). A mutated a2 A domain'***
was also generated in parallel by including a substitution of isoleucine at position 332 to
glycine, in the 3’end amplification primer. Primers were designed so that all of the
amplification products would contain a BamHI restriction site at their 5’ends and a EcoRI
restriction site at their 3’ends. The reverse primers were also designed to introduce an in-
frame stop codon. The PCR products were digested with BamHI and EcoRI restriction
endonucleases and purified by excision of 0.6 kb bands from agarose gels. The purified
DNA was next ligated to BamHI / EcoRI digested pGEX-2T glutathione S-transferase
(GST) expression vector. The ligation mixtures were used to transform E. coli DHS5aF’
cells, and transformants were grown in LB-agar plates containing ampicillin. Ten colonies
were chosen at random and plasmid DNA was purified from overnight cultures. BamHI /

EcoRI restriction digests of purified DNA (Figure 4.2) confirmed that all the clones
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HL 9 100 11 12

Lane Bam\{\/ EtoRI digests Expected size (kb)
1 PCR a2A 0.6
2,10 pGEX-2T 4.9
3-8 pGEX a2 A "’ clones # 1-6 4.9, 0.6
9 PCR a2A dom"””’ [1332G] 0.6
11 pGEX a2 A[1332G] clone # 4.9, 0.6
12 pGEX a2 A““*”* [1332G] clone #2 4.9, 0.6
HL HyperLadder I 02-10.0

Figure 4.2. Agarose gel analysis of PCR-generated fragments used in the
construction of the vectors. PCR fragments of the wild-type and
mutated [1332G] a/ A domain encoding a.a. C140-V339 were amplified from human
al A domain cDNA in a single step PCR reaction. All PCR-generated fragments
were designed to include a BamRI[ and an £'coRI restriction site at their 5 and 3’ ends
respectively. This allowed for in-ffame insertion to the GST expression vector pGEX-
2T. All DNA fragments shown above were BamBIl / £coR1 digested. Restriction
digests of pGEXa2A ***>* clones generated correct size fragments. For content and
size description of each lane see the table above.
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contained the 0.6 kb insert. BamHI and EcoRI restriction digests of the PCR fragments,
the vector and of the clones containing the correct size inserts, are shown in Figure 4.2.
The DNA sequences of two clones per construct were checked by dideoxy DNA
sequencing and compared to the published a2 DNA sequence, confirming the absence of
mutations except for the engineered I1332G substitution in the mutated construct. In
conclusion, two variants of the o2 A domain encoding for amino acids C140-V339, a wt
and a mutant [I332G], were cloned in the pGEX-2T bacterial expression vector. These
expression vectors allowed the production of N-terminal GST-fusion o2 A domain
proteins (Figure 4.3). The constructs were designated pGEXa2A'"%% pGEXa2AM
3¥9113324].

4.1.2 Purification of GST-fusion a2 A domain proteins

Following transformation of the pGEXo2A plasmids into E. coli strain DH5aF’ cells,
bacterial cells were grown in one litre cultures as described in section 2.2.1a. Briefly, E.
coli bacterial cultures were induced with IPTG and allowed to express recombinant GST
fusion proteins for four hours. The cells were lysed by sonication and the GST-tagged o2
A domain proteins were purified from bacterial lysates by affinity chromatography on
glutathione-agarose columns. The collected fractions were analysed by SDS-PAGE
electrophoresis for GST-protein content and purity (Figure 4.4a). The purified proteins ran
as single bands of approximately 50 kDa under reducing conditions, and no major
contaminants were present. The purified GST-a2 A domains produced in this study are

illustrated in Figure 4.4b.

Based on the results of the SDS-PAGE analysis, fractions containing the GST-fusion
protein were collected, pooled together and dialysed against TBS. This step was necessary
for removal of the glutathione present in the elution buffer. Next, the GST-fusion protein
concentration was estimated using the BCA method. The yields of both recombinant o2 A

domains were similar. Typical yields from 1 litre bacterial cultures for the a2 A

140-339 140-339

domain were calculated in the order of 20 mg protein. The a2 A domain

[1332G] was expressed at slightly lower levels of 15 mg/1.
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Figure 4.3. Cloning the A domain of 02 integrin subunit in isolation, (@) Protein
sequence of the a2 integrin A domain, a-helices and p-strands secondary structures are
represented by bars and arrows respectively. The residues that comprise the MIDAS
motif are highlighted in magenta. Highlighted in green is the Ile332, which has been
mutated to a glycine for the generation of the mutated a2 A domain in the present study.
Residues Cysl40 and Val339, representing the starting and ending residues of the
recombinant a2 A domain, are highlighted in grey, (b) Schematic representation of the
GST-fusion a2 A domain proteins expressed in isolation in this study. = Numbers
represent the amino acid residues at the boundaries of the cloned a2 A domain protein
sequences.
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Figure 4.4. SDS-PAGE analysis of recombinant GST- 02 A domain proteins.
(a) GST - a2 A domainprotein purification by affinity chromatography. Lysate
from 1 Ibacterial culture was passed over a 5 ml glutathione-agarose column. Following
the wash step, the boimd proteins were eluted in 5 mM glutathione / 50 mM Tris pH 8.0.
Typically, 1.5 ml fractions were collected and 5 pL of each elution fraction was
analysed on 4 - 12% Bis-Tris Novex gels under reducing conditions. Lane M: SeeBlue
protein standards; F: 20 pi flow through; 2-9: 5 pi of elution fi*actions 2 to 9. (b)
Reducing SDS PAGE of purified a2 A-domain - GST proteins. Lane M: SeeBlue
protein standards; GST- a2 A domain proteins in lane-1’: a.a. 140-339, wt; 2’: a.a.
140-339 [1332G]; 3’: FI. SDS PAGE gels were developed with Coomasie blue stain.
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4.1.3 Functional analysis of the isolated a2 A domain

For the experiments testing protein folding and ligand binding activity of the recombinant
proteins, described in this section, the GST tag was not removed. To assess the structural
integrity of the recombinant o2 A domains, each protein was tested in ELISA with a panel
of five mAbs directed against the integrin a2 A domain (P1E6, Gi9, JA202, 12F1 and
JA218). All proteins were immobilised at 10 ug/ml. The antibody binding data for each
of the recombinant o2 A domain proteins are summarised in Figure 4.5. The a2 A domain
labelled ‘FI’ (encoding integrin amino acids 124-339), has been previously described and
fully characterised by Dr. D. Tuckwell in this laboratory. This functional recombinant .2
A domain was used as a positive control. The P1E6 and Gi9 mAbs recognised the
recombinant proteins to the same degree as the positive control. This was also true for the
JA202, 12F1 and JA218 mAbs that bound to all 02 A domains to the same extent. The
anti-o2 subunit mAb, 10A4, which binds outside the a2 A domain, was utilised as a
negative control and as expected did not bind to the a2 A domains. The anti-GST
polyclonal antibody was also included in the assay to normalise the amount of a2 A
domain immobilised in the plates. In conclusion, the above results suggested that the
isolated o2 A domains produced in this study as GST-fusion proteins were folded

correctly.

Next, the ligand binding ability of the recombinant a2 A domains was examined using
biotinylated collagen I in solid-phase assays. For the immobilisation of the purified
recombinant integrin domain in the initial experiments the &2 A domain variants were pre-
diluted in PBS(+) buffer [as supplied by Biowhittaker]. The above experiments were
performed with 1 pg/ml biotinylated collagen I, in the presence of 1 mM Mn**. Under
these conditions, 5 pg/ml of the mutated 02 A domain'**>*° [1332G] demonstrated high
levels of collagen I binding (Figure 4.6). However, under the same conditions, 20 ug/ml of
Fl and a2 A domain'*®** supported collagen I binding at very low levels (Figure 4.6). In
fact, Tuckwell ez al. (1995) used a preparation of 40 pg/ml Fl a2 A domain to demonstrate
collagen recognition in the binding assays. Taken together, the ability of the Fl and a2 A

domains'4%-3%

to bind ligand in conjunction with the functional data for the Fl a2 A
domain by Tuckwell et al. suggested that the two wild-type, unmodified A domains

proteins were not defective in ligand binding, but were expressed in a low activation state.

125




Chapter 4 » Results

1.8 n
7772 ¥I
1.6 . a2 A g 1030

c a2 A [1332G]
1.2 .
1.0 H
0.8 H
0.6
0.4 -
0.2

0.0
GST PIE6 Gi9 JA202 12F1 JA218 10A4

Figure 4.5. Antibody binding to recombinant 02 A domain proteins. The binding
(1)31; a2 A domain mAbs (PIE6, Gi9, JA202, 12F1, JA218) to recombinant a2 A domain'""’

proteins was examined in ELISA assays. Recombinant FI a2 A domain, previously
characterised by Tuckwell et al. (1995), was used as a positive control. The anti-a2
integrin mAb 10A4 epitope is located outside the A domain and was used as a negative
control. All a2 mAbs were used at 10 pg/ml. Detection with an anti-GST antibody was
used to normalise the data. Results are means + standard deviations (n=4) from two
experiments.
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Figure 4.6. Effect of increasing Mn*" concentration on the activation state of
recombinant 02 A domain proteins. Recombinant a/ A domains were immobilised onto
microtiter plates in the presence of PBS(+) or TBS buffer with increasing concentrations of
Mn™. The unmodified FI and a/ A domai™"®""* proteins were immobilised at 20 pg/ml,
the mutated a/ A domain*"\®""* [[332G], also referred to as CA, was used at 5 pg/ml. The
plates were blocked with 5% BSA and biotinylated collagen was added at 1 pg/ml in the
presence of 1 mM M. Unbound collagen was washed off, ExtrAvidin-peroxidase was
added and detection was carried out with ABTS. Absorbance (405 nm) values and error
bars represent the average and standard deviation from two experiments (n==8).
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In an effort to stimulate the binding of collagen I to the unmodified a2 A domains, the
effect of Mn>* cations on the activation state of the recombinant o2 A domains was
investigated further. Collagen I binding to the recombinant GST-fusion Fl a2 A domain
has been reported to be cation-dependent and similar to that of the parent integrin
[Tuckwell ez al., 1995]. Therefore, Mn?* was chosen as it is known to activate integrin
o2B1. The addition of manganese immediately prior to coating the microtiter wells with
the a2 A domain proteins was assessed (Figure 4.6.).

Addition of increasing concentrations of Mn?* to the F1 a2 A domain and 0.2 A domain'*""
3% preparations prior to immobilisation on the 96-well plates was found to increase levels
of collagen I binding in a dose-dependent manner. Conversely, addition of up to 5 mM
Mn?* only marginally increased the collagen I binding to the a2 A domain'*"** [1332G].

140-339

This suggested that the mutated «2 A domain [1332G] was expressed in a

constitutively active state with respect to collagen binding, whereas the unmodified a2 A

domains'4*-3%

and Fl proteins were expressed in a low affinity state and required
stimulation of activation by external agents. To discriminate between the two o2 A
domain encoding residues Cys140 to Val339, the mutated ¢:2 A domain is also referred to
as CA (constifutive active). Unless otherwise stated, subsequent experiments were
performed with 5 pg/ml immobilised CA o2 A domain in PBS(+) without the addition of
external divalent cations, or 20 pg/ml o2 A domain!*3¥

TBS and in the presence of 2 mM Mn** ions.

immobilised on solid-phase in

It has been previously reported that type I collagen binding to a2 A domain is supported
by Mn?* and Mg®" ions [Tuckwell et al., 1995]. This is consistent with the data displayed
in Figure 4.7. Mn*" jons supported greater levels of collagen I binding than Mg ions. In
contrast, Ca*" jons did not support collagen I binding to a2 A domain'*3* in the mM
concentration range. Consistent with the cation dependency of collagen binding to the
recombinant GST-tagged o2 A domains, addition of 10 mM EDTA greatly reduced
collagen I binding levels to BSA levels (Figure 4.7). The divalent cation dependency of

the collagen binding to the &2 A domain is examined in detailed investigations in Chapter
5.
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Figure 4.7. Divalent cation dependency of 02 A domain a.a. 140-339 binding to type I
collagen. Microtiter plates were coated with 20 p.g/ml a/ A domain. Increasing
concentrations of divalent cations (Mn™"", Ca™) or 5mM EDTA were incubated with
biotinylated collagen I. Unbound ligand was washed off, ExtrAvidin-peroxidase was added
and detection was carried out with ABTS. Absorbance readings were taken at 405 nm and
corrected for non-specific binding. Absorbance values are the average of four wells, the
error bars show the standard deviation ofthe four readings.
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4.1.4 The activating I332G mutation in o2 increased collagen binding

To investigate the functional characteristics of the recombinant wt and CA o2 A domains
produced in this study, collagen I binding over a range of concentrations was measured in
solid-phase ligand-binding assays. Collagen I binding to the immobilised o2 A domains
(coated in PBS9+)) was dose-dependent and could be saturated (Figure 4.8). Collagen I
showed a higher maximal binding to the CA o2 A domain than to the wt in all
concentrations tested (Figure 4.8). The data from three independent experiments testing
the binding of biotinylated collagen to the wt and CA o2 A domains were analysed by
curve fitting in Sigma Plot, version 8. The non-linear regression analysis program used to
fit the specific binding data as a function of ligand concentration, determined the apparent
affinity (Kq) for collagen as the concentration of collagen required to reach half-maximal
binding. The apparent affinity of the CA «2 A domain for collagen was estimated at 2.3 +
0.2 nM. The apparent affinity of the wt o2 A domain for collagen was 11.8 £ 0.14 nM.
Thus the CA a2 A domain showed approximately a 5-fold increase in affinity for collagen

compared to the wt a2 A domain.

Furthermore, to confirm the specificity of the CA o2 A domain, binding to the 50K
fragment of fibronectin was examined. Fibronectin, over the same concentration range as
collagen I, failed to bind to any of the recombinant o2 A domains, including the
constitutive active mutant (data not shown). The lack of 50K binding to the a2 A

domains was not surprising, as fibronectin is not a ligand for a2 A domains.

4.1.5 Summary

In this section I described the production of recombinant a2 A domain proteins in the
glutathione S-transferase expression system. The DNA coding for the ®2 A domains was
generated by PCR amplification, sub-cloned into the pGEX-2T expression vector and
expressed in bacteria. The two recombinant proteins produced to facilitate the present
study are the a2 A domain'*?* and the mutated a2 A domain'***[1332G]. Purification

of the recombinant «2A domain proteins on affinity chromatography columns resulted in
high yields of 10-20 mg/I.
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Figure 4.8. Apparent affinity (IQ) of 02 A domains for collagen I. Microtiter plates
were coated with 10 pg/ml of GST-fusion a2 A domains in PBS(+). Biotinylated collagen
I at varying concentrations was added in the presence of 1 mM Mn™. Bound biotinylated
collagen was detected using ExtrAvidin-peroxidase, followed by ABTS development.
Plates were read at 405 nm. Representative experiment showing the means (+ S.D.) of
three replicate wells. By non-linear regression analysis the IQ ofthe CA al/ A domain for
collagen was 2.3 + 0.2 nM, the IQ ofthe Wt a/ A domain for collagen was 11.8 + 0.14
nM.

131



Chapter 4 ® Results

The isolated a2 A domain GST-fusion proteins were assayed for their folded state and
ligand-binding abilities in solid-phase assays. A panel of five mAbs directed against the
human a2 A domain was shown to recognise the recombinant a2 A domains. The initial

weak collagen I -binding to the 2 A domain'**3**

observed in collagen I binding assays,
was optimised by the addition of 5 mM Mn>" cations in the solid-phase coating step.
Moreover, engineering the 11e332 to Gly substitution in the a2 A domain resulted in high
collagen I binding levels in the solid-phase assay. The 1332G mutation resulted in a high
affinity «2 A domain that did not require stimulation by additional Mn** cations.
Therefore, based on the divalent cation dependency of each recombinant protein, solid-
phase protocols were developed accordingly for each A domain to allow for detection of

collagen binding to the isolated integrin o2 A domains.

In conclusion, the above experiments established that the recombinant a2 A domains were
functional and had retained the functional characteristics of the parent a2f1 integrin.
Undoubtedly, examining the activation state of the a2 A domain in isolation as well as in

conjunction with the BA domain, in the context of this study will be instructive.

4.2 Production of a2-Fc¢ mutants as soluble truncated a2B1-Fc proteins

4.2.1 Cloning of mutated pEE12.2ha2"% constructs and expression of products in

mammalian cells

Next, the I332G substitution was introduced in the context of a2B1-Fc, and the effect of
the mutation on the collagen-binding ability of the «2f1-Fc was examined in Fc-capture
ELISA type assays. Furthermore, the effect of other a2 subunit mutations on the
functional ability of the soluble a2f31 holoreceptor were examined. Amino acids of
particular interest in o231 integrins are conserved residues such as Glu336 and Phe345,
located at the C-terminal end of the a2 A domain and the C-terminal loop linking the A
domain to the a2 B-propeller, respectively. The conserved glutamate Glu310 in the aL A
domain has been implicated in linking the oL to the 2 A domain with further implications
in the indirect regulation of the oA domain function by the BA domain. An amino acid
mutation disturbing the principal ligand-binding site in o2 A domain i.e. MIDAS (D151)

was also included in the investigations as a negative control.
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The mutations shown in Table 4.1 were introduced into the truncated a2 ¢cDNA by PCR.
The respective mutated 02" fragments (asterisk denoting a mutated subunit) were
inserted into the pEE12.2hFc plasmid as HindlIl / Sall fragments, likewise to the wt TR o2
expressing construct (Figure 4.9).

Table 4.1. Mutations introduced into the o2 subunit of TR a2p1-Fc integrin. Table
also showing the equivalent mutation points on ol integrin subunit and the effect on
ligand-binding integrin function.

Effect on oA domain Mutation on alL Equivalent  a.a. on o2
activation (substitutions in parenthesis)
Inactive Di137A DI151(A) [Kamata et af., 1994]
Constitutively active ~ I1306G [Huth ez al., 2000]  1332(G)
Inactive E310A [Yang et al., 2004] E336(A)
Not tested F320A F345(A)
Not tested 1306G/ E310A 1332(G) / E336(A)

For expression of the soluble a2-Fc mutants, pEE12.2ha2®%" were co-transfected with

pV16.hp17* into CHO L761h mammalian cells. Briefly, the Lipofectamine 2000 method
was used for small scale transient transfections; CHO cells were co-transfected with 2 pg
DNA of pV.16hp1™ and with 2 pg DNA of each of the mutated pEE12.2ha2"%¢"
construct. Transfection with the wt TR a2B1-Fc or wt FL a2 1-Fc was used as a positive
control in subsequent analysis. A mock transfection with no DNA added was performed in
parallel, and used as a negative control. Culture supernatants were recovered from each
transfectant well and the neat supernatants were assayed for a2p1-Fc protein expression,

correct protein folding and ligand binding on 96-well plates solid-phase assays.
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Figure 4.9. Agarose gel analysis of the mutated 02-Fc expressing constructs in
pEE12.202**®". Mutations were introduced into the TR a2¥®* cDNA by PCR. All
fragments were ligated in the pEE12.2hFc vector likewise to the unmodified &2"®" as
Hindill / SaR fragments. Shown in lane 5, the TR wt pi expressing construct utilised to co-
transfect CHO L761h cells for the generation of TR mutants.
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4.2.2 Analysis of folding and ligand binding properties of a2 mutants in truncated
o2B1-Fc integrins

To test for correct folding of the a2 mutants in a2 1-Fc, the binding of mAbs directed
against both integrin subunits was assessed in Fc-capture assays. The anti-a2 integrin
mAbs (JA218, 12F1), as well as the anti-B1 mAbs (12G10, TS2/16) recognised the a2
mutants in the TR a2f1-Fc integrin, comparable to the wt TR a2p1-Fc (Figure 4.10a)

positive control. In addition, the anti-human Fc antibody binding levels indicated that all

mutants were expressed at similar proteins levels to the positive control.

To examine ligand binding to the a2®°"B17***-F¢ mutants, recombinant-Fc integrin from
transfection supernatants were captured with anti-human Fc¢ antibody, and biotinylated
collagen I was added to the wells in the presence of 1 mM Mn*". Results demonstrated
that the a2 [I1332G] mutant bound collagen I (Figure 4.10b). It was also observed that
whereas the E336A mutation resulted in loss of collagen binding, the double 1332G /

E336A mutant was able to bind collagen to a similar extent as seen for the wt integrin. In
contrast, the remaining mutations introduced in the o2®%-Fc resulted in loss of the
collagen binding ability of the TR a2p1-Fc heterodimer. To examine whether collagen
binding could be induced by the addition of activating agents, the stimulating B1 integrin
mAbs 12G10 and TS2/16 were utilised. However, there was no change observed in the
ligand binding ability of the a2™°*"B17**.Fc mutants, with the exception of the 1332G
a2f31-Fc mutant, as no collagen I binding was promoted under any experimental condition.
The functionally active TR «2[I332G]B1-Fc mutant was chosen to continue the

investigations.

4.2.3 Collagen 1 binding of a2[1332G]B1-Fc integrin

Next, collagen I solid-phase assays were used to study the ligand-binding properties of the
TR o2[I332G]B1-Fc integrin in more detail. Experiments were carried out with neat
culture supernatants from transfected mammalian cells, in the presence of 1 mM Mn*"
unless otherwise stated. The wt FL and wt TR a2B1-F¢ proteins were included in the
experiments to complete profiling of the ligand-binding properties of the recombinant
a2B1-Fc integrins. As expected, collagen I bound to the a2B1 Fe-fusion integrins in the

presence of 1 mM Mn®" divalent cation alone, without external activating agents.
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Figure 4.10. Antibody (a) and ligand (b) binding to soluble TR Fc-tagged o2pl
integrins with mutation(s) in the 02 subunit. Culture supernatants from -
Fc transient transfections were analysed in Fc-capture assays, performed in the presence of
1 mM Mn . Binding was detected with 10 pg/ml integrin antibodies: anti-a2 (JA218,
12F1), anti-pl (12G10, TS2/16), and 1 pg/ml anti-Fc antibody or biotinylated collagen I (1
pg/ml) in the presence of the integrin activating mAh TS2/16 or alone. Bound mAbs were
detected with the appropriate HRP-conjugated secondary antibodies (1 pg/ml), whereas
bound biotinylated collagen was detected using ExtrAvidin-peroxidase. Absorbance (405

nm) values and error bars represent the average and standard deviation of one experiment
(n=4).
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Moreover, in the presence of the stimulating TS2/16 1 antibody collagen binding levels
did not increase further but remained at the same levels as for Mn®" only. These results
indicated that all three a2f1-Fc proteins examine in Figure 4.11a are expressed in a
constitutively active state. Surprisingly, in the presence of 12G10, a stimulating 31 LIBS

mADb, there was a 20% decrease in the binding levels of collagen.

To examine the specificity of collagen binding to the a2B1-Fc integrins, ligand binding
solid-phase assay was carried out in the presence of a2p1 inhibitors (Figure 4.11b). A
potent inhibitory antibody of 1 integrins, mAb13, abrogated collagen binding to both the
wt FLL and wt TR a2B1 integrins to basal binding levels (as taken from the EDTA
readings). However, mAb13 had only a minimal inhibitory effect (15%) on ¢2[1332G]p1-
collagen binding. The Gi9 inhibitory o2 mAb was also effective in reducing collagen
binding by 50% and 70% to the wt FL. and wt TR a2p1-Fc proteins respectively; but for
the @2 [1332G] B1-Fc integrin there was no more than a 28% decrease in the collagen
binding levels. Rhodocetin, a snake venom inhibitor of «2B1 integrins (a gift from Dr. J.
Eble, University of Munster, Germany), was the most effective agent in inhibiting collagen
binding to all the Fc-fusion integrins. There was a 55% decrease in the collagen binding
levels to the soluble a2[I1332G]B1 integrin, and a complete blockage of ligand binding to
the recombinant wt integrins. Collagen I binding was also dramatically reduced for the
integrins examined in the presence of EDTA (Figure 4.11a), demonstrating a cation-
dependent integrin-mediated ligand interaction.  Taken together the above data
demonstrated that the o2[I332G] mutant bound specifically to collagen I in a cation-

dependent manner.
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Figure 4.11. Effect of stimulatory (a) and inhibitory (b) reagents on the collagen I
binding to oipi-Fc variants. Culture supernatants from transfected CHO cells with
A 2M 129pi 0708 "27*+06piP455 a2™*®MNI332Glpl  were analysed in Fc-capture assays,
performed in the presence of | mM M. In (a) the recombinant proteins were examined
for their capacity to bind collagen in the presence of 10 pg/ml anti-pi activating mAbs
12G10 and TS2/16. Binding to the anti-Fc antibody is included as an approximate
indicative of the expression levels of each protein. In (b) the specificity binding of
collagen I was examined in the presence of 10 pg/ml inhibitory anti-pi (mAb 13) and anti-
a2 (Gi9) mAbs and 0.79 nM rhodocetin. Absorbance (405 nm) values and error bars
represent the average and standard deviation from one experiment (n=4).
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4.3 Analysis of the activatory effect of a2{I332G] mutation on a2p1-Fc
function — the series of TR a2[I332G]|B1*-Fc¢ double mutants

4.3.1 Expression and folding of the TR a2[I332G]p1*-Fc double mutants

An activating a2 mutation as part of the whole a2B1 integrin heterodimer would be a
useful tool to study further the inactivating f1 mutations examined in Chapter 3. If the
I332G mutation regulates allosterically the collagen-binding o2 A domain activity, then
the I332G substitution should rescue the ability of the f1 A domain mutants to bind to
collagen 1. In order to investigate this hypothesis, the TR a2[I1332G]-F¢ subunit was co-
expressed with the mutated f1-Fc subunits in CHO L761h cells. The resulting six TR

o2f31-Fc double mutants (shown in Figure 4.12) were examined for expression, correct

folding and ligand binding ability in solid-phase assays.

abbreviations
B17%* [D130A] I/D130A
B17¥3* [D137A] } I/D137A
6 (1330 p1™" [D138A] I/D138A
a2 [1332G] oasss
P [D226A] I/D226A
B1F5" [E169A] I/E169A
B17%* [E169D] I/E169D

Figure 4.12. The series of the TR a2 [I332G] B1*-Fc¢ double mutants. Residues in
superscript denote the last amino acid of the human integrin o/B subunit in the cloned
sequence. Asterisks identify mutated integrin subunit, residues in brackets specify the
mutation. Each abbreviation describe the mutation in o / the mutation in the B subunit of
the integrin heterodimer. The ‘I’ is for the 332G mutation in the o2 subunit.

ELISA sandwich assays were used as previously described to examine the Fc-capture
integrins. Antibody binding to «2™**{I332G]B1*% -Fc is also shown as positive control.
All six double integrin mutants expressed the epitopes for a panel of anti-o2 and anti-B1

mAbs (Figures 4.13). These results indicated that all TR a2p1-Fc double mutants were

expressed in CHO transfectants and were folded correctly.
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Figure 4.13. Antibody binding to soluble TR 02[I332G]pi-Fc integrin mutants.
Culture supernatants from transfected CHO cells with the pi
MIDAS (D103A), ADMIDAS (D137A, D138A) or LIMBS (D226A, E169A, E169D)
mutations were analysed in Fc-capture assays, performed in the presence of I mM M"™.
Recombinant Fc-fusion integrins were detected in a) with 5 pg/ml anti-a2 antibodies, and
in b) with 5 pg/ml anti-pi antibodies and 1 pg/ml anti-Fc antibody. Bound mAbs were
detected with anti-mouse HRP-conjugated secondary antibodies (1 pg/ml). Absorbance
(405 nm) values and error bars represent the average and standard deviation from one

experiment (n=4). Non-specific binding as estimated from the mock transfection has been
incorporated in the calculations.

140



Chapter 4 » Results

2.5 -
a) I I Collagen I
2.0 .
1.5 -
E
C
10
o
< 10
JL.
0.5 -
0.0 | S I | S S S —
1/pl I/DI130A I/D137A 1/D138A 1/D226A T1T/E169A T1/E169D
2.5 n
Collagen
b)
2.0
1.5 -
in
0
<
1.0 X.
0.5 -
0.0
wt pi D130A DI137A DI138A D226A E169A E169D

Figure 4.14. The 02[I332G] mutation rescued the collagen I ability of the TR
02[I332G]pi* integrin double mutants, a) Culture supernatants from transfected CHO
cells with a2 “* [1332G]|3F%" containing the pi MIDAS (D103A), ADMIDAS (D137A,
D138A) or LIMBS (D226A, E169A, E169D) mutations were analysed in Fc-capture
assays, performed in the presence of 1 mM Mn™. b) The collagen I binding data for the
mutated 2*®" [wtlpi*""*-Fc integrins (replicated from Figure 3.10) are shown for
comparisons with panel a). Recombinant Fc-fusion integrins were detected in with 1
lig/ml biotinylated collagen 1. Bound biotinylated collagen was detected using
ExtrAvidin-peroxidase. Absorbance (405 nm) values and error bars represent the average
and standard deviation from one experiment (n=4). Non-specific binding as estimated
from the mock transfection has been incorporated in the calculations.
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4.3.2 Collagen I binding to the TR a2[I332G]B1*-Fc double mutants

Following confirmation of correct protein structure, the ability of the double mutants to
bind collagen I was examined in solid-phase assays. CHO cell transfection culture
supernatants were captured with anti-human Fc antibody and collagen I was added to the
wells in 1 mM Mn?*. As seen in Figure 4.14 the double 332G / B1 A domain a2p1-Fc
mutants were able to support collagen I binding at comparable levels to the positive
control. The a2[I1332G]-Fc subunit combined with either of the f1 ADMIDAS mutants,
D137A or D138A, enhanced the low collagen binding levels of the mutated a2B1-Fc
dimer (described in Figure 3.10) to similar binding levels observed for the positive control.
More importantly, the f1 MIDAS (D130A) and both the B1 LIMBS (D226A, E169A)
mutants gained collagen I binding ability when expressed in conjunction with the TR
02{1332G]-Fc mutant. Ligand binding in the presence of the $1 mAbs 12G10 and TS2/16
was also examined in parallel (Figure 4.15). Upon addition of the LIBS mAb 12G10 there
was a small decrease in the levels of collagen binding, whereas upon addition of the 1
stimulatory TS2/16 mAb the collagen binding levels for all a2B1-Fc variants were at the

same order as collagen alone. Thus, upon addition of the TS2/16 there was no further

stimulation of collagen binding.

The above results indicated that the I1332G substitution is a gain-of-function mutation.
Subsequent studies using the double 1332G / B1 A domain a2B1-Fc mutants attempted to
elucidate the role of the subtle conformational changes that occur in the BA domain of

o2B1 and can regulate ligand binding,
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Figure 4.15. Collagen I binding to soluble TR 02[I332G]pl*-Fc integrin double
mutants. Culture supernatants from transfected CHO cells with the
pi mutated at the LIMBS (D226A, E169A, E169D), MIDAS (D103A) or ADMIDAS
(D137A, D138A) site were analysed in Fc-capture assays, performed in the presence of 1
mM M. The capacity of collagen I binding was examined in the presence of 10 pg/ml
activating anti-pi antibodies, 12G10 and TS2/16. Bound biotinylated collagen was
detected using ExtrAvidin-peroxidase. Absorbance (405 nm) values and error bars
represent the average and standard deviation from one experiment (n=4). Non-specific
binding as estimated from the mock transfection has been incorporated in the calculations.
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4.3.3 Apparent affinities of TR a2[I332G]B1%*-Fc variants for collagen

To estimate the apparent affinity (K4) of recombinant integrin-collagen I interaction, Fc
captured integrin variants from culture supernatant were tested in the collagen I binding
ELISA. Collagen was added to the wells at a concentration range of 0.01 - 10 pg/ml, in
the presence of 1 mM Mn®", and the absorbance readings corresponding to the collagen I
binding levels were analysed by the one-site saturation, non-linear regression analysis
program in Sigma Plot, version 8. Representative experiments are shown in Figure 4.16
and 4.17. The K4 values for the interactions were determined as the concentration of
collagen to obtain half-maximal binding. The Ky values for the binding of recombinant
soluble integrins to collagen varied from approximately 1.0 nM to 10 nM (summarised in
Table 4.2).

Table 4.2. Apparent affinities for collagen I to solid-phase o2f1-Fc integrins.
Apparent affinity (Kq) values were estimated by non-linear regression analysis and reflect
the concentration of collagen required for half-maximal ligand binding. Data shown are
the average values = S.D. from three individual experiments for each recombinant integrin.

Kq (aM) +8.D.
FL 0.92 0.16
TR 1.52 0.23
02[1332G] 1 1.07 0.06
a2[1332G]] B1[D130A] 9.92 1.32
a2[1332G] B1[D137A) 8.17 214
a2[1332G] B1[D138A] 2.94 0.29
02[1332G] B1[D226A] 6.22 125
a2[1332G] B1[E169A] 4.87 0.60
02[1332G] p1 E169D] 1.17 0.06
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Figure 4.16. Apparent affinity (IQ) of soluble (x2pI-Fc¢ integrins for collagen I
Soluble integrins-Fec: and a2 * [I332G]pi"“” , were captured
into 96-well plates pre-coated with the anti-human Fc antibody. Biotinylated collagen I at
varying concentrations was added in the presence of 1 mM Mn™. Bound biotinylated
collagen was detected using ExtrAvidin-peroxidase. Representative experiment showing
mean (£ S.D.) of four replicate wells. By non-linear regression analysis the Kd values for
collagen were: to FL wt a2pi-Fc, 0.92 £0.16 nM; to TR wt a2pl-Fc, 1.52 = 0.23 nM; to
TR a2[1332G]pi-Fe, 1.07 = 0.06 nM.
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Figure 4.17. Apparent affinity (Kd) of I1332G series of 02pl-Fc¢ double mutants for
collagen I. Mutated integrins-Fc in a2**®YI332G]pP"** , were captured into 96-well
plates pre-coated with the anti-human Fc antibody. Biotinylated collagen I at varying
concentrations was added in the presence of 1 mM M\ Bound biotinylated collagen was
detected using ExtrAvidin-peroxidase. Representative experiment showing mean (= S.D.)
of four replicate wells. The apparent affinities for collagen are summarised in Table 4.2.
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The apparent affinities of the wt FL and wt TR a2B1-Fc for collagen were estimated at
0.92 + 0.16 nM and 1.52 + 0.23 nM, respectively. Thus, the truncation of the C-terminal
extracellular a2 and Pl subunits decreased the affinity of the wt soluble integrin for
collagen by approximately a two-fold. In the case of the I1332G mutant, which is also a
truncated o2P1-Fc integrin, the affinity for collagen was estimated at 1.07 = 0.06 nM.
This suggested that the wt FL «2B1-Fc and a2[I332G]B1-Fc integrins interacted with

collagen with a similar affinity.

In contrast, the broad range (1.0 - 10 nM) of K4 values for collagen to the double a2f31-Fc
mutants suggested a great variation in affinities between the different f1 A domain
mutants. The pl1 MIDAS and DI37A ADMIDAS o2[I332G]B1-Fc double mutants
required the highest concentrations of collagen to reach saturation, as taken from K4 values
0of 9.9 + 1.32 nM and 8.1 & 2.1 nM, respectively. That is an 8—fold decrease in collagen-
binding affinity relative to the a2[I1332G]B1-Fc integrin, though, the D138A ADMIDAS
mutant (Kgq~ 2.9 nM) showed only a 2.7-fold decrease in collagen affinity compared to
a2[1332G]B1-Fc. Moreover, with an estimated Ky for collagen at 1.17 + 0.06 nM, the
E169D a2[I332G]B1-Fc LIMBS integrin revealed a similar affinity for collagen to the
a2[1332G]B1-Fe (K4~ 1.07 nM). However, the concentration of collagen that gave 50%
binding for the D226A and E169A o2[I332G] B1[LIMBS]-Fc mutants were estimated at
6.2 = 1.2 nM and 4.8 + 0.7 nM. These results showed that the 1 A domain mutations
which disrupted the cation-binding sites, had a significant negative effect on the apparent

affinity of the a2B1 integrin for collagen.

The above data also suggested that collagen I at around 1.0 pug/ml is the ideal concentration
for further testing. The binding of collagen type I to Fc captured a2B1 increased with
increasing concentrations of collagen and reached saturation at approximate 2 pg/ml
collagen I. At 0.5 -1 pg/ml collagen I, the binding to the a2f31 variants was not saturated
but corresponded approximately to the half-maximal level of binding. This would allow

for optimal promotion or inhibition of binding by cations to be observed.
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4.4 Summary

The collagen-binding abilities of a2f1 variants carrying mutations in the a2 integrin
subunit were examined in this section. The I332G activating mutation, which resulted in
high collagen binding to the isolated a2 A domain, was shown to affect the concentration
of collagen required for half-maximal ligand binding. This activating mutation in the a2
subunit was co-expressed with each of the inactivating B1 cation-binding mutations,
described in Chapter 3, as soluble a2p1-Fc integrins. The 1332G / Bl A domain double
mutants were analysed for their ability to support ligand binding in Fc-capture ELISA type
assays. The results showed that the I332G mutation rescued the ability of the double
mutants to bind collagen. Thus, the effect of allosteric activation of a2f1-collagen binding

was shown to dominate the inhibitory modulation by the BA domain.

A summary of the collagen binding ability of the recombinant integrins is shown in Table
4.3,

Table 4.3. Summary of the collagen I binding ability of the single and double a2p1
integrin-F¢ mutants. The Bl A domain single mutants compromised or abolished
collagen I binding. The double I332G / 1 A domain a21 mutants gained the collagen I
binding function. Symbols indicate ‘+’, ability to bind; ‘-’, no binding ability; -/’
weak interaction.

R a2-Fe Tntegrin-Fe
wt 1332G
T T Wi pl-Fo
i . B1 [D130A] -Fe
i " p1 [DI37A] - Fe
e + B1 [D138A] ~Fe
. + B1 [D226A] —Fc
- + B1 [E169A] -Fe
+ + B1 [E169D] -Fe
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Chapter
5.0 Effect of cations on collagen I binding to a2p1-Fc

integrins
In this study, a soluble form of o2P1 integrin has been generated in a mammalian
expression system as an Fc-fusion protein. The recombinant integrin retained the structure
and most importantly the function of the whole a2p1 integrin. Following the successful
production of wild-type recombinant integrin variants, mutations were introduced in either
or both integrin subunits to study the interactions between the o2 and B1 subunits of this
heteroreceptor. In chapter 3, single mutations in the MIDAS, ADMIDAS and LIMBS
cation-binding sites of B1 A domain were shown to perturb type I collagen binding to the
o2f31-Fc mutants. Thus, the functional properties of the single B1 A domain 21 mutants
could not be studied further in solid phase collagen-binding assays. However, a mutation
in the a2 A domain, Ile332Gly, described in chapter 4, was shown to have an activating
effect in the context of f1 A domain ¢:2f1-Fc mutants. The resulting double I1332G / B1 A
domain a2 1-Fc mutants offered the opportunity to examine the functional significance of
the 1 A domain cation-binding sites in relation to the collagen-binding activity of an aA-
containing integrin such as a2B1. The effect of the B1 cation-binding site mutations on the

specificity and requirement for cations in collagen binding is examined in this chapter, and

compared to the wt 2P 1 integrin.

5.1 The effect of Mn®", Mg”" or Ca*" on collagen X binding

Having shown that the recombinant 2Pl interaction with collagen required divalent
cations, I investigated in greater detail the ability of the a2B 1-Fc integrins to bind collagen
I in the presence of Mn?*, Mg®" or Ca®" cations. To study the divalent cation
dependency/specificity on integrin-ligand interactions these experiments were conducted
with buffers that have been filtered through a Chelex column to ensure removal of minute
traces of cations from the assay buffers (Methods, 2.2.6¢). Binding measured for
immobilised integrins to 1-2 ug/ml biotinylated collagen I alone, without the addition of
divalent cations in the collagen preparation, was minimal and was assumed as background

binding. This was subtracted from all readings used for the statistical analysis.
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The ability of each integrin to bind collagen was measured across a range of increasing
Mn?*, Mg or Ca®" cation concentrations and the collagen-binding data were processed by
a computer-based, non-linear regression analysis program in Sigma Plot, version 8. The
one-site saturation equation was used to fit the data to binding curves and calculate the
apparent affinity (Kg) of each cation, which reflects the concentration of cation required for
half-maximal ligand binding. Representative examples of the binding curves from single

experiments are shown in Figures 5.1 - 5.6.

First, the binding of intact, native a2P1 integrin to collagen in the presence of different
divalent cations was examined. In a typical integrin-ligand interaction, binding was
supported by Mn”* and Mg?" divalent cations, but not by Ca?* (Figure 5.1a). The binding
curve of 2P 1 reached a plateau at a much lower concentration of Mn?* than that of Mg*".
The K4 values of ai2B1 were determined at 34 + 16 uM for Mn®>* and 2.6 + 1 mM for Mg?".
Thus, integrin a2f31 showed a 75-fold greater affinity when 1 ug/ml collagen was added in
the presence of Mn*" in comparison to Mg*". Purified wt 02 A domain was examined
next. Compared to the whole w2p1 integrin, the cation binding profile of the a2 A
domain-collagen (Figure 5.1b) showed a clear difference in the Mg?*-supported collagen
binding. One-site saturation statistical analysis of the data estimated that the amount of
Mn”" and Mg®" required for half-maximal collagen binding was approximately 25 - 8 uM
and 45 £ 14 pM, respectively. Thus, the MIDAS on the a2 A domain bound Mn?>* and

Mg*" with similar affinities.

The Fe-captured integrins were then examined for their collagen-binding properties in the
presence of increasing concentrations of divalent cations by Fc-capture ELISA type assays.
For all functional recombinant a2P1 integrins examined, collagen-binding in the presence
of Mn** or Mg** was dose-dependent and saturable, which allowed for the estimation of Kg
values. However, as observed for the intact a2p1, Ca®" ions did not support the binding of
collagen to any of the soluble o2f1-Fc integrins. Hence, it was not possible to obtain an

indication of the relative affinity of recombinant o2B1 integrins for collagen in the

+
presence of Ca*",
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Figure 5.1. Effect of divalent cations on the binding of collagen I to purified oipi (a)
and GST-02 A domain (b). Assays were performed using purified whole a2pi integrin
and GST-a2 A domain. Binding of collagen I was measured in the presence of varying
concentrations of M\, Mg""\ or Ca™. Absorbance values and error bars represent the
average and S.D. of four readings. By non-linear regression analyses the mean Kd values
ofa2pl were: for Mn*= 0.0344 £+ 0.01 mM; for Mg"=2.67 = 1.0 mM; ofa/ A domain
for M= 0.025 £ 0.008 mM, for Mg""*=0.045 + 0.01 mM.
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Figure 5.2. Effect of divalent cations on the binding of collagen I to FL. wt 02pl-Fc
(a) and TR o2pi-Fc¢ (b). Assays were performed using Fc-captured integrin from
culture supernatants. Binding of collagen I was measured in the presence of varying
concentrations of M, Mg, or C¥"". Absorbance values and error bars represent the
average and S.D. of four readings. By non-linear regression analyses the mean Kd
values of FL a2pi-Fc¢ were for Mn™= 0.063 £+ 0.007 mM; for Mg™= 1.67 £ 0.23 mM,;
of TR a2pi-Fc were for Mn*= 0.109 + 0.031 mM, Mg*=4.0 £1.1 mM.
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A similar profile of cation binding was observed for the wt FL and wt TR a2p1-Fc,
relative to each other and to the whole 21 integrin. The binding curves for the wt «2f31-
Fc integrins (Figure 5.2) showed that Mn®* supported the highest levels of binding, with a
significant difference compared to the Mg?*-supported collagen-binding levels. In
particular, Mn?*-supported collagen binding to wt FL and wt TR a2fB1-Fc showed half-
maximal binding at 63 + 7 uM and 100 * 31 pM Mn?", respectively. The K4 value of wt
FL a2Bl-collagen for Mg*" was calculated at 1.6 £ 0.2 mM. Yet, increasing Mg
concentrations up to 8.0 mM increased collagen binding to the TR soluble integrin in a
dose-dependent manner but reached saturation at the highest concentration tested, resulting
in a K4 of approximately 4.0 + 1.1 mM Mg?** for wt TR a2B1-Fc. This is in agreement to
the solid phase assay results for the intact a2p1 integrin, whereby both divalent cations
supported binding of the recombinant wt c:2B1-Fc integrins to collagen I although Mn**
was more effective than Mg®". Thus, the results showed that ligand binding to the Fc-
fusion wt integrins was modulated by divalent cations in a very similar manner to the

parent a2f31 integrin.

Next, the effect of these ions on collagen binding to the mutated a2B1-Fc integrins was
examined over a range of divalent cation concentrations (Figure 5.3 —5.6). 100 uM Mn**
strongly induced collagen binding at maximum levels for all 1332G mutants examined.
Mn*" cations supported binding of the TR a2 [I1332G] B1[wt] -Fc to collagen with a K4
value of 45 + 27 uM Mn*". This value resembled the K4 measurements of Mn*" for all the
double I332G mutants, which had Kq values ranging from 20 to 60 uM. Thus, the 332G

in the o2 integrin subunit had no significant effect on the apparent affinity of Mn*" binding
to the MIDAS.

Likewise to the results for Mn**-supported binding, 100-150 uM Mg** greatly induced
collagen binding to the w2[I332G] B1 mutants. The 332G mutants bound collagen with
similar K4 values, relative to each other, in the presence of Mg®>*. With the exception of
the a2 [1332G] B1[D137A] -Fc mutant which had a K4 of 600 * 200 uM for Mg, the
remaining 1332G mutants showed an average Ky vatue of 100-150 uM in the presence of
Mg?*. Hence, ligand binding was already maximal (near 60%) for all I332G mutants

when 1 pg/ml collagen was added in the presence of 1 mM Mg?*.
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Figure 5.3. Effect of divalent cations on the binding of collagen I to TR 02[I332G]
Pl-Fc¢ (a) and TR (x2[I332G]pl[E169D]-Fc¢ (b). Assays were performed using Fc-
captured integrin jfrom culture supernatants. Binding of collagen I was measured in the
presence of varying concentrations of Mn™, Mg, or C2""*. Absorbance values and error
bars represent the average and S.D. of four readings. By non-linear regression analyses
the mean  values of a2[I322G] pl-Fc were: for M= 0.045 +£0.02 mM; for Mg =
0.063 £0.33 mM; of a2[I322G] pi[E169D]-Fc¢ for Mn™= 0.041 £+ 0.02 mM, for Mg"* =
0.1 £0.05 mM.
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Figure 5.4. Effect of divalent cations on the binding of collagen I to TR (z2[1332G]
pl[D130A]-Fc. Assays were performed using Fc-captured integrin from culture

supernatants.

Binding of collagen I was measured in the presence of varying

concentrations of Mn""", Mg""\ or G2 Absorbance values and error bars represent the
average and S.D. of four readings. By non-linear regression analyses the mean Kd values

ofa2[1322G] pi[D130A]-Fc were: for Mn""= 0.067 +£0.02 mM; for Mg"'=0.136 +0.42

mM.
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Figure 5.5. Effect of divalent cations on the binding of collagen I to TR 02[I332G]
pi[D137A]-Fc (a) and TR 02[I332G]| pl[D138A]-Fc¢ (b). Assays were performed
using Fc-captured integrin from culture supernatants. Binding of collagen 1 was
measured in the presence of varying concentrations of Mn , Mg , or Ca . Absorbance
values and error bars represent the average and standard deviation of four readings. By
non-linear regression analyses the mean K values of a2[1322G] pi[D137A]-Fc were:
for Mn"*= 0.028 +0.01 mM; for Mg™= 0.639 £0.19 mM; of a2[1322G] pi[D138A]-
Fc for Mn*=0.023 + 0.01 mM, for Mg""* = 0.159 + 0.05 mM.
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Figure 5.6. Effect of divalent cations on the binding of collagen I to TR 02[1332G]
P1[D226A]-Fc¢ (a) and TR 02[I332G] pl[E169A]-Fc¢ (b). Assays were performed
using Fc-captured integrin from culture supernatants. Binding of collagen I was
measured in the presence of varying concentrations of Mn™, Mg""\, or Ca™. By non-
linear regression analyses the mean Kd values of a2[I1322G] pl[D226A]-Fc were: for
Mn™ = 0.023 £0.006 mM; for Mg™ = 0.122 +0.046 mM; of a2[1322G] pi[E169A]-

Fc for Mn*=0.042 + 0.008 mM, for Mg""= 0.134 + 0.05 mM.
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Also, it should be noted that the double I1332G / MIDAS mutant, o2[1332G] B1[D130A]-
Fc (Figure 5.4), exhibited a similar cation-binding profile to the isolated a2 A domain
(Figure 5.1b). In the above plots the Mg -supported collagen-binding levels corresponded
to higher readings than the Mn**-supported binding values, for the same ion concentration.
Taken together the above results demonstrated that Mg®" ions showed an enhanced ability
to support ligand binding to the double I332G / BA domain o2 1-Fc mutants.

Finally, whereas 0.1-1 mM Mn*>" or Mg®* strongly stimulated ligand binding to soluble
a2[I332G]p1 integrins, Ca*"concentrations of up to 10 mM failed to induce collagen
binding (Figures 5.2-5.6). Consistent with the data for the wt, either Mn** or Mg®*, but not
Ca*, supported collagen binding to the series of TR a2 [I1332G] B1-Fc mutants.

To summarise, the Kq values for Mn**- and Mg**-supported collagen binding to the 1332G
double mutants were calculated at similar pM values. In marked contrast, the 1 A
domain c2[I332G] B1-Fc mutants showed significantly higher binding affinities for Mg®*
compared to wt TR, wt FL a2pB1-Fc or native a2f1 integrin, all of which showed Ky
values between 2 and 4 mM for Mg®" (Table 5.1). Consequently, the series of mutated a2
[1332G]B1 integrins and the vnmodified a2f1 integrins behaved differently with respect to
Mg®* -supported collagen binding. Yet again, Mn>" bound better than Mg?* in the

presence of collagen.

The K4 values for Mn®* and Mg?", for all integrins tested, are summarised in Table 5.1.
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. Ka vy
Integrin

M2 Mg?"

a2l 0.034 % 0.016 2.671 1.0
(n=4) @=3)

GST—a2 A domain 0.025 £ 0.008 0.045 +0.014
(n=4) (n=4)

FL wt a2p1-Fc 0.063 £ 0.007 1.676 £ 0.234
n=3) (n=3)

TR wt a231-Fc 0.109 + 0.031 4.003 +£1.1
(n=16) (n=4)

a2 [1332G] B1-Fe 0.045 £ 0.027 0.063 £ 0.033
(n=15) n=75)

a2 [I1332G] B1[D130A]-Fc 0.067 = 0.024 0.136 £ 0.042
(n=4) n=4)

o2 [1332G] B1[D137A]-Fc 0.028 +0.014 0.639 £ 0.198
(n=8) @="7)

o2 [1332G] B1[D138A]-Fc  0.023 +0.013 0.159 + 0.054
(n=5) (n=135)

o2 [1332G] B1[D226A)-Fc  0.023 £ 0.006 0.122 £ 0.046
(n=15) (n=106)

o2 [1332G] B1[E169A]-Fc  0.020 % 0.008 0.134 +0.050
(n=06) (m=28)

o2 [1332G] B1[E169D]-Fc  0.041 + 0.022 0.100 £ 0.054
n=3) n=4)

Table 5.1. Apparent affinities (Kj) of a2p1 integrins for divalent cations. Collagen
binding was measured in the presence of increasing concentration of Mn**or Mg** divalent
cation. The Kq4 values were estimated by non-linear regression analysis in Sigma Plot,
version 8. These Ky values correspond to the concentration of cation required for half-
maximal binding. Data are presented as the mean £ S.D., in parenthesis are the number of
experiments utilised for analysis.
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5.2 The effect of Ca** on Mg -supported collagen I binding

The presence of at least two distinct regulatory Ca®* binding sites have been reported for
oA domain-containing and non-alA domain-containing integrins including a2l and
a5P1, respectively. Studies on integrins have revealed competition between Ca** and
Mn*" (inhibitory site) and synergy between Ca*" and Mg?" (stimulatory site). Early studies
on a2f1-mediated adhesion observed the inhibitory effect of Ca®* on Mg**-dependent
ligand binding [Santoro S.A, 1986; Staatz et al., 1989]. The site necessary for Ca*" to
inhibit Mg?*'-supported collagen binding was shown not to involve the MIDAS of the a2 A
domain [Dickeson ef al., 1997]. Moreover, a study examining collagen binding to purified
a2p1 integrin, as well as a2B1-mediated platelet adhesion, showed that there was a Ca**-
dependent element of collagen binding to a2p1, which could not be demonstrated for the
isolated 02 A domain [Onley ef al., 2000]. Thus, the stimulatory Ca®" site, as well as the
inhibitory Ca™" site, was suggested to lie outside the a2 A domain. Recent data from oA
domain-lacking integrins have demonstrated that the ADMIDAS site is the inhibitory Ca**
site [Mould ez al., 2003b]. Additionally, the LIMBS site may be the Ca®"-binding site that

synergistically enhances ligand binding [Dr. A.P. Mould, personal communication].

To define the function of the LIMBS cation-binding site in a2f1, the 332G / B1 cation-
binding mutants were used to examine the ability of Ca** ions to enhance Mg”*-dependent

collagen binding to recombinant a2$1 integrins.

For this set of experiments a constant concentration of Mg?* was used while the
concentration of Ca** was increased from 0 - 2 mM. For comparison I examined the effect
of the mixed divalent cations on binding of collagen to purified whole a2f31 (Figure 5.7a),
FL wt a231-Fc (Figure 5.7b) and TR wt a2B1-Fc (Figure 5.8a). In agreement to previous
reports, low uM Ca®* concentrations increased the Mg?'-dependent collagen binding to the
whole a2f1 integrin, while Ca®* ions at above 0.25 mM had an inhibitory effect on ligand
binding. In a similar manner, Ca** concentrations between 0.625 mM to 0.25 mM
reproducibly increased Mg**-dependent collagen binding to both unmodified, recombinant

a2pB1-Fc integrins.
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Figure 5.7. Effect of on Mg""-dependent collagen I binding to whole 02pi (a)

and FL wt 02pi-Fc (b). Assays were performed using Fc-captured integrin from culture
supernatants. Binding of collagen I was measured in the presence of a constant
concentration of Mg""* with varying concentrations of G The level of ligand binding
supported by CGx"" alone is also shown. Absorbance values and error bars represent the
average and S.D. of four readings.
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Ca alone
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Figure 5.8. Effect of on Mg~ "-dependent collagen I binding to TR wt 02pi-Fc (a)
and TR 02[1332G]pl-Fc (b). Assays were performed using Fc-captured integrin from
culture supernatants. Binding of collagen I was measured in the presence of a constant
concentration of Mg"" with varying concentrations of Ca™. The level of ligand binding
supported by G¥'"* alone is also shown. Absorbance values and error bars represent the

average and S.D. of four readings.
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However, increasing the Ca*" concentration above 0.25 mM decreased collagen binding
and subsequently resulted in inhibition of Mg**-supported collagen binding by 2 mM Ca*".
Thus, in agreement to the reported regulatory effect of Ca®* for the whole 0.2f1 integrin,
low uM Ca® concentrations also stimulated the Mg**-dependent collagen binding to the

recombinant wt a2p1-Fc integrins, while Ca®* at higher concentrations inhibited binding.

The effect of Ca®" on Mg2+-dependel1t collagen binding to the TR «2[I332G]B1 integrin
was also examined, and a representative experiment is shown in Figure 5.8. In the
presence of both Ca®" and Mg®" cations, collagen binding to the TR «2[I332G]B1-Fc had a
biphasic pattern, similar to that for the TR wt a2Bl-Fc integrin. Ca®" at 0.125 mM
stimulated the Mg?*~dependent collagen binding, whereas higher concentrations of 0.5 - 2

mM Ca*" inhibited collagen binding supported by 0.5 mM Mg>" (Figure 5.8b).

By contrast, Ca”" did not have a stimulatory effect on the Mg**-dependent collagen binding
to the double I332G / D226A o2P1-Fc mutant (Figure 5.9a). Lower micromolar
concentrations of Ca*" did not activate binding to collagen in the presence of sub-optimal
(50 pM, data not shown) to optimal (0.15 - 0.5 mM) Mg®* concentrations. Moreover, Ca>*
ions, even in the low micromolar range, inhibited collagen binding supported by Mg?*.
Similar data were obtained for the a2[I332G] B1[E169A]-Fc (Figure 5.9b). Thus, Ca®*
failed to synergistically enhance the binding of collagen to either of the I332G / LIMBS

mutants in the presence of Mg

The double 1332G / D137A 2B 1-Fc mutant bound collagen better in the presence of Ca**
and Mg?* than Mg** alone (Figure 5.10a). The results for I332G / D138 A were similar to
1332G / D137A a2B1-Fc (data not shown). There is a clear stimulatory peak present in the
collagen-binding curve for the 1332G / ADMIDAS mutants. Thus, the addition of Ca®*
had a positive effect on the Mg”*-supported collagen binding. Taken together, CaZ* ions
promoted Mg*"-supported collagen binding when the ADMIDAS site was mutated.
However, this positive effect was lost in the 1332G / D130A integrin — collagen binding
(Figure 5.10b). It was also observed that Ca®" concentrations in the range of 0.5 - 2 mM
did not inhibit significantly the integrin-collagen interaction. Thus, Ca®" ions were less
effective in inhibiting collagen binding to the double 1332G / MIDAS mutant, as a result of

Mg** jons binding to the a2 A domain inclusively.
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Figure 5.9. Effect of G on Mg*-dependent collagen 1 binding to
02[1332G]pl[D226A]-Fc (a) and 02[I332G]pi[E169A]-Fc (b). Assays were performed
using Fc-captured integrin from culture supematants. Binding of collagen I was measured
in the presence of a constant concentration of Mg with varying concentrations of Gx"".
The level of ligand binding supported by Ca™" alone is also shown. Absorbance values and
error bars represent the average and S.D. of four readings.
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Figure 5.10. Effect of on Mg"'~-dependent collagen 1 binding to

02[1332G]pl[D137A]-Fc (a) and a2[I332G]pi[E130Al-Fc (b). Assays were performed
using Fc-captured integrin from culture supematants. Binding of collagen I was measured
in the presence of a constant concentration of Mg""* with varying concentrations of Ca™.
The level of ligand binding supported by C2*"* alone is also shown. Absorbance values and
error bars represent the average and S.D. of four readings.
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5.3 Summary

The data described above was aimed to asses the relative contributions of distinct cation-
binding sites present in the f1 integrin subunit to the collagen-binding activity of a2p1
integrin. To approach this, divalent ions were examined for their ability to support
collagen binding to the double 1332G / $1 A domain a2f1-Fc mutants. The binding of
biotinylated collagen I to immobilised 2B 1-Fc¢ integrins was measured in the presence of
increasing concentrations of Mn®*, Mg?*or Ca®" cations, in solid phase assays. The cation-
binding profile for the mutated integrins was similar to that for the whole a2p1 integrin.
Mn*" and Mg?* cations supported collagen binding to the recombinant integrins, but Ca?*
ions failed to support collagen interacting with «a2f1-Fe. In general, pM concentrations of
Mn®* ions were sufficient to induce collagen binding to the wt «2p1-Fc¢ and the I1332G
series of mutants. However, a significant difference was observed in collagen binding
supported by Mg*". In the presence of Mg?" ions the I332G mutants showed a dramatic
enhancement in the affinity for collagen that differed greatly compared to that of the
unmodified o231 integrins.

Finally, to elucidate the location of the reported stimulatory Ca®" site on ci2p1 integrin, the
collagen-binding assays were conducted in the presence of both Ca’" and Mg?" ions, and
the effect of Ca®* on Mg -supported collagen binding was examined for the mutated
integrins. Positive regulation by low Ca* concentrations was lost when the LIMBS site or

MIDAS was mutated, but could still be observed when the ADMIDAS was mutated.

The role of A domain metal-ion site in the integrin o2 subunit is well established.
However, eight additional cation-binding sites, (nine in total) on o2PB1 integrin signify a
complex manner of regulation. As observed in this study, the A domain cation-binding
sites in the 3 subunit also implement regulation of the function of the clA domain metal
ion-binding site, by mechanisms that are not fully understood. This study aimed to reveal
the roles of the individual, single cation-binding sites. In the ligand-binding solid-phase
assays, the metal-ion dependencies were studied in the presence of tight ligand binding.
The high affinity of cations for activated integrin provided the means to assess the Ky
affinity values of metal ions indirectly by the ligand-binding measurements. However, the

estimation of apparent Ky affinity values of cations for the integrin, but not actual affinity
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constants for instance, reflected a limitation of this method for studying cation activation.
Moreover, although the overall data indicated that cation regulation is a complex,
cooperative event, when the data were fitted to a single-binding class model or a two-
binding class model by non-linear regression analysis (data comparisons were not shown),
the one-binding class model appeared to be a good working model. In general, fitting the
binding model to the titration results generated hyperbolic curve fits. These indicated that
a simple association model provided a good approximation to the experimental data for the
111ajoi’ity of the recombinant integrins. However, comparisons of the estimated K4 values

(Table 5.1) with the experimental data as taken from the simulated binding curves (Figures

5.1-5.6) did not appear without discrepancies. For example, although the experimentally-

determined K4 values of Mg**-binding fitted the one-binding class model, the affinities of
Mn?* for the recombinant integrins were too strong (=50 uM) to be determined accurately
by solid phase binding curves. This was the case for all recombinant integrins because the
interaction with Mn®" was fast and of high affinity. Thercfore, the results from the single-
binding model, non-linear regression analysis should be interpreted with caution. In the
present study, the individual cation saturation curves described a hyperbola because one
cation was saturating the reaction. An alternative explanation may be that the majority of
the data correlated well to a quadratic shape of binding curve because the cation-binding
sites are not equivalent but have differentiated roles in integrin regulation and function.
This would also reflect the fact that the affinity for a cation is not a fixed number but varies
as a result of ligand concentration and integrin activation. This was clearly observed in the
presence of more that one divalent cation, i.e. where Mg2+ and Ca? both influenced the
interaction (Figures 5.7-5.8). The cooperative binding of multiple metal ions by partial
occupancy of these sites by Ca*" increased the affinity of the remaining sites for Mg?*, On
the whole, regulation of integrin function by cations is not a simple process but requires

coordination of mﬁltiple classes of metal ions with different affinities.
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Chapter

6.0 Discussion

6.1 Overview

The overall objective of this study was to gain an understanding of the molecular
mechanisms used to modulate a2Bl-collagen binding. To achieve this objective, a
mamumalian expression system was established for the production of recombinant soluble
o2f1 integrin. This system enabled the production of soluble full-length (FL) and
truncated (TR) «2B1 variants containing the extracellular domains, but lacking the
transmembrane and cytoplasmic segments. Each integrin subunit was expressed fused to
the human IgG v chain to promote heterodimer formation at sufficient quantities to
undertake functional analysis of recombinant proteins. Using a mutagenesis-based
approach, different integrin variants were produced in the TR heterodimer and the effects
of the mutations were examined relative to the ligand-binding ability of the wt a21-Fc.
These recombinant soluble a2P 1 integrins were utilised as substrates in solid-phase assays
and compared with isolated o2 A domains and purified, native human «2p1 integrin. In
particular, the expression of Bl A domain cation-binding mutants enabled in-depth
investigations of the divalent-cation preferences of the mutated receptors. This approach
also made it possible to determine the regulatory role of individual cation sites in ligand
binding. A different set of mutations in the C-terminal helix of a2 A domain and the C-
terminal linker (C-linker) sequence connecting the aA domain to the B-propeller were
designed to test the current model of oA domain-containing integrin activation, which
proposes that the BA domain binds directly to the alA domain in a MIDAS-ligand fashion

to regulate oA domain activation.

In this model system for studying a2 1-collagen interactions it was demonstrated that:

e integrin a2f31 can be expressed as full-length and truncated Fe-fusion protein for

utilisation in functional, biochemical studies

e the I332G mutation at the C-terminal of a7-helix induced the open o2 A domain

conformation and stabilised 21 in the active, high affinity form
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o mutating the C-linker in o2 A domain inhibited functional interaction(s) with the

B1 A domain, and resulted in inactivating the ligand-binding ability of the 21

e local structural rearrangements in the Bl A domain regulated indirectly the
activation state of the a2 A domain, these included changes in coordination of the

1 MIDAS but also of the LIMBS and ADMIDAS sites

e mutations in the Bl metal ion-binding sites decreased the affinity of a2B1 for

collagen

o LIMBS is the stimulatory Ca*" regulatory site

6.2 Structure and function of soluble heterodimeric a2p1 integrins

In order to study the mechanisms of a2p1-ligand binding modulation by the 1 A domain
it was necessary to produce a recombinant soluble a281 integrin heterodimer that retained
the structure and function of the parent integrin. The strategy employed the generation of
o and B integrins subunits as Fe-fusion proteins that would favour heterodimerisation and
secretion into the culture medium. The full-length ectodomain of human integrin o2
subunit was cloned into the pEE12.2hFc mammalian expression vector. The recombinant
soluble a2 and an existing B1 construct, in pV.16hFc [Stephens et al., 2000], were co-
transfected in CHO L671h cells, which have been modified to facilitate protein secretion
into the culture medium [Cockett et al, 1991]. Culture supernatants were examined
directly in Fc-capture ELISA assays for expression of a:2p1-Fc, confirming correct protein
structure.  Collagen type I (the principal o2B1 ligand), binding was examined in the Fc-
capture type solid-phase assays to test for the functional ability of the soluble FL 21
protein. The recombinant wt FL a2f1-Fc heterodimer was shown to be functional as it
retained collagen I-binding ability in a divalent cation-dependent manner. On the contrary,
expression of the o2-Fc subunit on its own failed to demonstrate collagen-binding ability,
despite maintaining structural integrity (Figure 3.5). Therefore, whereas the combination of
o. and f3 integrin chains determined ligand specificity, correct heterodimer formation was
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critical for ligand binding. Although a4{31-Fc [Stephens ef al., 20001, aSp1-Fc [Coe et al.,
2001] and ad4B7-Fc [M. Travis, Ph.D. thesis 2004] have previously been described, this is
the first soluble alA domain-containing integrin heterodimer to be expressed as a functional
Fc-fusion protein. The above results demonstrated the successful utilisation of the Fc
mammalian expression system for the production of functional soluble integrin

heterodimers, for both oA domain-lacking and oA domain-containing integrins.

To address the possibility of the distal, membrane-proximal structural constraints
modulating activation and ligand binding in the N-terminal extracellular integrin domains,
the Fc-expression system was utilised for the production of functional TR o2f1 integrin
variants that lacked the leg domains. Investigations into the absolute domain requirements
for heterodimer formation have suggested that the integrin headpiece is sufficient for
receptor formation without impairing the ligand-binding ability of the minimal o581
integrin [A. Coe, Ph.D. thesis 2000, University of Manchester]. Truncation sites were
identified by sequence alignments of a2 with o5 and oV chains and carried out in the a2-
expressing construct. Truncated 2 subunits that differed in the length of the C-terminal
thigh domain were co-expressed with a truncated Pl subunit. The latter truncated p1
subunit, containing the PA domain and the hybrid domain, has been previously utilised in
the successful production of TR «aS5P1 integrins [Mould et af, 2002; 2003a,b].
Subsequently, a minimal truncated construct was produced, containing in the a2 headpiece
the B-propeller and the thigh domains including the genu site up to residue I806 of a2.
Analysis of the neat culture supernatant of the TR a2p1-Fc transfected cells in Fe-capture
ELISA assays showed that the recombinant a2B1-Fc was recognised specifically by a
panel of conformation-sensitive mAbs directed against the c2B1 (Figure 3.7). Thus,
soluble TR a2B1-Fc integrin was considered to fold properly. The successful generation
of a second TR integrin heterodimer, especially one containing an oA domain,

demonstrated that the leg domains of either integrin subunit are not required for the correct

heterodimer formation.

Moreover, the TR protein bound collagen [ in a cation-dependent manner. Like the soluble
FL integrin, the interaction of TR integrin with collagen was specific, as it could be

inhibited by EDTA as well as by anti-functional «2f1 mAbs and rhodocetin (Figure 4.11).
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This is the first report of a functional TR a2 A domain-containing integrin. Furthermore,
the expression of both FL and TR a2f1 integrins was equally efficient, being produced at
levels of ~1 pg/ml recombinant FL or TR a2B1 in the culture medium. These amounts
were comparable to expression levels reported for a5p1 [A. Coe, Ph.D. the_:sis 20001, and
considerably higher than expression levels of the recombinant a4p7 integrin which was
limited to 20 ng/ml [M. Travis, Ph.D. thesis 2004]. Thus, the expression of soluble TR
o2f1 integrin-Fc was at excellent levels to enable the analysis of the recombinant proteins
in solid-phase assays. Interestingly, both FL and TR o231 integrins were expressed in an
active, high affinity state and did not require further activation. In contrast, the TR a5p1
integrin had a constitutive low activity when Fe-captured, but not when directly coated on
microtiter plates. So in the prototype a5B1-fibronectin system, the recombinant integrins
had to be purified through the Fc-tag. For the a2f1-Fc the purification step was not
required and the proteins were used directly in Fc-capture assays for functional analysis in
arapid format. Overall, the a231-Fc expression system and the solid-phase binding assays

comprised a model system for studying the activation mechanisms of the collagen-binding

integrin family.

Supernatants containing a chimera of the FL a2 subunit combined with the TR f1 subunit,
were also analysed for reactivity with anti-a2 and anti-p1 mAbs (Figure 3.7). In all cases,
the o and B subunits of each mutant protein folded correctly, as shown from mAb epitope
mapping. This is surprising as it might be expected that the longer o subunit would not
align correctly with the much shorter truncated B1 subunit. However, the overall data
suggested correct heterodimer formation. Results from recombinant aSp1 dimers also
suggested that the FL a5 subunit formed functional receptors with the TR (1 subunit
variants [Coe et al, 2001]. Taken together the data suggested that even though the
heterodimer formation is driven by the Fc¢ domains, the C-terminal Fc-domain did not
impose on the N-terminal domain alignment; the o and B integrin heads were still able to
associate correctly with each other and retain the correct protein architecture. Thus, it
would appear, that the integrin knee in the o chain is very flexible and allows intra-subunit

rearrangement to a great extent.
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6.3 The allosteric 1332G-based, gain-of-function switch in a2 A domain

In the present study, the C-terminus of a7-helix in a2 A domain was targeted to show that
a single amino acid substitution of an a2 A domain residue distal from the ligand-binding
site at the MIDAS markedly increased activation-dependent ligand binding. Within o281
integrin, the a2 A domain (a.a. 140-349) contains the principal binding site for collagen.
The a2 A domain has been the focus of numerous investigations and several groups have
described the production and characterisation of recombinant oA domain proteins in
isolation. For example, the a2 A domain has been expressed as a bacterial glutathione S-
transferase (GST), maltose binding protein or hexahistidine fusion protein [Tuckwell ef al.,
19935; Depraetere et al., 1997; Smith et al, 2000]. These recombinant a2 A domains
differed with respect to the length of the coding sequence expressed, the methods of
purification and the methods of functional characterisation used. An isolated a2 A domain
fused to the GST domain has been shown to specifically bind to collagen in solid-phase

assays in a cation-dependent manner similar to the parent a2p1 integrin [Tuckwell ef al.,
1995).

Whereas a2 A domain isoforms of the native protein expressed in isolation have been
previously described [Emsley et al., 1997; 20001, a novel high affinity a2 A domain
mutant was generated in the current study to explore allosteric affinity regulation of a2 A
domain in the context of the a2f31 receptor. In total, the coding sequences for three a2 A
domain variants were cloned into the pGEX-2T bacterial expression vector and expressed
as GST-fusion proteins to facilitate purification. These «2 A domains encoded native o2
A domains a.a.124-339 (Fl) and a.a.140-339 (Wt), and the mutated ¢2 A domain a.a.140-
339 [I332G] (CA). All GST-fusion o2 A domain variants were folded properly, as
demonstrated by ELISA assays. More importantly, all three a2 A domains bound to type I
collagen, the main a2 1 protein ligand. Examination of the collagen binding properties of
the recombinant 2 A domains revealed that the proteins required divalent cations to
support collagen I binding. Increasing amounts of Mn2+ ions, a potent activator of a2f1
resulted in a dose-dependent increase of the collagen I binding to the native recombinant
o2 A domains. Identical investigations using the CA o2 A domain showed that the 1332G
mutation affected the ability of the aA domain to bind cations (Figure 4.6). Whereas the

unmodified a2 A domains could be activated further by Mn** jons, the CA variant
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displayed binding of collagen almost at maximum levels. This indicated that the
unmodified a2 A domain isoforms were constitutively in a low affinity state, whereas the

CA a2 A domain variant was present in a high affinity state.

To estimate the affinity for collagen to the immobilised CA, Fl, and Wt o2 A domains,
binding of biotinylated collagen I over a range of concentrations was measured in solid-
phase assays. The I332G mutation increased by approximately five-fold the apparent
affinity of the CA a2 A domain-collagen interactions, compared to the unmodified a2 A
domains. This is in excellent agreement to findings from a different gain-of-function
mutation recently described for the a2 A domain [Aquilina et al., 2002]. In this study, the
substitution of a residue that lies at the N-terminal end of the a7-helix, E318, by a
tryptophan enhanced binding to collagen I by approximately six-fold, and also led to
increased binding to collagen VI and several other non-collagenous «2Pp1 ligands. This
mutation was based on the observation that with the transition from the closed to the open
a2 A domain, the preceding o.7-helix loop also moved in concert to the downward shift of

a7-helix and E318 moved from a buried to a solvent-exposed position.

The I332G mutation was based on three independent mutagenesis studies of this invariable
isoleucine in the C-terminus of «7-helix in other integrin oA domains. The 1314
substitution to glycine increased the affinity of the isolated X A domain mutant by 200-
fold relative to wild-type aX A domain [Vorup-Jensen et al., 2003]. Similar data were
described for the oA domain partners of other $2 integrins and extended in the context of
the holoreceptors. For example, substitution of 1316 in oM A domain [Xiong et al., 2000]
and 1306 in al. A domain [Huth et al., 2000] by a glycine residue were reported to activate
ligand binding for the complete receptors. Furthermore, crystallisation of the oM [1316G]
A domain demonstrated that this high affinity conformer is generated by unlocking the
invariant Ile from a hydrophobic pocket that would coordinate this residue in the closed
form {Xiong et al., 2000]. In the current study it was also shown that the equivalent 1332G
mutation in the a2 A domain generated a constitutively active a2 A domain with respect to
collagen I binding. Taken together, the data suggested that the same allosteric regulation is
intrinsic for all A domains and this modulation also takes place in the allosteric activation

of the complete receptor.
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Having examined the consequences of mutation of the isolated o2 A domain, it was
hypothesised that including the same I1332G mutation in the a2f31 dimer would also cause
activation. Indeed, the results presented in this thesis showed that the a2 1332G mutation
stabilised the open a2 A domain conformation and rescued the collagen-binding ability of
inactivating mutations in a2p1, hence overriding modulation by the inactive / low affinity
BA domain. This is the first report in which a high affinity, locked open a2B1 receptor has
been engineered. This constitutively active a2f1 integrin can be used to discriminate
between inhibitors with direct / competitive and indirect / non-competitive modes of

inhibition and therefore will be useful in high-throughput screens for the development of

effective a2 1-collagen antagonists.

6.4 Activation-regulatory C-linker sequence in the a2 A domain

Another notable finding from the o2 mutagenesis studies was that both activating and
inactivating mutations were found at the C-linker of the a2 A domain. Similar
experimental evidence have been published from mutagenesis studies of members of the
leukocyte integrin subfamily. Alanine substitution of the invariant Glu residue in oM
(E320) integrin resulted in loss of ligand binding [Alonso et al., 2002]. Alonso et al.
proposed that this conserved acidic Glu residue at the C-linker sequence of all aA domains
interacts with the A MIDAS cation directly and therefore acts as a ligand mimetic, and as
a relay coupling ligand binding at the oA domain to activation of the 8 A domain (Figure
6.1). The E320A oM receptor also failed to express the activation and cation-sensitive
epitope for mAb24, which binds to open PA domain but not to A MIDAS mutants of
aMB2 [Alonso et al., 2002]. Likewise, in aLB2 integrin, alanine substitution of E310
impaired binding to activation-dependent ligands without affecting ol A domain

interactions with activation-independent ligands [Huth ez al., 2000; Salas ef al., 2004].
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011)320

Figure 6.1. A hypothetical model of the (XA domain-containing integrin aMp2 in its
inactive (a) and active (b) states. The model shows the aA domain invariant Glu (green
side chain) to coordinate the MIDAS ion (cyan) of the active PA domain. This interaction
is mediated by the large downward movement of the a7-helix in the aM A domain, which
follows the from transition from closed to open aA domain. The aA MIDAS is in pink, the
orange spheres represent the metal ions at the bottom of the propeller. The LIMBS and
ADMIDAS are in grey and magenta. No structural information is available on the linker
sequence connecting the N- and C-termini of a A to the propeller, thus the model predicts

one of the potential positions of the aA domain relative to the location of the pA domain.
As taken from Xiong et al/, 2003b.

If the conserved Glu in a2, residue E336, is the ligand mimic for the pi A domain, it
should be possible to test this hypothesis by mutating this residue to alanine. It was also
hypothesised that mutating an invariant Phe residue within a conserved motif that follows
the a7-helix would sever the link to the pA MIDAS, and hence inactivate the receptor.
Indeed the results presented here showed that for a2pi the E336A and the F345A
mutations inactivated the integrin even in the presence of Mn".This effect could be
rescued by the activating 1332G mutation which stabilises the downward displacement of
a7-helix and is therefore located upstream of the connection to the pA domain. It would
appear that removing the charge of the acidic Glu residue or severing the flexible C-linker
in aA domain interfered with the interactions to the PA MIDAS site and prevented the aA
domain from stably assuming the open conformation. Likewise, the inactivating effect of

the pi A domain mutations in the a2pi-collagen binding activity would suggest that there
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is structural communication between the principal collagen I binding o2 A domain and the
upper face of B1 A domain where the metal cation-binding sites form. A direct structural
link would account for the influential role of the f1 A domain, of 31 MIDAS in particular,
in the activation state of the a2 A domain. However, validation of such mechanism will

require the 3-D structure determination of a whole integrin.

6.5 Cooperative binding of multiple ions in the Bl A domain modulates
the ligand-binding activity of a2p1

To study the roles of the Bl A domain LMA (LIMBS, MIDAS, ADMIDAS) cation-
binding sites in o2B1 function, a mutagenesis-based approach was adopted whereby
conserved B1 residues were substituted for alanines and collagen I binding of the mutated
receptor was examined in solid-phase assays. The current study utilised Bl A domain
mutations that were designed to disrupt the formation of the B1 cation-binding sites and
have been shown to be critical for ligand binding to o581 integrin in solid-phase assays
[Mould et al., 2002; 2003a,b]. Briefly, the existing mutated B1-expressing constructs were
co-expressed with the recombinant ¢2 subunits in the established Fc-expression system.
Cell-culture supernatants were directly tested for binding of reporter anti-human antibodies
directed against the o231 and it was shown that the reactivity of the mAbs was unaffected
by the mutations. Thus, it was concluded that the structural integrity of the a231 was not
disturbed by the mutations. The specific mutations included the MIDAS D130A
substitution, two ADMIDAS substitutions, D137A and DI138A, and two LIMBS
mutations, D226A and E169A. A different LIMBS mutation, E169D, was utilised as a
control mutation since an Asp residue rather than a Glu is found in all other B subunits

other than 1.

The D130A mutation, designed to disrupt the highly conserved f1 DxSxS motif, resulted
in a complete loss of collagen I binding to «2B1, which could not be rescued by
stimulatory anti-B1 mAbs. The loss of ligand binding by the a2 A domain-containing
integrin was expected as several studies from the B2 integrins have previously suggested
the indirect regulatory role of the A MIDAS in .A domain-ligand binding. Mutations of
the B2 MIDAS residues abolished the binding of al. and oM integrins to their cation-
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dependent ligands [Bajt et al, 1995; Hogg et al, 1999; Mathew et al, 2000]. The
liganded B3 crystals structures demonstrated that in integrins that lack an oA domain, the
subunit MIDAS cation directly coordinates the acidic ligand residue to the ligand-binding
pocket. Thus, mutating the 1 MIDAS cation would be expected to abolish integrin-ligand
binding. Indeed, in a5p1, a different B1 integrin that does not contain an oA domain, the
D130A MIDAS mutation completely abrogated fibronectin binding to o581 in solid-phase
assays. In line with this, the epitope for the activation-sensitive, cation-dependent 12G10

mADb was also perturbed [Mould et al., 2002].

In the present study, both of the 1 LIMBS E169A and D226A mutations also resulted in
complete loss of collagen I binding, despite high expression levels of correct folded
protein. The collagen-binding activity of the 31 LIMBS mutants could not be restored by
the addition of 12G10 or TS2/16 stimulatory mAbs (Figure 4.15) which activate the BA
domain. Thus, although the a2 MIDAS site was not defective in cation binding, the
malfunction of the LIMBS cation-binding site in the B1 A domain indicates its importance
in the regulation of a2 A domain-ligand binding. Similarly, in the context of a531 the
LIMBS mutations blocked ligand binding while not preventing the binding of Mn**/ Mg**
ions to the f1 MIDAS (Mould P.A., manuscript in preparation). In the liganded VB3 /
ollb3 crystal structures, the LIMBS cation did not participate directly in forming contacts
with the ligand. However, occupancy of LIMBS site resulted in the reorientation of the
E220 residue, opening up space for the accommodation of the cation in the MIDAS site.
Therefore, it could be suggested that the presence of the LIMBS site is required to
strengthen the structural integrity of pA MIDAS for coordination of its cation upon ligand
binding, with an end result of stabilising the high affinity open PA domain structure. The
conservative E169D mutation showed collagen-binding activity similar to the wt. This
was expected as residue E169 in Bl corresponds to an Asp residue (D158) in B3.
Therefore, it would appear that this ‘conserved’ mutation retained the ability to form the
LIMBS site subsequently allowing coordination of a cation at the MIDAS and the normal

geometry of all the cation-binding sites in the B1 A domain.

Furthermore, two 1 ADMIDAS mutations were examined in the frame of a281. Both
ADMIDAS mutations, D137A and D138A, compromised the collagen-binding activity of
the mutated a2p1, with the D137A mutation causing a more severe overall effect in
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ligand-binding activity (Figure 4.17). Disorder of the ADMIDAS site appeared to allow
coordination of the B1 MIDAS cation, albeit retaining the receptor in a low / intermediate
affinity state (Table 4.2). High concentrations of Mn** (above 4 mM) completely restored
collagen binding to ADMIDAS mutants (data not shown). In addition, the stimulatory anti-
B1 mAbs 12G10 and TS2/16 were also capable of inducing a further increase in ligand
binding, to similar levels to the wt proteins. This can be explained because the mode of
action of these mAbs is known. The ADMIDAS mutations probably prevented the full
movement of the activation-sensitive ol-helix, whereas both function-modulatory
antibodies (12G10 or TS2/16) were able to induce the shift in the «l-helix. In keeping
with this, the mAbs restored the ligand-binding affinity to the ADMIDAS mutants because
they stabilised the active PA conformation. In the a5B1 study, the two ADMIDAS
mutants also had low ligand-binding activity [Mould er al., 2003b], which could be
improved by the stimulating mAbs. The ADMIDAS is the ligand-independent metal-
binding site [Xiong ef al., 2001] and it is not surprising that it is not required for ligand
recognition in a5B1 or a2B1. However, repositioning of the ADMIDAS cation upon
activation was required to stabilise further the formation of the ligand-occupied state of the

integrin.

All the above results are in excellent agreement for the c:2f1 and the a5B1 integrins.
Thus, the mechanisms underlying activation appear to be conserved for both A domain-

containing and oA domain-lacking integrins.

6.6 B1 A domain conformation can alter the affinity of a2p1 for collagen

In the past, structure-based mutational studies targeted the highly conserved BA DxSxS
motif, and revealed a complete abrogation of ligand binding activity. While underscoring
the importance of the BA domain .in oA domain-containing integrin function, this loss of
activity prevented further analysis of conformational regulation [Kamata ef al., 1995b;
Puzon-McLaughlin & Takada, 1996]. At the time there was a lack of structural knowledge
of the B subunit, and therefore the presence of the LMA cation-binding cluster was not
recognised. Some residues contributing to these sites had been mutated, but the
implications of the studies were not appreciated. For example, the equivalent of LIMBS

D226A and E169A mutations in B2 (D209A and D151A respectively) blocked ligand
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binding as well as the epitope for mAb24, which was utilised as a reporter of B2 integrin
activation [Kamata et ¢/., 2002]. Similar results were described for the equivalent D138A ’
ADMIDAS mutation in 2 (D120A) [Kamata et al., 2002]. Moreover, such mutagenesis-
based approaches of the LMA sites also revealed an inhibitory effect on ligand binding,

which hindered subsequent analyses.

The present study is the first study to include deliberate mutations in the LMA sites of an
oA domain-containing integrin so as to examine the effect of the f1 LMA metal ion-
binding sites in ligand binding and integrin activation. Briefly, it was shown that
mutations in the BA domain residues did not affect a2P1 expression, but the p1 cation-
binding mutants inactivated o2l function. Engineering the 1332G mutation (at the
bottom of a7-helix) in the o2 subunit rescued the collagen binding ability of the 1 A
domain mutants (Figure 4.14, 4.15) allowing for further studies on the collagen-binding
properties of a21 mutants to be conducted. By releasing the a7-helix, which has been
shown to undergo a large conformational shift upon activation, the 1332G-based integrin
mutants may be considered as locked into an active oA domain conformation similar to
when the a2 A domain binds to collagen [Emsley ef al., 2000]. Consistent with this
scenario, the FL, the TR and the I1332G 21 integrins showed similar apparent affinities
for collagen to each other when compared under the same cation conditions (the apparent
affinities of the double a2p1 1332G / B1 LMA mutants for collagen were measured in the
presence of Mn®" ions, Table 4.2). In parallel, the PA cation-binding mutants overall
induced the inactive conformation in the BA MIDAS, primarily by lowering the affinity of
B1 MIDAS for its ligand but essentially by decreasing the «2 MIDAS affinity for collagen.
Thus, the estimated apparent collagen affinity of each double I332G / 1 mutant
demonstrated the magnitude of each inactivating mutation in the overall ligand-binding
activity of the a2P1 receptor. The 1 MIDAS mutant required the highest collagen
concentration for oA domain activation, as taken by the ten-fold increase in half-maximal
collagen concentration. The effect of the ADMIDAS D137A mutation also revealed a
significant impact on collagen binding, by lowering the apparent affinity for collagen by
eight-fold compared to the wt control. The LIMBS mutations affected the affinity for
collagen to a lesser degree than the ADMIDAS mutations. The D226A LIMBS mutation,
which appeared to be a more severe mutation than E169A mutation, lowered the affinity
for collagen by five-fold relative to the wt integrins. Thus, the magnitude of the
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ADMIDAS inhibitory effect on the ligand-binding activity of a2fB1 suggested that
ADMIDAS has a greater importance than LIMBS for regulating the activity of the open
oA domain. This pointed towards the critical role of the activation-sensitive ol-helix in
the upper face of the A domain, while additional interactions between the BA and cA

domains cannot be ruled out.

In summary, it was demonstrated that the mutations in the conserved BA domain residues
did not affect a2p1 expression, but the B1 cation-binding mutants perturbed the ligand-
binding activity of a2 1, primarily by altering the apparent affinity of the MIDAS (Table
4.2) for its ligand. The loss of collagen function by the B1 cation-binding mutants
demonstrated a) the B1 A domain had an indirect regulatory role in a2 A domain-collagen
binding primarily through the 1 MIDAS, but also via the ADMIDAS and LIMBS that
modulated MIDAS, b) that the B1 A domain affinity state contributed to the a2p1 affinity
modulation; the inactive / low affinity 31 A domain impaired ligand binding of the locked
open o2 A domain, as observed by the differences in the apparent affinities of the mutants
for collagen, but did not dominate over the allosteric 1332G switch at the C-terminal of the
a2 A domain, c) the B1 A domain remained in the inactive / low affinity state unless cation
occupancy at the LIMBS and ADMIDAS sites coordinated simultaneously the MIDAS
cation and d) that there was an absolute requirement for metal-ion occupancy in MIDAS of

both the o and § A domains for complete integrin activation.

6.7 Activation-dependent metal ion binding to a2f1-collagen

To study further the effect of the LMA mutations on the ligand- and cation-binding
properties of a2f31 integrin, the cation-dependency of collagen binding was examined for
each I332G / B1 A domain mutant and compared to that of the cell-surface purified a2p1,
isolated a2 A domain and soluble wt a2f1 integrins. The results for the soluble wt
proteins were consistent with the cation-dependency studies of the isolated o2 A domain
described by Tuckwell et al. (1995) and in agreement to the cation-binding profile for the
whole, cell-surface purified 021 [Santoro S.A., 1986; Kern ef al., 1993]. In general,
Mn*" displayed higher affinities than Mg?" that also supported collagen binding to the wt

receptors, whereas Ca”* did not support binding or was inhibitory. Collagen binding to the
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mutated integrins was also specific, cation dependent and modulated by cations in an
analogous manner to the unmodified integrins. The I332G mutation and the nature of the
metal ion had a significant effect on cation dependency to the a2 MIDAS. The wt TR
a2p1 integrin had a high (uM) binding affinity for Mn®* but very low (mM) affinity for
Mg?** (Table 5.1). In comparison, the TR a2[I332G]B1 integrin had high affinity (uM) for
both supporting divalent cations. Notably, the enhanced ability of Mg?* ions to support
collagen binding to the 1332G variant was at comparable levels to the Mn** ions. All TR
1332G mutants were much more efficient at binding Mg®" ions than the wt integrins. Thus,

it was concluded that the I332G mutation increased the affinity of the «2 MIDAS to Mg*".

However, there was segregation in the data within the series of the I332G / 1 A domain
double mutants; the I332G / MIDAS and the 1332G / LIMBS mutants showed a reduced
ability to support Mg?* binding compared to the TR o2[I332G]f1, while the ADMIDAS
site displayed even lower affinity for Mg®* compared to all the other $1 A domain mutants.
So, largely the ADMIDAS but also the MIDAS and LIMBS mutations affected the affinity
of Mg®" ions binding to the a2 MIDAS. The mutations also led to changes in the affinity
for Mn®*, but to a lesser extent relative to Mg®". Reduced affinity for Mn®* ions was
displayed primarily by the B1 MIDAS mutant, as expected based on its established role of
a ligand-competent Mn*" site [Mould ef al., 2002; Xiong ef al., 2002]. The above findings
provided further evidence that occupancy of the A LMA sites influenced the affinity of
cation binding to the active A MIDAS, with effects reflected prominently in the apparent
affinity for Mg*" ions than for Mn®* ions. Overall, alterations in the cation-dependency of
the mutated BA domains were reflected in the changes of the apparent affinity of cation
binding to the oA domain MIDAS, in line with the notion that the f1 A domain mutants
differentially modulated the a2 A MIDAS activity.

The above conclusions are in agreement with a recent study that investigated the binding
affinity of Mn**, Mg®*, and Ca®" cations in the active and inactive oM A domain [Ajroud
et al., 2004]. It was demonstrated that whereas Mn”* ions bound with high affinity (~0.03
mM) to active or inactive alA domain, the activation state of the A domain influenced the
binding affinity of Mg** and Ca®" ions, with activation increasing the affinity of MIDAS to
Mg?* from mM by approximately 10-fold to 0.1mM, but the inactive oM A domain highly
favouring the binding of the generally inhibitory Ca®*, In line with the above, the binding
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affinity of Mg** to the a2[1332G]B1 integrin was significantly higher (UM range)
compared to wt TR a2B1-Fc (mM), as the activating 1332G mutation induced the high
affinity conformation of the a2 A domain. Thus, the same principle appeared to be true
for the 2 A domain which is interacting with a functional B1 A domain, as seen in the
02[1332G]P1 integrin. Consequently linking the oA domain to the inactivating 1 A
domain lowered the affinity for collagen, which was reflected on the apparent affinity of
binding cations to the a2 MIDAS, especially Mg”* ions. Therefore, as ligand binding
enhanced metal ion binding at the a2 MIDAS, metal ion binding at f1 MIDAS but also at
the LIMBS and ADMIDAS sites enhanced collagen binding.

6.8 Cation regulation at the LIMBS stimulatory site

Like most integrins, the 1 integrins contain several cation-binding sites and these have
been described as ligand-competent, stimulatory and inhibitory sites [Mould et al., 1995a].
Whereas the ligand-competent sites typically bind Mn>" or Mg, the stimulatory and
inhibitory sites appear to bind Ca®" selectively [Hu et al., 1996; Labadia et al., 1998]. In
particular, the B1 A domain MIDAS site has been shown to bind Mn?*/ Mg?* preferentially
[Mould ef al., 2002; Xiong et al, 2002]. In support of this, the liganded B3 crystals
explained a preference of Ca®* to bind at sites other than the BA MIDAS based on the
chemistry of the coordinating oxygen atoms at the LMA sites. In view of the higher
propensity of Ca>* to coordinate carbonyl oxygen atoms [Harding M.M., 2001], Ca*>" binds
to ADMIDAS and LIMBS rather than MIDAS, which has no carbonyl oxygen
coordinations (Figure 6.2). Experimental proof of the above has been presented from the
findings by Mould et al., (1995a, 2002, 2003b) who previously reported that for o531
interaction to fibronectin, higher concentrations of Ca®* ions inhibited ligand binding by
Mn*" in an allosteric manner [Mould et al., 1995a]. However, it was not until recently
shown that the ADMIDAS is the Ca®*-binding site involved in the allosteric inhibition of
Mn**-supported ligand binding; as the ADMIDAS mutations D137A and D138A reduced
the ability of Ca>" to compete with Mn>* [Mould ez al., 2003b].
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Bl al al’
p3 85 PQRIALRLRPDDSKNFSIQVRQVEDYPVDIYYLN[DLSTSMKB LWSIQNLGTKLATQMRK
pi 96 PQOLVLRLRSGEPQIFTTL KFKRAEDYPIDLY YL MDL Sy KHI ENVKSI GIDL MNEVRR

62 63 a2
P3 145 LISNLRIGFGAFVBKPVSPYMYISPPEAL ENPCYDVKITTA PMFGYKHVLTLTDQVIREN
pi 156 ITSDFRIGFGSFV| KTVMPYISTTP-AKLRNPCTSEQN- CTTPFSYKNVLSLTNKGEVFN
aS a4 64
P3 205 EEVKKQSVSRIRHAIE GGFDAIMQATV(DEKIGWRNDASHL LVFTTDAKTHIAI DGRLAG
pi 214 ELVGKQRISGffls *  GGFDAIMQVAVOGSLIGWRN- VIRLLVFSIDAGFHFAGDGKLGG
as 65 a6
P3 265 IVQPNDGQCHVGSDNHYSASTTVIDYPSLGE MITEKLSQKNINLIFAVIENWNLYQNYSEL
Pi 273 IVIPNDGQCHLEN-NMY TIVSHY YD YPSTAHLVQKI SENNIQITFAVTEEFQPVYKEL KNL
66 al
P3 325 IPGTTVGVLSMDSSNVLQLIVDAYGKIRSKVEL EVRDIPEEL S SENATCLN-NEVIPG
pi 331 TPKSAVGILSANSSNVIQLIIDAYNSLSSEVILENGKILSEGVTISYKSYCKNGVNGIGEN
|

Figure 6.2. Sequence alignment of human integrin P3 and pi A domains. Highlighted
are residues with metal-coordinating side chain oxygen atoms. Marked with an asterisk are
residues with metal-coordinating backbone carbonyl oxygen atoms. MIDAS coordinating
residues in yellow, ADMIDAS in green, LIMBS in cyan, boxed in two colours are residues
forming both metal-ion binding sites.

Moreover, the data presented here revealed that the LIMBS site has a critical role in a2pl
activation as both D226A and E169A mutations perturbed collagen binding. Similar
results were obtained for aSpi but as ligand binding could not be restored by the
stimulatory pi mAbs further studies were prevented (Dr. P.A. Mould, personal
communication). Therefore, investigations in this study were focused at elucidating the
role of the LIMBS cation-binding site in integrin activation. Since Cx" has both
stimulatory and inhibitory regulatory effect on integrins and the evidence from the aSpi
investigations showed that the ADMIDAS was the negative regulatory Ca**binding site,
the LIMBS was predicted to be a good candidate for the stimulatory Ca””-binding site.
Whereas the unmodified TR a2pi and the TR a2[I332G]pl mutants showed an
enhancement of Mg™-supported collagen binding when the Ca™ concentration remained
low (Figure 5.9), both LIMBS mutations prevented the augmentation of Mg -induced
collagen binding by CG2"* Under similar experimental conditions, the ADMIDAS mutant
had no effect on the G stimulation of Mg""-induced collagen binding, as observed for
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the TR integrin. These findings indicated that the LIMBS site was the stimulatory Ca?*-
binding site in o2Bl. Since the integrin stimulatory and inhibitory sites bind Ca®*
selectively [Mould et al., 1993a] and the MIDAS binds Mg* [Mould et al., 2002], the loss
of higher binding activity in the LIMBS mutants suggested that the synergism between low
concentrations of Ca*" and Mg?* resulted from their binding to the LIMBS and MIDAS in

the BA domain, respectively.

The positive Ca**-regulatory role of LIMBS has been supported by data presented for cell-
surface expressed o4f7 integrins (a2 non-aA domain-containing integrin) in a different
experimental system [Chen et al, 2003]. This study examined the strength of cell
adhesion mediated by a4p7 on ligand-coated vessels under shear stress by measuring the
resistance to detachment as shear stress increased incrementally. Consistent with the
observation that low Ca®" concentrations increased Mg?**-mediated adhesion, this
synergistic regulation required the LIMBS but not the ADMIDAS site. In the same study,
disruption of the LIMBS site in B7 impaired the firm adhesion of cells on MAACAM
coated surfaces to rolling adhesion, independent of the divalent cation conditions. The
firm and rolling o4f7-mediated adhesion was equated to the high affinity and low a4p7
affinity states respectively [Chen et al, 2003]. The LIMBS mutants, including an
equivalent to 1 D226A mutant, rolled in Mn*", in contrast to wild-type behaviour of firm

adhesion in Mn**. Thus the loss of the LIMBS site converted the integrin to a lower

affinity receptor.

Keeping in mind that in the B3 crystals, the MIDAS directly participated in ligand
binding, and that this site is formed in the middle of the LMA array, it would appear that
regulation of the 31 MIDAS cation is guarded at either side by a positive and a negative
regulatory site. The interplay of the metal-binding sites in the ligand-binding surface of
the B1 A domain determines the affinity for the MIDAS cation; the ADMIDAS stabilises
the inactive (in the absence of ligand) or the low-affinity MIDAS configuration, whereas
the LIMBS induces binding favouring the high-affinity configuration (Figure 6.3).
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ADMIDAS
MIDAS inhibitory Ca site
ligand competent
Mn"V site
LIMBS
stimulatory Ca
site

Figure 6.3. The role of pA domain cation-binding sites in integrin activation. The
divalent ions at the LIMBS, MIDAS and ADMIDAS are shown as yellow, purple and red
spheres respectively. In the open pA domain conformation a-helices are shown in orange,
p-strands in cyan. With permission from Dr. P.A. Mould.
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6.9 Summary and conclusions

The initial aim of this project was the production of the aA domain-containing integrin
a2fB1 as a soluble functional heterodimer to carry out biochemical studies. Soluble a2p1
integrins were expressed as FL. and TR Fe-fusion proteins. Overall, the Fc-expression
system facilitated a) expression of novel soluble truncated oA domain-containing
integrins, in quantities appropriate for functional analyses, b) purification of the
recombinant proteins by affinity chromatography, ¢) manipulation of the recombinant
o2f1 e.g. by introduction of mutations in either integrin subunit, and expression of a series
of a2B1 variants, d) rapid analysis of the collagen-binding activity of the recombinant
proteins in solid-phase ligand-binding assays. These assays were used to examine the
cation-binding properties of the TR o2fB1 integrin in a cell-free system, eliminating
implications by other than integrin-ligand contacts. Moreover, this strategy permitted
direct comparisons of the mechanisms of activation of a2p1 to those of a5B1 integrin.
This is the first report into the regulation of cation-dependent ligand binding of an oA
domain-containing integrin by deliberate targeting of the LIMBS, MIDAS and ADMIDAS

cations in the B subunit.

Integrin ae5B1 lacks an c:A domain and therefore the principal ligand-binding participant is
the B1 A domain. In the o581 solid-phase fibronectin-binding studies it was shown that
loss of metal occupancy at any one of the three f1 LMA cation-binding sites had an
inhibitory effect on the integrin ligand-binding activity. Here, these results are extended to
the a2B1 integrin that binds to non-RGD ligands in the oA domain. Thus, in «2f31 the 1
A domain has a regulatory role in integrin function through cation binding, conformational
changes and / or intra-domain interactions, Moreover, by examining the interplay of the
three cations (LIMBS, MIDAS, ADMIDAS) at the LMA cluster, it was shown that the
LIMBS cation has a critical role in ligand recognition in both A domain-containing and
oA domain-lacking integrins. The ADMIDAS is essential for the disengagement of
helices al-a7 for complete integrin activation. Furthermore, the cooperative binding of
MIDAS, LIMBS and ADMIDAS cations is required to stabilise the MIDAS cation and
activate the open conformation of the BA domain to mediate integrin-ligand binding.

Hence, the 1 A domain MIDAS has a fundamental role in integrin function, regulating
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activation directly in the oA domain-lacking integrins and in an allosteric manner in the

oA domain-containing integrins.

The overall objective of this study was to enhance the understanding of the f1 A domain
regulation of c:2p1-collagen binding. The principal research scheme involved around the
cation-mediated regulation of collagen binding to the a2f1 and in particular of the role of
the individual B1 LMA cation-binding sites in activation. These findings contribute to the
understanding of the role of cations in the regulation of a2f1 activation and function.
Evidently, occupancy of the cation-binding sites regulates integrin conformation in a
complex manner, but the mechanisms by which metal ions regulate ligand binding to

integrins that contain or lack an oA domain are conserved.
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ABSTRACT

AlGaN/GaN HEMTs have been the focus of intense research in recent years, Solid state
GaN devices have consistently demonstrated power densities of 12W/mm, which were
previously only possible using microwave vacuum tubes. However, there are some
problems. The drain current collapses under negative gate bias, preventing high
microwave power outputs being achieved. In addition, the 2DEG mobility falls at high

carrier concentrations.

Current collapse has been investigated using gate lag and DC pulsed measurements. The
effects of passivation have also been examined. Direct measurements of the un-gated
surface resistances under pulsed gate conditions indicate that the virtual gate concept is
the main cause of current collapse. Surface passivation has been found to reduce current
collapse. DC pulsed measurements have indicated that passivation reduces the depth of
surface traps allowing electrons to move on and off the device surface at an increased

rate.

Drift mobility as a function of gate voltage has been measured in HFETSs fabricated by
MOVPE to a common 300A AlGaN/ 1.2jum GaN layer structure, The mobility reached a
peak of 2000 cm?/Vs for the best samples, at room temperature. All wafers mobilities
fell at high electron number densities. However, SiC based devices consistently showed

higher mobilities than sapphire based devices.

The growth of an AIN exclusion layer between the AlGaN barrier and GaN buffer layers
caused dramatic improvement in carrier drift mobility at high carrier concentrations. By
extracting the alloy, polar optical and acoustic phonon scattering terms from the mobility
as a function of temperature and number density, it was found that roughness and
Coulomb scattering are insignificant at room temperature. Samples with and without an
AIN layer at the AlGaN/GaN interface were compared and used to extract the alloy

scattering. At room temperature the mobility was dominated by phonon scattering.
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CHAPTER 1 INTRODUCTION

1 INTRODUCTION

This PhD concentrates on research of Aluminium Gallium Nitride/ Gallium Nitride high
electron mobility transistors (AlGaN/GaN HEMTs). All the measurements reported in
this thesis were performed on QinetiQ-grown and fabricated AlGaN/GaN HEMT
devices. The AlGaN/GaN HEMTs devices were grown by metal organic vapour phase
epitaxy (MOVPE) on both Silicon Carbide (SiC) and Sapphire wafers. The standard
AlGaN/GaN HEMT device used in this project is referred to as QinetiQ One (Q1) and
has the following structure: 300A AlGaN/ 1.2um GaN on either SiC or Sapphire.

Further details of the growth and fabrication of the devices are given later in Chapter 2.

The author was responsible for the measurement and analysis of the devices but didn’t
partake in any of the growth or fabrication of the AIGaN/GaN HEMTs devices.
However, the author did gain an appreciation of device fabrication and mask design
through the fabrication and measurement of Indium Gallium Phosphide psuedomorphic
high electron mobility transistors (InGaP pHEMTs) at UMIST.

AlGaN/GaN HEMTs have, for the last few years, been the subject of intense research
because they offer superior radio frequency (RF) power, typically at elevated

temperatures, compared to conventional GaAs and Si devices. However, there are
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numerous problems (described in subsection 1.3) that need to be addressed before the

full potential of Al1GaN/GaN HEMTSs can be utilised.

1.1 Applications for AlIGaN/GaN HEMTs

AlGaN/GaN HEMTs have numerous commercial and military applications. Current
QinetiQ-made GaN HEMTs are intended for military applications such as radars
(shipboard, airborne and ground) and high performance space electronics; because
current research is Military of Defence funded. However, there are also numerous
possible applications within the commercial sector. The high RF output-power capability
of AlGaN/GaN HEMTs means they are ideal for commercial applications such as power
amplifiers for base stations in mobile telecommunications, high definition television
(HDTV) transmitters, Ku-K band (10-17GHz) very small aperture terminals (VSATS)
and broadband satellites, C-band (4-8GHz) Satcom, and digital radio.

AlGaN/GaN HEMTs have demonstrated one-order of magnitude higher power density
and higher efficiency than both current Si and GaAs based RF and microwave
transistors. Thus, for the same power output, the GaN devices can be 1/10 of the size of
the equivalent GaAs and Si based devices. High-power solid-state transmitters will be
useful in many future applications because of their high reliability, small size and high
resistance to radiation. AlGaN/GaN HEMTs will be specifically appealing for
applications that require operation at high temperatures and/or in high radiation

environments.

1.2 Advantages of AIGaN/GaN HEMTSs

The most important and desirable properties of a semiconductor material include large
band gap, high thermal conductivity, low value of dielectric constant , and high critical

electric field for breakdown. When comparing GaN with other common semiconductors,
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as shown in Table 1 it can be observed that GaN is best in nearly all the categories. The
large 3.4eV band gap of GaN enables it to withstand large internal electric fields, which
results in GaN having a critical breakdown voltage an order of magnitude greater than
that of GaAs, and also provides enhanced resistance to radiation. High critical
breakdown voltage results in a large power density and thus more compact devices, it
also permits large radio frequency (RF) voltages to be applied which are necessary for

high RF power generation.

Table 1: Material properties of common semiconductors [1]

Material Band Gap Dielectric Thermal Critical
(eV) constant conductance electric  field

(Unitless) (W/°Kem) (Viem)
Si 1.12 11.9 1.5 3x10°
GaAs 1.43 12.5 0.54 4% 10°
InP 1.34 12.4 0.67 4.5% 10°
4H-SiC 3.2 10.0 4 (1-5)x 10°
6H-SiC 3.0 10.0 4 (1-5) x 10°
GaN 3.4 9.5 1.3 ~3.5x%10°

The low dielectric constant permits a larger area device for a given impedance, enabling
a greater RF current and thus once again more RF power. The wide band gap materials
have dielectric constants about 20% lower than conventional semiconductors. The good
thermal conductivity of GaN and its substrate SiC allows the power dissipated in the
devices to be extracted with ease, which prevents the device performance from being
degraded through over heating. GaN has a thermal conductance comparable to Si, which
is the best of conventional semiconductors. Although, GaN has a relatively poor room
temperature bulk mobility of ~500cm?/Vs, the low field 2DEG mobility of the
AlGaN/GaN heterojunction has a room temperature mobility of >1500cm’/Vs using
sapphire substrates and ~2000cm*/Vs using SiC substrates. This is greater than the

critical mobility of 500cm?/Vs required for field saturation and velocity saturation, and
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thus efficient gate modulation. In addition, by using a high aluminium percentage
AlGaN epilayer a 2DEG sheet carrier density of ~ 1 x 10" cm? can regularly be
achieved, which is about 5 times greater than conventional AlGaAs/GaAs structures.
Moreover, GaN has a high saturation velocity ~2 x 107 cm/sec; twice that of bulk Si and

GaAs. High saturation velocity is necessary for high-speed device operation.

1.3 Problems associated with AlGaN/GaN HEMTs

There were several major problems with GaN devices in 2001 (at the start of this
research programme), which needed to be addressed. These were current collapse, self-
heating, hysteresis and a fall in 2DEG mobility at high carrier number density. Detailed
explanations of the problems are given along with prior art at the start of the appropriate

result chapters.

1.3.1 Current collapse

Current collapse is the main probiem hindering RF power operation. Current collapse is
the name given to the discrepancy between actual measured RF power output and that
predicted from direct current (DC) measurements. The low RF power output results
from a collapse in device drain current. The collapse occurs when the device gate is
negatively biased during microwave operation. A complete literature review of the

problem is given in chapter 3.
1.3.2 Fall in mobility

An understanding of low field 2DEG mobility is crucial to take full advantage of the
high electron number densities generated in the 2DEG of the A1GaN/GaN HEMTs. The
2DEG mobility is a good gauge of AlGaN/GaN interface quality and therefore the extent
of electron scattering that occurs at the interface. The fall in mobility limits the device

operating frequency. A full review of the literature is given in chapter 4.
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1,33 Self-heating and hysteresis (trapping phenomenon)

Device self-heating and hysteresis were two additional problems found in AlGaN/GaN
HEMTs. Device self-heating causes the drain current to reduce at high dissipated power,
and is associated with the finite thermal conductivity of the device materials. Several
papers were written on the ways of measuring self-heating [2-4] using Raman
spectroscopy to determine device temperatures with a spatial resolution of
approximately 1pm and temperature accuracy of 10”C. Self-heating can be clearly
observed in Figure 1. Self-heating is most evident in the blue (Vgs = OV) curve where
the drain falls considerably as Vds is increased from S to 20V. The devices also suffered
from hysteresis, indicated in the current-voltage (IV) characteristics shown in Figure 1
as an undesirable second knee, found in the pink and yellow curves (Vgs = -1V and -2V)
at approximately VDS = 12V. Hysteresis limits the frequency of device operation and is

due to the charging and discharging of deep level traps in the GaN buffer.

70
60
50
<
E *Vgs =0
-Vgs=-1
g Vgs =-2
%I mVgs =-3
6 30 *Vgs =-4
[cl *Vgs =-5
*Vgs =-6
I »
10
0

10 15 20

Drain-source voltage (V)

Figure 1 Example of hysteresis and self-heating in AlIGaN/GaN HEMTs.
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1.4 Thesis layout

Chapter 2 explains the physics required to understand the structure, fabrication and
operation of AlIGaN/GaN HEMTs. In addition, the development of devices over the last

20 years is reviewed.

The research presented in this thesis focuses on two main problems associated with
AlGaN/GaN HEMTs; current collapse and the fall in two-dimensional gas (2DEG)
mobility observed at high electron number density. Chapter 3 investigates current
collapse within AIGaN/GaN HEMTs using pulsed DC measurement, a comparative
study of different passivation types and finally gate lag measurements. The research
presented successfully measures the origin on current collapse and gives indications of

how it can minimised.

The 4" and 5™ chapters both examine AlGaN/GaN HEMT 2DEG mobility. In chapter 4
the effects of the substrate and of a movel device structure on 2DEG mobility are
analysed. Chapter 5 uses the temperature dependence of different scattering mechanisms
to determine the form of scattering responsible for reducing the 2DEG mobility at high
electron number density. Models are then used to accurately predict high temperature
2DEG mobility. Conclusions drawn from the research and future work are given in

chapter ©.
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2  BACKGROUND ON AlGaN/GaN HEMTs

The following chapter gives detailed information about the QinetiQ-produced
AlGaN/GaN HEMT devices used in this research. This chapter begins by explaining the
basic device physics that is required to understand the operation of AlGaN/GaN
HEMTs. It then goes on to illustrate how pseudomorphic growth produces strain within
the device layers and generates the piezoelectric properties of the device. This chapter
also explains the device structure, the growth conditions, the role of each layer of the
structure and the fabrication conditions and techniques used. Finally, this chapter gives

the history of the devices and presents the state-of-the-art.

2.1 Basic device physics

In order to understand how AlGaN/GaN HEMTs operate, an understanding of
pseudomorphic growth, and hence lattice constants, strain, critical thickness,

piezoelectric and spontaneous polarisation, and heterojunctions is required.
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2.1.1 Epitaxial growth

Semiconductor wafers are grown by a method called epitaxy. The word epitaxy comes
from the Greek prefix epi- meaning ‘outer, on and upon’ and from the Greek faxis
meaning ‘arrangement’. There are many different forms of epitaxy, including Molecular
Beam Epitaxy (MBE) and Metal Organic Chemical Vapour Deposition (MOCVD), also
known as metal organic vapour phase epitaxy (MOVPE). During MBE the substrate is
heated under Ultra High Vacuum (UHV) conditions. Once the substrate has been heated
to the optimum growth temperature the required epilayer species, in this case
Aluminium, Gallium and Nitrogen, are introduced to the growth chamber. In MBE this
is done in the form of molecular beams which is directed at the substrate. In MOCVD
the sources are introduced in the form of a vapour at temperatures and pressures higher
than those in MBE. When the atoms or molecules react at the surface of the substrate
they bond to one another and form bonds with the surface atoms. The nature of the
layers formed by these interactions is dependent upon the lattice constants of the

epilayer and substrate.

2.1.1.1 Lattice constant

The lattice constant of a solid (ag) corresponds to the size of the conventional unit cell at
equilibrium volume. It’s usually obtained either experimentally, from low temperature
X-ray diffraction measurements that are extrapolated to zero Kelvin, or computationally,
using the local density approximation. The lattice constant of a material is a function
slightly with temperature. Compounds can have more than one lattice constant

depending on the structure, such as GaN and AIN (see 2.2.2.2)

2.1.1.2 Pseudomorphic layers and strain

When the lattice constant of an epilayer ¢, is different from that of the substrate ag, the
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epilayer is forced, by the substrate’s influence, to adjust its in-plane lattice constant to
that of the substrate, as depicted in Figure 2. The word pseudomorphic meaning “false

form”, describes this type of layer grown having a different lattice constant from normal.

A pseudomorphic layer adopts the in-plane lattice constant of the substrate material on

which it is grown. The pseudomorphic arrangement of the epilayer causes it to be under

strain. The strain can be either tensile (ifa, <«<;) or compressive (ifa® o~ ). The

strain, e, between the two material layers is defined as:

£ = 2.1
Where ¢ is the lattice constant of the epilayer and is the lattice constant of the
substrate.
= > H> 4> 7V Y 44
A Lattice A A Lattice
Matched Mismatched
*  (at- as) = (at ~ as)
<] m— ¢ » 4> 44— 4 4— 44
Pseudomorphic

Strained layer

Substrate

Figure 2: Lattice matched, mismatched and strained pseudomorphic layers
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2.1.1.3 Critical thickness

The pseudomorphic influence of the substrate lattice diminishes as the growth plane
moves away from the layer/substrate interface. When the influence of the substrate
lattice becomes less than the strain within the pseudomorphic layer, the structure
dislocates as illustrated in Figure 3. The finite thickness to which a pseudomorphic layer

can be grown before it dislocates is referred to as the critical thickness %, and is defined

as:

he ==+ 22)

Where ¢ is strain and a; is the substrate lattice constant. At the critical thickness where

the dislocation occurs the strain is released and the epitaxially layer reverts to its true
lattice constant. Defects in the form of edge dislocations often occur at the plane where

the crystal regains its true lattice constant, as can be observed below in Figure 3.
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Edge dislocations

Dislocation

Critical
thickness Epilayer

/ Interface /
Substrate

Figure 3: Dislocations in a pseudomorphic layer

2.1.1.4 Heterojunctions

At the interface of the substrate and epilayer a heterojunction is formed. The band
structure of the heterojunction is determined by the band gaps of the two materials and
the way the bands line up (the conduction and valence band discontinuities). The
‘triangular’ heterojunction formed in the conduction band at the AIGaN/GaN interface is
shown in the energy band diagram below (Figure 4) [S5]. The Fermi level is indicated by
a red band. The piezoelectrically induced 2DEG typically has a electron number density

A
of ~1 xIO ch"'. Computer modelling has shown the distribution to be as follows:

subband (red): 8.44 X 10'* cm’»
2”"subband (green): 0.49 x 10'* cm'*
Higher subbands: 0.04 X 10** em'* - the 3™ subband is 11ImeV above the Fermi
level with occupancy of ~3 x 10® eni™.
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Figure 4: Band diagram for a entire AIGaN/GaN HEMT showing the 1*' (red) and 2** (green)

subbands.
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Figure 5: Band diagram for the ‘triangular’ AIGaN/GaN 2DEG showing 1* (red), 2** (green), 3"
(blue) and 4'* (pink) subbands.
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2.2 The AiGaN/GaN HEMT device

SiN Passivation

SOURCE GATE
AlGaN
2DEG GaN
Nucleatioii
Layer
GaN, AlGaN or AIN

Substrate: Typically Sapphire or SiC

Figure 6: AlIGaN/GaN HEMT structure [6]

2.2.7 Device operation

HEMTSs operate in a similar manner to n-channel depletion mode Metal Oxide
Semiconductor Field Effect Transistor (MOSFETSs). They both operate using electrons
as charge carriers, both devices are ‘normally-on’ (conducting when no bias is applied)
and both are tumed off by applying a negative voltage to the gate electrode. However,
unlike in n-channel MOSFETs where the current flows through an n+ doped
semiconductor, in a HEMT the current flows through the 2DEG situated in a potential
well. 2DEG mobility (~2000cmVVs in an AlGaN/GaN 2DEG) is significantly higher
than bulk mobility (-500 cm”/Vs) and therefore HEMTs can operate at higher
frequencies than MOSFETs. In HEMTSs the gate voltage controls the flow of electrons
from the source to the drain by way of an electric field. When a negative voltage is

applied to the gate contact the 2DEG under the gate starts to be depleted of electrons.
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Once the gate voltage reaches the pinch-off voltage (~-6V in Al1GaN/GaN HEMTs) the
area under the gate is completely depleted of electrons and the device is turned off. In a
conventional HEMT the 2DEG is generated from doping within the supply layer.
However, in AlGaN/GaN HEMTs the 2DEG is formed by the piezoelectric dipole
generated across the AlGaN layer as a result of the tensile strain induced during the
growth process. The 2DEG is balanced by a net positive sheet charge at the surface of

the device.

2.2.2 Piezoelectric effect

2.2.2.1 History of piezoelectric effect

Piezoelectricity was discovered by Pierre and Jacque Curie in 1880, when they were 21
and 24 respectively. They were researching crystallography at the University of Paris
when they discovered that both quartz and Rochelle salt exhibited peculiar properties
when placed under mechanical stress. They discovered that the crystals developed a
voltage across them when squeezed and, conversely, changed shape under applied
electrical field. Tension and compression developed voltage of opposite polarity, and in
proportion to the applied force. These observed phenomena they named the piezoelectric
effect and the inverse piezoelectric effect, from Greek piezo meaning “squeeze or

pressure”,

2.2.2.2 Structure of Gallium Nitride and Aluminium Nitride

Both GaN and AIN have a wurtzite crystal structure, tetrahedrally co-ordinated with a
hexagonal Bravais lattice with four atoms per unit cell. The crystal growth orientation is
an important factor in determining the polar nature of the GaN and AlGaN, which
dominates the device behaviour and determines the carrier density in the 2DEG. Growth

orientation is shown below, in Figure 7.
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The crystal lattice can be defined using the length of the hexagonal edge , the height of
the prism c,,, and a microscopic dimensionless parameter m which is defined as the
length of the bond parallel to the < axis (parallel to [0001]), in units of (§ [7]. The group
III nitrides have lattice constants and of 3.11 and 4.98A, respectively, for AIN and

3.19 and 5.18A, respectively, for GaN [s, 9]. Compression along the c-axis and

subsequent reduction inCg, as a result of the growth of the AlGaN epilayer, causes the

piezoelectric dipole across the AlGaN layer to be generated.

p: Pelarixotion
vectof

Figure 7: Growth occurs along the c-axis [0001] producing Ga-faced [0001] basal plane bilayers

noj.

2.2.2.8 Polarisation

There are two forms of polarisation in this structure, spontaneous (due to the cation and
anion positions present in the lattice as a result of hexagonal growth) and piezoelectric
(due to lattice mismatch between the GaN and AlGaN layer). Spontaneous polarisation
(the larger of the two) occurs along the crystallographic axis of noncentrosymmetric

compound crystals when two difference sequences of atomic layering occur parallel to
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that axis. The spontaneous polarity along the c-axis of AlGaN/GaN HEMTs arises from
the fact that the GaN is grown in the hexagonal noncentrosymmetric wurtzite form, as
opposed to the cubic form. When the GaN is grown along the [0001] basal plane, as
shown in Figure 7, the GaN atoms are arranged in bilayers consisting of two closely
spaced hexagonal layers of Ga* cations and N anions, which generates a dipole across
the layer and induces a spontaneous polarisation along the c-axis of the crystal, towards

the substrate.

Piezoelectric polarisation is produced between surfaces of a solid dielectric
noncentrosymmetric material (non-conducting substance) when a mechanical stress is
applied to it. In AlGaN/GaN HEMTs the mechanical stress is supplied by the strain
induced through the pseudomorphic growth of the AlGaN epilayer. The tensile strain
produced when Al:Ga;xN is epitaxially grown on GaN results in a piezoelectric
polarisation field being developed in the AlGaN layer. When stress is applied the metal
lattice is displaced with respect to the nitrogen lattice, which causes variations in the
cation-anion bond length and so increases polarisation. The larger the Al mole fraction
is the smaller the AlGaN lattice constant becomes, which in turn increases the tensile
strain at the AIGaN/GaN interface, increases the piezoelectric polarisation induced in the

AlGaN epilayer and hence increases the 2DEG sheet carrier concentration [11].

2.2.2.3.1 Calculation of Piezoelectric polarization in the AlGaN layer

For a given crystal &, the deformation due to external or internal forces or stresses
o ; can be described using Hooke’s law, which after simplification using Voigt notation

gives the matrix of elastic constants C ; for a wurtzite crystal structure [12].
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C, C, Co 0 0 0
ClZ Cll Cl3 0 O 0
C, G, C, 0 0 0

G=0 0o 0 C, O 0 (2.3)
o 0 0 0 C, 0
0o 0 0 0 0 %(c“—c,z)

Through inversion on the C, matrix the elastic compliance constants can be calculated,

and used to determine the reciprocal Young’s modulus as a function of the crystal
orientation. The reciprocal Young’s modulus S, along angle @ with respect to the

[0001]-axis for hexagonal structures is given by [13]

Sy, =S, sin* (@) + S, cos’ (@) +(S,, +285,,)sin* () cos* (&) (2.4)

Where the elastic compliance constants S;,, S,, , S;; and S, are given by:

Cl 1C33 — C123

Sll = 2 (2.5)
(Cn _Clz)[c33(cn +C)2)"2C13]
2
SIZ — CCi =Gy - (2.6)
(Cn - Clz)[C33 (Cn +C12) _2C13]
C
S, = 12 2.7)
N Cas(cn +C12)—2C|23
S, —— 2.8)
44 qu .

The basal plane is perpendicular to the principal axis (c-axis). Shown in Figure 8 is a
plot of S|, for AIN, GaN and AIN as function of direction along the basal plane, it can

be observed that since the reciprocal Young’s modulus of GaN is a perfect circle, GaN is

isotropic in the basal plane.
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Figure 8: The reciprocal Young's moduli in the basal plane of InN, GaN and AIN.

The stiffness of AIN and GaN is more than twice that for InN. More importantly, the hardness of

the wurtzite crystals is isotropic in the basal plane [12].

Since GaN is isotropic in the basal plane the strain is biaxial, therefore stresses cr, = ¢Tj ¢
In addition, the crystal is relaxed in the growth direction since o< =0 . From Hooke’s

law and matrix (2.3) the relationship between strain along the c-axis and along the basal

plane can be determined as:

6 =-2""E. 2.9)
&3
Where
K0001)=2 -~ (2.10)

33

defines the Poisson ratio and
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@.11)

are the relative variations in lattice constants a and ¢ with respect to the relaxed lattice

constants ¢, and c,. The strain in the basal plane as a result of lattice mismatch is given

by:

C'Z
o,=¢6/(C,+C,-2-2 (2.12)
33
Where
CZ
C,+C, —2C—”>O (2.13)

33

The piczoelectric polarisation for hexagonal materials belonging to the

C,, crystallographic point group [14] is given by:

Pipz = Zdilo'l i=1,2,3 I=1,..,6 (2.14)
4

where 7" are the components of the piezoelectric polarisation and d,; are the
piezoelectric moduli. Since, the strain is biaxial in the basal plane, that there is no strain
in the growth direction because the layer is relaxed (¢ =¢,)and assuming shear stresses

to be negligible the piezoelectric polarisation can be simplified to a single component

along the growth direction given by

2
P =2d,0, = 2dy,(C, +C, +2%3_ (2.15)

33

-39.



CHAPTER 2 BACKGROUND ON AlGaN/GaN HEMTs

By converting the piezoelectric moduli (d; ) into piezoelectric constants (e, ) [12], the

piezoelectric polarisation in the c-axis associated with the biaxial basal tensile strain is

given by
B =ge, +e,e,+6e, (2.16)
= 28,6, + &,€;, (2.17)
C
=2¢g(e, —e,, C—”) (2.18)

33

Two important things should be noted; firstly, that A is linearly dependant on &, and
hence variations in a,; secondly, that B is always negative for tensile biaxial strain

and positive for compressive biaxial strain along the basal plane. Therefore when AlGaN
is grown on GaN the spontancous and piezoelectric polarisations always point in the

same direction. It is for that reason that the total polarisation P found in an AlGaN/GaN

HEMT is equal to the piezoelectric polarisation, B™ (due to the lattice mismatch) plus

the spontaneous polarisation, B (due to the cation and anion positions present in the

lattice). This is more usually written as

P=PF,+P, (2.19)

The total polarisation-induced charge sheet density o (m) is given by:

o(m) = P, (41,Ga, N~ P, (GaN)+ P, (Al,Ga, [N)-F,.(GaN) ~ (2.20)

Where x is the aluminiwm mole fraction, P.(4/,Ga,_N) and PF,(GaN) are the

spontaneous polarisations in the AlGaN and GaN layers respectively

and F,, (Al Ga,_,N) and P,,(GaN)are the piezoeleciric polarisations in the AlGaN and

GaN layers respectively. Since the GaN layer is assumed to be fully relaxed, which is a
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reasonable assumption because the GaN layer is much thicker than the pseudomorphic

AlGaN epilayer, [15] F,,(GaN)=0. Equation (2.20) therefore becomes:

o(m)=P

(AL Ga, N)—PF, (GaN)+P, (Al ,Ga,_N) (2.21)
The polarisation field results in a net positive sheet charge on the surface of the AlGaN

which is balance by a net negative sheet charge to be formed in the GaN at the
AlGaN/GaN interface.

2.2.3 Growth and role of device layers

Large high-purity single-crystal Galliwun Nitride (GaN) substrates are difficult to obtain
at present, resulting in alternative substrates often being used for thin film growth. The
most commonly used substrates for the growth of hexagonal phase GaN are c-plane
sapphire, and 6H and 4H polytypes of Silicon Carbide (SiC). However, there is
significant interest in the use of Silicon (Si) as a substrate [16-21]. In addition to Si,
there are other alternative substrate materials emerging e.g. Lithium Gallate [22].
Throughout 2001 and early 2002, sapphire was the substrate-of-choice because it was
considerably cheaper that SiC. However, now nearly all state-of-the-art research is
performed using SiC substrates because sapphire has a larger lattice mismatch with GaN
of 14.8% compared to 3.3% for SiC. In addition, SiC has much higher thermal
conductivity than sapphire, k = 4.9 W/cm®C compared to k = 0.3W/cm°C, which leads to

less self-heating in the devices and higher power outputs.

All the sample wafers used in this research were grown at QinetiQ, Malvern, on either
SiC or c-plane sapphire substrates. The AlGaN/GaN HEMT’s substrates were typically
250 to 350pm thick layers. The devices were grown by MOVPE using a “close-coupled
showerhead” Thomas Swan reactor. Trimethyl gallium (TMGa — [(CH3); Ga]) and
trimethyl aluminium (TMAL - [(CHj); Al]) were used as the group III precursor and

ammonia was used as the group V precursor with hydrogen as the carrier gas. In order to
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ensure that pre-reaction of the reagents was minimised, the group III and V gas flows
were kept separate at room temperature until injection through the showerhead into the
reaction chamber 16mm above the heated substrate. Throughout the AlGaN and GaN

growth process was monitored in-situ using real-time spectral reflectrometry [23].

In order to obtain good quality, reproducible, specular surfaces and two-dimensional
growth a well established growth procedure was used [23]. The routine begins with the
nitrogen pre-treatment (nitridation) [24]. In which the substrate is exposed to NH; in
order to increase the reflectance [23]. This is followed by low temperature ( ~550°C)
nucleation [25], which forms an island film of GaN [23]. During the third stage,
recystallisation, the temperature is ramped causing adjacent islands to merge to form
larger islands. On sapphire substrates the nucleation layers normally consists of either
GaN or AlGaN grown at a temperature of 600 °C. On SiC substrates the nucleation layer
is often provided by AIN, which has been grown at 900 °C. The nucleation layer is
typically 200A thick and has the purpose of bridging the severe lattice mismatch
between GaN and the substrate. In addition, it minimises parallel conduction through the
substrate. An AIN sub-buffer has been shown to reduce the current transport through the
substrate to just 100nA/mm [26].

During the high temperature GaN buffer growth phase (~1050°C at the rate of ~ 1pm/hr)
the islands completely coalesce to form a smooth film. The GaN buffer layer is an
unintentionally doped (UID) 1.2um thick layer. The buffer layer needs to be resistive in
order to prevent parallel conduction, ensuring full pinch-off, absence of punch-through
and hence high efficiency, and also to provide good device isolation. Experimentally it
has been seen that high temperature growth conditions result in insulating GaN.
However, the mechanism or defect responsible for the insulating GaN is still unknown
[27]. The quality of the GaN layer is very important because it influences the quality of
the GaN/AlGaN interface which directly affects device mobility.

The final stage of the growth process is that of the AlyGa;xN channel layer, which is

typically an un-doped 280A thick layer grown at 1000 °C at a rate of ~ 1um/hr, onto the
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GaN buffer layer. More information on the growth process used at QinetiQ can be found
in Balmer et a/ [23]. The AlGaN layer nominally contains 24% =+ 1% aluminium. The
greater the aluminium content, the smaller the lattice constant of the AlGaN compound;
which increases the tensile strain in the epilayer (see section 2.1.1.2.). AlGaN/GaN
HEMTs are normally passivated, using SiN or Si3Nj, to try and reduce current collapse.

The topic of passivation is covered in depth in chapter 3.
2.2.4 Device fabrication

The initial step of the fabrication process is the mesa isolation of the devices. Optical
lithography is used to pattern Shipley S1818 photoresist. The mesas are then reactive ion
etched using SiCly with the patterned photoresist as a mask. The typically required mesa
height is 0.1 - 0.2pm, taking about 18mins at an etch rate of 110A/min, After
photographing and testing the etch depth using a Dektak, a Titanium/Aluminium/Gold
(Ti/Al/Au) ohmic alloy which consists of S00A of Ti and 3000A of Au is deposited by
thermal evaporation at a pressure of 5 x 107 Torr. This is then alloyed at 900° C. Next,
an optical lithography alignment etch is performed using patterned Shipley S1818 and
RIE SiCly to improve the contrast in preparation for the E-beam gate alignment stage.
The feed metal is then defined using a PMGISF11/S1818 double-photoresist process
(with MF-319 as developer). The feed metal of Ti 500A /Au 8000A / Ni 300A / Au
3000A is deposited at 5 x 107 Torr, followed by a conventional lift off process. After an
E-beam resist process, the Schottky gates of Ni 300A and Au 3000A are deposited at 5 x
107 Torr, followed by another conventional lift off process. The final step is the
deposition of silicon nitride passivation at 300°C and 200mT by plasma enhanced

chemical vapour deposition (PECVD).

2.3 History of the GaN based devices

The history of GaN FET devices started in 1993 when Khan et «/ [28] reported the

fabrication and characterization of a metal semiconductor field effect transistor
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(MESFET) based on single crystal GaN. The first GaN-based MESFET was grown on
sapphire substrates using low-pressure metal organic chemical vapour deposition
(MOCVD). The device consisted of a 6000A thick un-intentionally doped (UID) n-GaN
layer deposited on a thin AIN layer on a (0001) basal sapphire substrate. The n-GaN
layer was used as the transistor channel, which had a doping density and low field
mobility of 1 x 10"7cm™ and 350cm*/ Vs, respectively. The 4um-gate-length device had a
current density of 180mA/mm and a peak transconductance of 23mS/mm. The devices
performances were limited almost entirely by the poor GaN channel mobility, and Khan
soon surpassed it, later that year, using a GaN HEMT based on a n-GaN/Alg14GossN
heterojunction [29]. The addition of 1000A Alg14GossN layer resulted in an AlGaN/GaN
HEMT structure with a two dimensional electron gas (2DEG) with an improved
mobility of 563cm® Vs. A year later Khan [30] published the first microwave
performance results of AlGaN/GaN, 0.25um gate-length HEMT, with an f; of 11GHz
and an fiex of 35GHz; comparable to more mature SiC MESFETS at that time.

As the technology improved, dislocation densities in the GaN epilayers were reduced
and the ohmic contacts changed from Ti/Au to Ti/Al. Better bulk and 2DEG mobilities
of 600 and 1500cm*/ Vs respectively, were attained. At the same time, devices with
useful current densities of 330mA/mm, breakdown voltages greater than 220V and cut-
off frequencies of f; = 6GHz and f..x = 10GHz were demonstrated by Wu [31]. This
progress led to the first report of large-signal performances of a GaN FET in 1996 by
Wu [32]. The device structure was composed of an AlgsGaggsN epilayer on 0.3um GaN
channel, grown on c-plane sapphire substrate. The Alg,;5GaggsN epilayer consisted of a
3nm spacer, a 15nm Si doped layer (3 x 10'%cm™) and a 12 nm cap, with background
doping density of approximately 1 x 10'®%cm™3 in the ‘undoped’ region. A 1um gate-
length, 4um source-drain separation and 500pum gate-width MODFET yielded a peak
output power of 550mW, or a power density of 1.1W/mm at 2GHz with a power-added
efficiency (PAE) of 18.6%; surpassing the usual 1W/mm achieved by GaAs FETs. The
problem of self heating was identified [32] as the limiting factor of sapphire-based

power devices.
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2.3.1 High Al-content devices

Devices continued to improve, leading to 1pm gate-length MODFETs with current over
500mA/mm and a 220V-plus breakdown. A unity-gain cutoff frequency (f;) of 19 GHz
at 100V and a continuous wave (CW) power density of 1.57W/mm at 4GHz when
biased at 28 V and 205 mA/mm was achieved [33]. Short-channel (0.2um) MODFETs
[34] achieved a mobility of 1200cm*Vs, f. of 50GHz, saturation current and
transconductance of 800mA and 240mS/mm, respectively and breakdown fields of
80V/um gate-drain spacing; leading to a CW output power density of 1.7W/mm at
10GHz. However, the next large breakthrough [35] came from the use of high-
aluminium content AlGaN layers, which gave rise to numerous devices with gate-widths
of 76pum and 100pm achieving CW output power of greater than 3W/mm at 18GHz, the
best being 3.3W/mm and a with power-added efficiency (PAE) of 18.2% using an
AlpsGagsN epilayer [36]. These power densities are three times those of GaAs
MESFETS and twice that of lower Al-content AlGaN/GaN devices. An AlGaN layer
with a large percentage of aluminium has a larger band gap and hence can withstand a
larger electric field before avalanche breakdown occurs. In addition, the resultant larger
conduction band discontinuity (AE.) enhances electron carrier confinement, resulting in
high 2DEG mobility, Moreover, the increase in lattice mismatch between GaN and
AlGaN layer increases the polarisation field in the devices which in turn, increases the
electron carrier density in the 2DEG. In conclusion, the high aluminium concentration
enabled high mobility and large electron number density. However, high aluminium
content leads to poor ohmic contact resistance, which has meant that most modern

devices use no more than 30% Al in the AlGaN layer.

2.3.2 Introduction of SiC substrate devices

The next significant innovation came from the rekindling of an idea first introduced by
Binari ef al [37]; the use of SiC as substrate instead of c-plane sapphire. The use of SiC
negated the problem of poor thermal conductance found in sapphire. Although SiC is a

lot more expensive, it is now the preferred substrate material for GaN based technology
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because, firstly, it has a very high thermal conductivity of k = 4.9W/ecm°C compared to k
= 0.3W/em°C (although most devices used in this project were grown on vanadium-
doped material, with a thermal conductivity of 3.3W/mK). Secondly, the lattice
mismatch between GaN and SiC is only ~ 3% (tension) compared to ~13%
(compression) between GaN and sapphire. Sullivan ez al [38] reported the first large-
signal performance of Alp2GagsN/GaN HEMTs on 4H insulating SiC. Although the
Al/Ti, 950°C annealed, ohmic contacts were poor, with contact resistances of 2.6-3.5
Q.mm the 0.7um gate-length, 40um gate-width devices showed a high current density of
1.IA/mm and f; and f..x of 15GHz and 42GHz, respectively. At 10GHz, 320um gate-
width devices showed an output power of 0.9W, or 2.8W/mm, along with an associated
gain of 6.5dB and PAE of 17.3%.

Through the use of SiC substrates there was steady improvement in reported power
densities. Sheppard et a/ in 1999 [39] achieved 0.125-0.25mm gate periphery devices
with high CW power output densities of between 5.3 and 6.9W/mm, with typical PAE of
35.4% and 9.2dB of gain, using semi-insulating (SI) 4H-SiC. He also produced a 3mm
HEMT that gave 9.1W of CW output power at 7.4GHz, with a PAE of 29.6% and a gain
of 7.1 dB. Wu er al [40] achieved 6.5W/mm on sapphire, 9.8W/mm on SiC and 9.2-
9.8W of output power from 2mm wide devices flip-chip mounted onto AIN substrates.
However, the highest power densities published by 2001 [41] were 10.7W/mm, with a
PAE of 40%, from a 1 x 150 x 0.3um AlGaN/GaN/SiC HEMT, after passivation, at
10GHz. Meanwhile, 32mm periphery devices on thinned sapphire [42] showed 113W
(3.5W/mm) of CW output power, through the use of a 120nm thick SiN passivation
PECVD. Wu [43] reported S1W total output power at 6GHz from a AIGaN/GaN HEMT
amplifier. Kasahara [44] reported a 0.25um AlGaN/GaN/SiC FET generating 2.3W
output power at 30GHz, while Sandhu [45] published results from a 0.2um gate-length
AlGaN/GaN HEMT, operating at 29GHz, with a power density of 1.6W/mm and 26%
PAE. This was followed by [46] a 500pm device operating 20GHz with a power density
of 3.2W/mm and 71% PAE.

While most groups had changed to SiC, Kumar continued using sapphire substrates and
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produced some high speed devices; 0.25um gate-length devices with an f; of 67GHz and
a maximum oscillating frequency (fmax) of 136GHz [47] (using MBE) and 0.15um
recessed gate devices with an f; of 107GHz and an f,,x of 148GHz and 0.25um gate-
length devices with an f; of 85GHz and an fi.x of 151GHz [48, 49] (using MOCVD).
When Kumar finally moved onto SiC substrates [50-52] the devices improved to an f; of
121GHz and an finax of 162GHz.

2.3.3 Devices with field plates

The next leap in progress came from the introduction of field plates (FP), as shown in
Figure 9, which dramatically increased the power density of the devices. Field plates
were first used on AlGaAs/GaAs HFETs in 1998 by Asano at NEC in Japan [53] where
the idea improved power densities to 1.7W/mm. N-Q Zhang et al was the first [54] to
use the field plate idea (or overlapping gate) on AlIGaN/GaN HEMTs in 2000 to produce
a record breakdown voltage of 570V. The field plate reduces the peak electric field

found at the gate edge, as shown in Figure 10.

Tum tum  2.5um

AlGaN UNDOPED
GaN UNDOPED

SiC SUBSTRATE

Figure 9: Schematic of AlGaN/GaN FP-FET structure[55].
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Figure 10: Simulation results of a conventional GaN HFET and a GaN FP-HFET [56).

Field strength is softened with a field plate. Degree of improvement depends on thickness of SI3N4
layer and extension of field plate as well device parameters, « Normal gate simulation structure »
Gamma gate simulation structure. Innermost field line indicates highest electrical field (1.2
X107V/em) while outermost field line indicates lowest electrical field (4 x 10* V/em). ¢ Electrical

field from source to drain, normal gate, d Electrical field from source to drain, gamma gate.

Using the FP idea over the last two years, the Ando and Okamoto group, also working
for NEC in Japan, have published several papers [55, 57-61] on high power-density and
high CW output-power large peripheral devices. Beginning with a Imm wide gate which
showed a CW output power of 10.3W at 2GHz [55]. Then soon after they developed a
Imm wide gate which showed a CW output power of 12W at 2GHz [57] by recessing
the gate 14nm using BCI3 plasma etching. Earlier this year they reported a single 24mm
wide recessed-gate PET chip which generated 179W (3.7W/mm) of saturated output
power, 64% PAE, and 9.3dB linear gain at a drain bias 0f46V [58]. The group started to

fabricate 24mm gate-width devices, starting with a non-recessed gates which generated
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80W (3.3W/mm), 42% PAE, and a linear gain of 8.5dB at 2GHz [59]. Then by
extending the plate length Lgp to 0.7um, they produced a device that exhibited 96 W (4.0
W/mm) output power, 54% power-added efficiency and 8.5 dB linear gain at a drain
bias of 32 V at 2GHz [60]. Moving further to using a 32 mm wide recessed gate they
reported an output power of 149W (4.7W/mm) with 64% power-added efficiency and
8.7 dB linear gain with a drain bias of 47V [61].

2.4 State-of-the-art

The largest power generated from a single chip is reported earlier this year by Ando ef al
[58] using a single 48mm wide recessed-gate FET chip which generated 179W
(3.7W/mm) of saturated output power, 64% PAE, and 9.3dB linear gain at a drain bias
of 46V.

The highest power density on sapphire substrates to date has been reported by Chini et
al [62]. Chini used a novel design structure of field plate where the field plate is
deposited on a layer of SiN as shown below in Figure 11. Such devices achieved a

power density of 12W/mm.
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0.4Jim 0.7 un

Figure 11: Novel field plate structure [62].

After SIN PECVD deposition a second gate is evaporated on the dielectric layer, acting as a field

plate. The two gates are electrically shorted through the device pad and gate feeders.

The highest power density on SiC currently obtained is by Wu et al [63], 30W/mm with
PAE of 49.6% at 8GHz, using devices with dimensions of 0.55 x 246)jm" and a field
plate length of 1.1 pm. Wu used the same field plate design as Chini [62].

The fastest reported devices are by Kumar [52]. The 0.12pm gate-length grown by
MOCVD onto 4H-S1C substrates demonstrated a f of 121GHz and an fiax of 162GHz.

The highest current density reported to date [64] is 1798mA/mm from MBE-grown
AlGaN/GaN HEMTs on 6H-SiC.
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3 CURRENT COLLAPSE

3.1 Introduction

This chapter describes an investigation of the causes of current collapse using gate lag
and DC pulsed measurements. The wafer ID and numbers, device types and numbers

and substrates used in the measurements are detailed below.

Table 2: Wafer details for current collapse measurements

Wafer Details Device Details

ID Number Substrate Type Number Measurement
Japan 1194SC12A | SiC E NUMerous Pulsed DC
Bravo 1218ANG8A | Sapphire Hall Bar L1 Gate lag

The wafers are standard Q1 structures, grown and fabricated using the techniques
explained in the previous the chapter. The work described in this chapter resulted in the
presentation of a poster at the Institute of Physics and a paper published in Solid-state
Electronics [65].
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3.2 Current collapse related literature

Despite their impressive performance, many AlIGaN/GaN HEMTSs show discrepancies
between the predicted output power from static current-voltage curves (see below) and
the actual load pull output power. ‘Current collapse’ is the term used to describe the
shortfall in drain current and hence output power between the microwave frequency
output power and the output power predicted from DC drain characteristics. Current
collapse, which was first reported by Khan ez a7 in 1994 [ |, is also known as current
slump [67], current compression [ss] or dispersion [69, 70], and is the main obstacle
preventing high power-output performance being obtained at microwave frequencies for
AlGaN/GaN HEMTs. Ideal drain characteristics and the ideal load line are shown in

Figure 12.

Bias Pnm(

[

Figure 12: Ideal IV characteristics showing load line drawn to maximise output power [711

It is possible to predict microwave frequency output power (Pout) from DC drain CV

measurements using the following equation;

_(AFA))

3.1
8 @.1

Where the maximum current swing Al is equal to saturation current, Inmx and the

maximum voltage swing AV is given by (Vbreakdown - Vknee), as shown in Figure ::.
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Current collapse occurs when the gate of the devices are highly negatively biased [72].
This occurs, for example, when devices are biased in class B operation. Class B
operation being when the devices are biased at point B as indicated on Figure 12 (i.e.
Vgs = -6V and vds = 20V). When operating at class B the maximum drain saturation
current Imax of the device decreases dramatically due to a large increase in the knee
voltage. Current collapse is often observed using GaAscode (explained in subsection
3.3.1) pulse measurements (as shown in Figure 13) because pulse measurements help to
prevent self-heating within the devices and therefore give a better indication of future

device performance at microwave frequencies than standard DC measurements.

175

0 5 10 15 20 25

Drain-source voltage (V)
Figure 13: Pulsed measurements showing current collapse.

Black (biased at Vs = OV, Vos = OV) Red (biased at VGsS= -6V, Vps = 20V). For VGs= 0 to -6V, with
-2V step.
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3.2.1 Possible causes of current collapse

It is generally agreed that current collapse is caused by electron trapping. However, the
location of the traps and the source of the electrons are hotly debated. There are three

possible mechanisms of current collapse.

Firstly, hot electrons (from the 2DEG) could be trapped in the GaN buffer layer. This
idea is spearheaded mainly by P.B. Klein [73-76] and S.C. Binari [37, 77-80]. They
suggest that drain lag [78] occurs without surface involvement. Only gate lag is
attributed to surface trapping. Their measurements were performed on 250A AlGaN
(30%) / 3um SI GaN / 200A AIN / Sapphire HEMTs with (PtAu) gate lengths of 0.2 to
lum. Using the optical reversibility of current collapse, the photoionisation spectra of
the traps involved were determined to be at 1.8 and 2.85¢V below the conduction band
[73-75, 79]. Through the reduction of the trapping effects Binari was able to fabricate
0.4pm device with a f; of 30GHz and a £, of 70GHz, a CW power density of 3.3W/mm
and a pulsed power density of 6.7W/mm at 3.8GHz.

The second possible mechanism is variation in the charge trapped in the AlGaN layer
under the gate. Tarakji et a/ [81] concluded from their comparative study of MOSHFET
[82] and HFET current-voltage transfer characteristics (under dc and short-pulsed drain
and gate voltage biasing) that changes in the transverse electric field between gate and
channel caused changes in the trapped charge beneath the gate, resulting in current
collapse. They ruled out gate leakage and surface states as possible mechanisms of
current collapse because both device types suffered from current collapse despite having
different surface conditions. A similar effect on the device properties has been reported
from trapping of electrons in states in the AlGaN close to the gate corner of unpassivated
devices [83]. In this case the trapping was non-linear in drain voltage and obeyed a
Poole-Frenkel law. Since the charge trapping (to either surface states or AlGaN traps) is
a non-linear function of applied voltage, the model suggests that under RF excitation (or
in pulse operation) the charge state of the virtual gate becomes characteristic of the most

negative applied gate voltage. This leads to a reduction in drain current which is a strong
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function of RF input power, explaining the difference between DC and RF operation.

The third, and most widely accepted [ss, 71, 84-95], explanation of current collapse is
the trapping of gate electrons on the device surface and the subsequent formation of a
‘virtual gate’. The virtual gate concept has been examined in many different ways, such
as, drain lag [84], gate lag [71, 85] thermal drain current recovery [s s | and through ultra
violet (UV) illuminated drain current recovery [84, 87-89] measurements. It has been
previously shown [7] that sheet charges are induced by piezoelectric polarization, and
that the polarization dipole alone is not sufficient to create a 2DEG [96]. In order for
2DEG formation to occur in the GaN channel, a positive sheet charge must exist at the
AlGaN surface. In the virtual gate model, when the gate is under large negative bias,
electrons can be injected from the gate onto the surface of the device at the gate edges,
changing the occupation of surface states. The virtual gate formed on the surface
depletes the 2DEG of electrons and increases the parasitic source and/or drain resistance
of the device. The movement of the electrons onto the surface and subsequent current

collapse is depicted in Figure 14.

Charge Charge
movement movement .
Source Increases Rs Gate Increases Rd Drain
9999925
-WyVv- — VWV- -WW
AlGaN Rs Rchannel Rd
GaN 2DEG

Sapphire or SiC Substrate

Figure 14: Charge transferring onto the surface form a ‘virtual® gate.
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3.2.1.1 Drain lag measurements

The ‘virtual gate’ effect has been elegantly demonstrated using a Kelvin probe technique
[84]. Charge was found to spread up to a micron across the surface of unpassivated
devices. Simultaneous measurements of the drain current and the surface potential
(using the Kelvin probe technique) clearly indicated that the surface potential variations
were responsible for the collapse in drain current, UV illumination totally eliminated
current collapse whilst silicon nitride passivation reduced the magnitude of the surface

and drain current transients.

3.2.1.2 Gate lag measurements

Gate lag measurements by Vetury et a/ [71] and Verzellesi et al [85] both clearly
indicated that the traps located on the ungated surfaces explain all dispersion effects. By
measuring the maximum drain current of devices operating with and without ultra violet
(UV) exposure, Vetury et al [71] showed that the devices had a higher maximum drain
current when operated under UV, They concluded that the incident photons of UV light,
which have energies greater than the GaN bandgap (3.4 eV), induce the formation of
clectron-hole pairs. The holes are then pulled to the surface by the electric field where
they neutralise the virtual gate. A Japanese group, Ohno et a/ [86-89} using Micro-
Raman scattering spectroscopy, Electroluminescence (EL) and a spatially-resolved
illumination technique discovered a high-field region at the drain edge, caused by a
high-density surface traps. The high field region that they discovered is shown below in
Figure 15. When the devices were illuminated (using their spatially-resolved
illumination technique) the current collapse was reduced greatly. They concluded that
the current collapse was caused by the virtual gate mechanism. They also studied the
effect of surface passivation on current collapse [89]. They found that by depositing a
100nm thick film of Si3N4 passivation using electron-cyclotron-resonance (ECR)
sputtering, cuirent collapse was eliminated, giving further evidence that surface states

were the cause of current collapse.
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Figure IS: Drain current as a function of UV illumination [89).

i. 2.1.3  Surfacepassivation

Passivation has been found by numerous groups [84, 89-95, 97] to improve device
characteristics. DLTS measurements by Vertiatchikh e «/ [90] clearly show the
reduction of two surface traps through Si;N: passivation. Passivation experiments
performed by B.M. Green er a/ [91] showed that the addition of a Si;N. passivation layer
to undoped AlIGaN/GaN HEMTs increased the saturated power density by up to 100% at
4GHz and increased the breakdown voltage by an average of 25%. Hence, they
concluded that a surface-layer mechanism was the main factor limiting the maximum RF
current. A comparative study [92] of different surface passivations on AlGaN/GaN
HFETs showed that Si:N: and Sio: gave a 25% improvement in device drain current
performance. SiO only gave a 15% improvement. However, both Si;N: and Sio:
increased gate leakage of the samples from 0.1mA to 1mA whilst the gate leakage of the
SiO sample remained at 0.1mA. Probably the best results reported in terms of
dispersion-free transistors are from a US group from Yale university, N-Q Zhang es a/

[93], who use a JVD (Jet Vapour Deposition) double passivation technique. They found
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that Si:N: reduced current collapse (by introducing shallow donors into the AlGaN
surface) but caused a large increase in gate leakage current. They also found that Si02
passivation dramatically reduced gate leakage (by introducing deep level donors) but
caused severe current collapse. In order to combine both advantages of Si02 and Si:N: a
double gate dielectric scheme was devised (shown in Figure 16). This led to devices

with no current collapse and without gate leakage.

Gate
Source 10nmSiOd S1*panivatioo\DraLn

15onSI3N4
16 am Uu> AULnGa«.7jN

GaN Bulfcr

Scemi-lnsuUuDa SiC

Figure 16: Double gate-dielectric insulated GaN HEMT structure [931.

3.2.1.4 GaN caps

Several groups in an attempt to reduce current collapse have investigated the use of a
GaN cap layer (typically Snm thick). Using a GaN cap layer reduces the electric field at
the surface and hence possibly reduces the migration of electrons from the gate onto the
surface. However, to date there have been contradictory results. A German/Korean
collaboration [94] found that SiN passivation had less effect when deposited on a GaN
cap layer, where as a Japanese group [95] achieved extremely good devices without
current collapse or transconductance dispersion, using an n* doped GaN cap layer with
strongly stressed SiN passivation. Tilak e o7 [41] report that variation in barrier
thickness also affects the electric field at the surface and consequentially current

collapse. It is reported that the current collapse effect is increased if the barrier
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thickness is decreased, due to the increase in electric fields in thin barrier structure.

AlGaN/GaN double barrier structure

The AlGaN/GaN double barrier structure is a novel design by Neuburger ez a/ [98]
which attempts to prevent current collapse by hiding the positive sheet charge within the
structure of the device. The AlGaN/GaN double structure is shown below in Figure 17,
it results in an ambipolar device that has both a 2DEG at the usual AlIGaN/GAN

interface and a two-dimensional hole gas 2DHG) at the GaN/AlGaN interface.

GaNI AK3aN 1GaN
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3 Nw electros  ZOKIO™
2
holes LSKIO™
3
B
[ o E. / -LOScIO* 3
S 2
LA I o0
4
-0.0
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d«pti [nm]
Ambipolar channel 2DEG

Figure 17: A1GaN/GaN double barrier structure (98|.

In order to obtain a unipolar device, acceptor and donor doping spikes are used to
neutralise the rear 2DEG and 2DHG, respectively. The doping profile of the resulting

structiu-e, from capacitance-voltage (CV) measurements, is shown below.
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Figure 18: Doping profile of a AIGaN/GaN double barrier structure from CV measurements [98].

Following their initial processing a residual parallel donor path remained, however their

concept was verified,

33 Passivation experiments

As mentioned, device passivation has been found by many groups, at best remove or, at
least, to reduce current collapse. In order to investigate these claims, and to optimise the
silicon nitride deposition process, the effect of different passivation conditions on drain

current was measured.

3,3,1 Experim ental

An unpassivated wafer (1194SC12A) was sawn into 10 samples. Three co-planar 200|im
T-gate type E devices (Figure 19) were chosen from each of the samples. Current
collapse in each of the 30 devices was measured, using a GaAscode pulse kit, before and
after passivation, thus allowing the effect of the passivation to be determined as a ratio

(3.3). Each sample was passivated imder different conditions, as shown in
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Table 3. The passivation results were then compared to determine which passivation

conditions improved the devices (reduced current collapse) the most.

Dram

Source

Figure 19: A co-planar 200pm T-gate type E device.

The GaAscode pulse kit enables the device to be biased at any gate-source and drain-
source voltage point (i.e. at Vgs = OV and vds = OV). From that bias point the device is
then pulsed at a programmable rate to the measurement points. As mentioned previously
current collapse is the fall in saturation current observed in high frequency
measurements as compared to the DC behaviour. For the purpose of these measurements
the high frequency measurements were class B biased pulse measurements while the DC
measurements were represented by standard zero biased pulse measurements. The
maximum saturation current of the device (indicated as Imax on Figure 12) was used as
the figure of merit. Thus the current collapse (CC) of the devices was given by the ratio

between the zero biased saturation current and the class B biased saturation

current (7 ).
__ rpsB
CC=T, 3.2)

Therefore, a single current collapse measurement consisted of two separate measurement

sweeps one biased at zero and another biased at point B. For each sweep, Vqs was swept
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from 0 to -7V in IV steps while Yds was swept from 0 to 25V in 100mV steps at a pulse

length of O.Sps and pulse separation of 0.5ms, as shown in Figure 20.

Zero biased Class B biased

0.55
\6S ¢ Vs
ov -6V

03 oM 0.50is O-5ms
Vbs t Vbs t
oV 20V

0.5ms 0.5ms

Figure 20: Zero and Classed B biased pulse measurement waveforms.

After they were measured each piece was individually passivated under different
conditions, shown in Table 3. Each sample was used to test a single variable of the
passivation process. The control sample, C, was passivated using the currently preferred

passivation conditions.
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Table 3: Passivation experiment matrix (by PECVD)

Sample 2 %SiHs flow N: flow Pressure Power Temp Time Test
F 100 135 200 5 300 20 High Silane
B N2 preplasma 135 200 5 300 10 N2plasma

35 135 200 5 300 40

C 35 135 200 5 300 40 Control
E 35 135 200 5 300 80 Thickness
G 35 135 200 5 300 20 Thickness
J 35 135 200 5 300 10 Thickness
K 35 135 200 10 300 40 Power
L 35 135 400 5 300 40 Pressure
N 35 135 600 5 300 40 Pressure
0 35 135 200 5 350 30 Temperature

After passivation the pulse measurements were repeated on the same devices that had
been measured before passivation. The direct comparison of current collapse after
passivation doesn’t give a true indication of the improvement in the devices due to
passivation because it doesn’t take into account the state of the devices before
passivation. Therefore, the ratio of passivated current collapse (PCC) at vds = 10V to

unpassivated current collapse (UCC) at Yds = IOV was also calculated for each device.

PCC
UCC (3-3)

A passivation ratio (Pr) of 1 indicates no improvement, greater than 1 indicates that the
device is improved and less than 1 indicates that the device has deteriorated. The results
of the passivation experiments (UCC, UCC standard deviation, PCC, PCC standard
deviation and pr for each device, and their average for each sample) are given below in
Table 4. The standard deviation values where calculated using the un-biased (n-1)

method, where n is the number of samples, in this case n = 3.
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Table 4: Average UCC, UCC standard deviation, PCC, PCC standard deviation and Py (2dp).

Sample UCC | UCCSD PCC| PCCSD Pr

F (031 0.07 0.67 0.04 2.16
B|0.15 0.13 0.13 0.04 0.87
C|0.27 0.1 0.34 0.12 1.26
E}0.50 0.15 0.67 0.21 1.34
G |0.21 0.12 0.41 0.13 1.95
J10.23 0.72 0.30 0.04 1.30
K|0.27 0.06 0.42 0.07 1.56
L |0.51 0.27 0.65 0.25 1.27
N |0.26 0.15 0.57 0.07 2.19
0032 0.16 0.49 0.04 1.53

As can be observed from Table 4, there wasn’t a single outstanding result, since ideally
the PCC ratio should be [ (i.e. zero current collapse after passivation) and the Pg should
be high, to indicate that the device wasn’t good previous to passivation. However,
passivation F was found to have significantly better results than the control C, while
passivation B was found to give the worst results. The device uniformity, indicated by
the standard deviation, generally improved after passivation. The high and high average
UCC and PCC values of samples L. and E are as a result of a single good transistor,
indicated by the high standard deviation of the samples. Passivation F had an average
passivation ratio of 2,16, meaning that on average the maximum drain current of the
devices more than double after passivation. Passivation B had an average passivation
ratio of 0.87, meaning that the drain current of an average device is approximately a 1/10
less than before passivation, in other words passivation B causes more current collapse.
A comparative study between conditions F and B was then undertaken to explain why
condition B passivation increased current collapse and why condition F reduced current
collapse. Although passivation N improved the devices greatly (2.19 times) the devices
still had a considerable current collapse after passivation (0.57). The large variation in

passivation results lead to a comparative study of the passivation types in order to
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distinguish their differences, and hence why passivation could both increase and

decrease current collapse.

3,3.2 Differences in passivation

In order to test the hypothesis proposed by the virtual gate concept that current collapse
is a surface trapping phenomena, pulsed IV characteristics of a type F and B passivated
device where taken at various pulse lengths with constant separation. If the current
collapse was a surface trapping issue, as the pulse width increased the parasitic drain
resistance (Rp) should decrease because there will be more time for surface trapped
electrons to return to the gate. Figure 21 and Figure 22 show the pulsed IV
measurements of the type B and F passivated devices as the pulse width was varied from

Ips to Ims at constant 0.5ms pulse separation.

120

« 100

10 15

Drain-source voltage (V)

Figure 21: Current collapse of device 2110 with type B passivation.

Each sweep has a constant pulse separation of 0.5ms, pulse widths vary. Zero biased (VGS = OV and
Vps= OV) - Black (Ips), Class B biased (VGS = "OV and VQs= 20V) - Red (Ips), Green (Sps), Light
blue (10ps), Peach (SOps), Lilac (100ps), Blue (SOOps) and Purple (1ms).
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From both Figure 21 and Figure 22 it can be seen that 1ms pulse width measurements
show significantly less current collapse than 1us measurements, which is in-keeping
with the initial hypothesis. From examination of the (poor) type- B passivated device
results it can be observed that, at a critical voltage/pulse-width product, the drain current
rapidly increases to saturation at approximately 150mA. Therefore, the movement of
electrons from the surface to the gate is a function of the electric field at the surface and
the amount of time the electrons have to migrate (i.e. pulse width), which is as expected.
The mass exodus of electrons from the surface at the critical voltage-pulse-width results
in a rapid and dramatic reduction in Rp and hence an equally rapid increase in drain
current, as observed. For a given pulse width the electric field required after type F
passivation to move the electrons from the surface back to the gate is less than after type
B passivation. It can thus be concluded that the main difference between passivation F

and B is that traps made by passivation F are shallower than those made by passivation
B.
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Figure 22: Current collapse of device 1414 with type F passivation.

Each sweep has a constant pulse separation of 0.5ms, pulse widths vary. Zero biased (VGS = OV and
Vps= OV) - Black (Ips), Class B biased (Vecs = -6V and Vgs= 20V) - Red (Ips), Green (5ps), Light
blue (10ps), Peach (SOps), Lilac 100ps) and Purple (1ms).

N-Q Zhang er az [93] reported that, although shallow traps inducing passivation (like
type F) reduce current collapse, they also increase device gate leakage. Unfortunately,
the gate leakage was not measured before passivation and therefore the affect of the

passivation on gate leakage couldn’t be determined.

iLi.J Passivation conclusions

The passivation experiments showed that under the right conditions current collapse
could be reduced by passivation. This strongly suggested that current collapse was
directly affected by the condition of the device surface. However, since none of the
passivation condition were able to eliminate current collapse entirely, either the

passivation processing procedure required further optimization or there was an
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additional cause of current collapse, such as hot electrons trapping in the GaN and / or
the AlGaN layers. Passivation type F was found to reduce current collapse, but the pulse
length variation experiment suggested that instead of preventing the migration of
electrons onto the device surface, as hoped, the passivation merely provided shallower
traps, allowing the electrons to move on and off the surface faster. Therefore, control

passivation scheme C, remained the QinetiQ standard.

34 Gate lag measurements

The gate lag measurements were performed in order to further investigate the surface
induced current collapse. Potential probes to the channel of a long channel AlGaN/GaN
HFET were used to directly measure the increase in resistance of the ungated regions at
the source and drain that were suspected as being responsible for current collapse under
pulsed conditions. Due to the fact that no bias was applied to the substrate and that the
measurements were performed on long channel devices, bulk trapping effects in these
devices could be assumed to be negligible, which left only the possibility of surface
trapping or trapping at the gate corner. Combined with surface passivation, these

experiments were able to focus solely on surface trapping in AlGaN/GaN HFETs.

3.4.1 Measurements and discussion

The layer structure used in this work was fabricated by metal organic vapour phase
epitaxy in a Thomas-Swan reactor. The epilayer consisted of 30nm AlGaN (~25% Al)
and Inm AIN on 1.2pm GaN (all undoped) on a sapphire substrate. The AIN layer, as
explained in chapters 4 and 5, reduces alloy scattering and increases the mobility of the
2DEG up to a peak value of about 1800cm?®/Vs [99]. The device used was a gated Hall
bar as shown in Figure 23 with 100pm x 300pm Ni/Au gate and 100pm square
Ti/Al/Ti/Au ohmic contacts. The gate-source and gate-drain spacings were Sum. Equally
spaced contacts to the channel allowed the potential drop along the channel to be probed

in measurements discussed later. Measurements were made on the devices before and
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after passivation with silicon nitride (Si;N4).

Ims
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Figure 23: The voltage waveform applied to the gate and a schematic plan view of the Hall bar
structure. Ohmic contacts to the 2DEG under the gate (Red), Schottky gate contact (Yellow), gate

feed metal (Orange) and mesa (green).

Pulsed gate-lag measurements were performed using a HP4156A precision
semiconductor parameter analyser. The gate voltage was held at the pulse base voltage
(VBAsg) for 99ms and then pulsed to the measurement voltage, v s, for 1ms while the
measurement was taken on the falling edge, as shown in Figure 23. The drain voltage,
Vv ps, was held at only 100mV in order to ensure the transistor was in the linear regime
and to prevent any possibility of hot electron trapping under the gate. v Base was made
increasingly negative (OV to -30V) to simulate the high electric field that occurs at the
surface at the gate edge in normal operation with large Vos- Under these conditions for
Vs below pinch-off, the only current flow in the channel was from a small gate leakage
of a few microamps. For each Vv Base value, Vs was swept from IV to -8V at 100mV

steps.
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Figure 24: Gate lag measurements for an unpassivated device.

VBASE = OV (Black), VBASE = -0V (Blue), VBASE = -20V (Green) and VBASE = -30V (Red).

As shown in Figure 24 VBase had a dramatic effect on device transport for an
unpassivated device. As V Base became more negative (corresponding to an increase in
the peak electric field at the gate comer) there was a fall in the conductance of the
device. Note there was no shift in the pinch off voltage, indicating there was no change
in the electron number density under the gate. This confirmed the previous assumption
that electron trapping under the gate was negligible. After passivation of the surface with
a silicon nitride layer, it was found that the base voltage had almost no effect on the
drain conductance - for measurement times accessible with the parameter analyser (see
Figure 25). The fall in conductance seen in Figure 24 can easily arise from an increase in
the source and drain resistance of the ungated regions without any change in the

transport properties under the gate.
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Figure 25: Gate lag measurements for a passivated device.

VBASE = OV (Black), VBASE = -0V (Blue), VBASE = -20V (Green) and VBASE = -30V (Red).

In order to demonstrate the increase in source and drain resistance directly, a second set
of gate lag measurements were carried out. Vgs was pulsed from increasingly negative
v ease values to a fixed gate voltage of OV, at which the channel conductivity was
measured. Vds was swept from 0.5V to -0.5V with 100mV steps to determine the
channel conductivity at v es= OV and v »s= OV. Two Hall voltage probes situated at 1/3
and 2/3 of the total gate length were used to determine the voltage gradient in the 2DEG
under the gate. Assuming the voltage gradient to be constant under the gate and using
the known geometry of the device, the resistance of the channel and the ungated regions

between the gate and source/drain were extracted using the following equations.
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The resistance of each of the ungated regions and any associated contact resistance were
lumped together as a source and a drain resistance. For the unpassivated device in Figure
26, it can be observed that the source and drain resistances increased from 3Qmm to
30Qmm as Ve Was changed whereas the channel resistance was constant at ~400 Q/[1.
There was no significant change in the channel resistance, which further confirms the
expectation that bulk trapping is insignificant under these experimental conditions. The
increase in Rg and Rp is entirely consistent with the virtual gate mechanism and clearly
demonstrates that there was trapping of electrons at the gate corners when the gate was

held at negative bias.

After silicon nitride passivation, there was no longer any variation in the resistances of
the ungated regions for varying Vgagg, as shown in Figure 27 This is consistent with the
widely reported [90-92] benefits of silicon nitride as a means of controlling current
collapse. Since, in this case, surface passivation completely suppressed the gate lag, it
seems that trapping in the AlGaN layer was insignificant compared to trapping at the

surface.
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Figure 26: Source, drain and channel resistance variation as a function of gate base-voltage for an

unpassivated device. At VGs = OV.
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Figure 27: Source, drain and channel resistance variation as a function of gate base voltage for a

passivated device. At VGS = OV.
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3.4.2 Gate lag conclusions

Measurements of the potential drop in a large area gate device directly showed that the
current collapse seen in GaN/AlGaN HEMTs could be caused by the virtual gate effect.
When the gate was stressed with a large negative bias, electrons migrated onto the
ungated regions of the device, producing an increased parasitic resistance and a
decreased drain current. After SisNy passivation of the device, transport of electrons onto
the surface and subsequent formation of a virtual gate was prevented and consequently

the reduction in device transconductance was avoided.

3.5 Conclusions

Current collapse is a surface-related phenomenon. It is caused by mass movement of
electrons onto the surface of the device when the gate base voltage is reduced and off the
surface when the gate base voltage is increased. Passivation can help or hinder the
movement and thereby reduce or increase the current collapse accordingly. The
movement of electrons is dependent on the pulse length and the electric field applied.
The hall structure measurements indicated that current collapse is not associated with the

trapping of electrons in cither the GaN or AlGaN layers.
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4 ROOM TEMPERATURE MOBILITY

4.1 Introduction

Knowledge of the mechanisms controlling and limiting the formation and the mobility
of the 2DEG is crucial in order that the full potential of AlGaN/GaN HEMTs can be
realised. Low field 2DEG mobility is a useful figure of merit with which to compare
transistors. In particular, low field 2DEG mobility gives a good indication of the quality
of the GaN buffer layer and the AlGaN/GaN interface. Mobility is greatly affected by
scattering mechanisms, such as interface roughness scattering, dislocation scattering,
impurity scattering by remote donors and due to interface charge, acoustic deformation
potential scattering, piezoelectric scattering and polar optical phonon scattering. By
measuring mobility with respect to carrier concentration, an indication into the variation
and types of the scattering mechanisms affecting the 2DEG during device operation can

be determined.

The following chapter describes research relating to the fall in room temperature low
field 2D electron gas drift mobility at large charge carrier densities (1x10" cm™). The

drift mobility was determined in a novel way from separate measurements of
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conductance and electron number density, as explained in subsection 4.3.2. Initially,
substrate type was investigated; it was observed that the mobilities of SiC based devices
were consistently higher than those of Sapphire based devices. In addition, an overlaying
regime was observed in the mobilities regardless of substrate that suggested there was a
universal field dependant dominant scattering mechanism at high electron number

density.

4.2 Mobility related literature review part 1

4.2.1 Number density dependence

Before the publication of this PhD there was substantial research using mobility as a
figure of merit [100-114]. However, the majority of the literature examined mobility
with respect to temperature [100-114] both theoretically [100-104] and/or
experimentally [105-114]. The vast majority of the mobility based experimental research
was performed on Van der Pauw mobility structures [105-111], which are un-gated
structures making 2DEG carrier concentration variation impossible. For this reason,
there was limited research into the electron number density dependence of 2DEG
mobility [110, 112-114]. And even when number density dependence was reported it

was more of an afterthought and by-product of temperature dependant measurements.

Although the research was limited, all reported measurements [110, 112-114] indicated a
fall in mobility with respect to increasing number density. Through capacitance-voltage
(C-V) profiling of Si-doped Aly,(sGagssN GaN HEMTs at low temperatures Dang et al
[112] found that low field mobility decreased with increasing positive gate bias voltage
and hence number density. Carrier concentration dependent measurements on
Alp2GaggN/GaN HEMTs using gated Hall bar structures with geometry factor of y=7
(ratio of bar length to bar width) published by Gaska ef a/ [113, 114] found that mobility
first increases with an increase in the sheet carrier density, up to approximately 1x10"

cm and decreases with further increase in carrier density. The highest mobility reported
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by Gaska et al was 2019 cm*/Vs at a number density of 1x10" cm™, using a modulation
doped Alp,GagsN/GaN HEMT on 6H-SiC, at room temperature. Both Dang et al and
Gaska ez a/ attributed the mobility decrease to the spilling of hot 2DEG electrons into a
parallel conducting low mobility channel formed by the AlGaN layer [112] and

delocalized states in the device channel [113, 114].

An alternative explanation was suggested Zhang et @/ [110] who through Van der Pauw
Hall measurements on numerous wafers with different aluminium concentrations was
able to demonstrate a correlation between number density and mobility. Zhang e al
attributed the fall in mobility to the fact that the “electron gas is squeezed closer to the

interface and senses the disorder more”.

The only theoretical investigation into room temperature mobility dependence on carrier
concentration was published by Ridley et al [100], who predicted that the 300K mobility
should go through a weak peak of about 2000 cm?/Vs at a density of about 2x10'? cm™
dropping to about 1300 em?*Vs at 10’ cm™. This prediction was based on the acoustic
and polar optical phonon scattering and the transition from 2DEG to bulk mobility as

carrier concentration increased.
4.2.2 Substrate dependence

Gaska et al [113, 114] also investigated substrate dependence, finding that 4H-SiC based
devices had higher mobilities than sapphire based devices but lower than 6H-SiC based
devices. This they attributed to a better quality of GaN grown on SiC substrates because
of the much smaller lattice mismatch between GaN and SiC, resulting in a smaller
dislocation density and/or a less pronounced columnar structure. This is supported by a
comparison of transistors grown on AIN/SiC with sapphire based devices by Johnson et
al {115] which reported that structures grown on AIN/SiC showed significantly less

defects.
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4.3 Mobility measurement and calculation

4.3.1 Mobility measurement

The 2DEG low field drift mobility was measured using a combination of conductance
and capacitance measurements. Most of the conductance-capacitance mobility
measurements were performed on the following FatFET devices, shown in Figure 28.
The FatFET devices have a nominal 100 x 160um gate, 160 x 160pm ohmic contacts

with a gate to source and gate to drain spacing of 10um.

Mesa
A
Gate
160um
h 4
—— < ..... ’
10um ? .......................... > 160pum
100um

Figure 28: FatFET device dimensions.

The capacitance measurements were performed using a HP4191A and control
workstation. The gate capacitance was measured as Vgg was swept from 1 to -7, -8 or -
9V at 100mV steps using probing frequencies of 1k, 10k, 100k and 1MHz. The current
measurements were performed on a HP4145A semi-conductor parameter analyser. The
drain current was measured while Vgg was swept from 1 to -7 or -8 or -9V at 100mV
steps. From the Ips - Vgs measurements the channel conductance, o, was calculated,
whilst the CV measurements were used to calculate the 2DEG electron number density

N (by integration). A typical Ipg - Vs graph for a SiC wafer is shown in Figure 29.
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Figure 29: Example of drain-source current of FatFET device against gate-source voltage at a

constant drain-source voltage of IOOmV.

Any gate leakage indicated at pinch-off by the drain current sweep was corrected. The

corrected drain current was calculated using:

correctedlp= 5 3.7

Where: IDis the measured drain current and Is is the source current. This method of

correction assumes that the current is equally distributed between the source and drain
contacts. As shown in Figure 30, ~ =0 at pinch off and therefore this assumption

is valid. A comparison of the correct drain current and the measured current at pinch-off

is shown in Figure 31.
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Figure 30: An example of drain current, gate current, source current and corrected drain current

against gate -source voltage.
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Figure 31: Corrected and measured drain currents at pinch-off.
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Given in Figure 32 is a typical cc against ves graph. Clearly this measurement
technique measures all the charge induced at the AIGaN/GaN interface and includes any
charge stored in traps which can respond at the measiuement frequency. However, the
abrupt tum-offand lack of dispersion seen in Figure 32 indicates that the density of traps

active on the measurement timescale is low.

40

w -6 ] -4 B 2 o 0 1

Gate-source voltage (V)

Figure 32: Example of capacitance of FatFET device against gate-source voltage at a constant

drain-source voltage of I0OmV.

Probing frequencies: 1k (dark blue), 10k (pink), 100k (green) and 1MHz (light blue).

At high probing frequencies the gate capacitance reactance is reduced. Which results in
gate capacitance reactance becoming comparable to the drain and source resistances. As
shown in Figure 32 by the light blue IMHz line the fall in gate capacitance reactance
enables the device to turn off at a lower gate voltage. Thus the measurement taken using
the IMHz probing frequency doesn’t give an accurate indication of the gate capacitance.

For this reason the data measured at a probing frequency of 100kHz was used in the
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subsequent mobility calculations. The 100kHz data is preferable to the 10kHz data

because it is less susceptible to errors that result from parallel leakage.

4.3.2 Mobility calculation

4.3.2.1 Conductance calculation

From the Ips - Vgs graph the Ips value at Vgs = 0V, referred to as Ipsp was read, and

used to calculate the sheet resistance using:

<
X

Psy = g (3.8)

~
b~

D§0

where W was the gate-width and Lg was the gate-length. The channel resistance was
then calculated using ohm’s law. Then, using the sheet resistance and the device
dimensions, the total resistance of the un-gated regions (or gap resistance) was

calculated as follows: -

Rowp = '/EVSL (Ls +Lgp) (3.9)

G

Using an auto-prober, the measured contact resistance R, the gap resistance Rg and the

channel resistance Rcy, the voltage dropped across the gate Vg was calculated using:

VG — VDS (RC‘H _(RC +RG) (310)
RCH

The conductance under the gate was then calculated using:
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(3.11)

4.3.2.2 2DEG number density calculation

Firstly from the capacitance measurements the total amount of charge under the gate was
calculated by integrating the capacitance from open channel to pinch off with respect to

the gate-source voltage, using :

Q= fp CodVis (3.12)

The total charge was then divided by the charge of an electron to get the number of

electrons, which in turn was divided by the gate area (in cm?) to get the number density
N.

N (3.13)

H=— (3.14)

This method of estimating mobility counts all of the gate-controlled electrons and hence
counts any electrons that are in the channel - irrespective of whether they are trapped or
free electrons. So there is a possibility that the free electron mobility will be slightly
underestimated particularly near pinch-off. It should be noted that this method also
relies on stable pinch-off voltage between the capacitance and conductance

measurements. If the current measurements pinch-off first the mobility will tend to zero.
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If the capacitance measurements pinch-off first the mobility will tend to infinity. For
these reasons the accuracy of the mobility estimation is best above a number density of

about 1x10" cm™.

4.4 Comparison of Sapphire and SiC drift mobility

4.4.1 Experimental

For a comparison of sapphire-based devices against SiC-based devices the room
temperature drift mobility of two sapphire and five SiC wafers were measured. The
details of which are given in Table 5 below. All layers were Q1 structures, that being
30nm of undoped AlGaN (23%) on 1.2um on GaN, on an appropriate nucleation layer
for growth on insulating on-axis 4H-SiC or sapphire. All the wafers were grown and
fabricated in the fashion explained earlier, in section 2.2.4. The Ti/Al/Ti/Au ohmic
contacts, measured by an auto-prober were found to have an average contact resistance
of ~ 1Qmm (4 x 10 Q cm™), X-ray measurements performed by other members of the
QinetiQ group indicated that the AlGaN layers on SiC were pseudomorphic with the

GaN, but up to 25% relaxation was seen in some layers on sapphire.

Table 5: Wafer and device numbers used in room temperature mobility measurements.

Wafer Number Device Number Substrate Type
1035SCO3 S 1011 Silicon Carbide
10935CO3 S 0611 Silicon Carbide
1088SCO3 S 0625 Silicon Carbide
1135SCO5A S 1021 Silicon Carbide
1137SCO6A S 1029 Silicon Carbide
1028AN28C S 0717 Sapphire

1117AN47A S 1031 Sapphire
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Three or more FatFET type S devices were chosen and measured (as described in 4.3)
on each wafer. A representative (device indicated in Table S) of each wafer is shown
below in Figure 34 against electron number density and in Figure 35 against gate-source
voltage. As can be observed from Figure 33 the devices were consistent across the
wafer. The variation in the electron mobility between devices was found to be

approximately 100cm™A”s.

1500

1000 -

0 2 4 6 8 10 12

Nurti)er Density (10'* ecm'?)

Figure 33: Electron mobility against number density for devices S 1023 (red), S 1022 (green), S 0921
(purple) and S 1021 (blue) from wafer 1135SC05A

4,4,2 Results

The pinch -o ff voltage was found to vary from -6.5 to -4V. The capacitance- voltage (C-
V) measurements showed that the layers were fully pinched-off and that there was no
parallel leakage path through the insulating GaN substrate, and that the layers were of

high quality [116]. As expected, for all the wafers the mobility rose to a peak before
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falling smoothly against number density. These results were in keeping with numerous
theoretical and experimental measurements [112-114] that report a rise and fall in
mobility with respect to number density. The highest peak mobility at low electron
number density was found to be as high as ~2000 cm”/Vs, but in open channel (high

carrier concentration, zero gate voltage) it fell to nearer 1400 cm”™A”s.

2500 T-
2000 -
1500

= 1000

500

0 2 4 6 8 10 12

. L 2
Number Density (10 cm )

Figure 34: Mobility against electron number density for device with SiC (black) and Sapphire (red)

substrates.

It can be observed from Figure 34 that all SiC wafers showed significantly higher peak
mobilities (1500-2000 cm”/Vs) than the Sapphire wafers (750-1300 cm”A”%s). This is
consistent with Gaska  a/ [113, 114] and is ascribed to poorer AIGaN/GaN interfaces
in the sapphire devices. Sapphire has a significantly larger lattice mismatch with GaN
(14.8%) than there is between SiC and GaN (3.3%). Consequently growth on sapphire is
more difficult and usually that results in dislocation density being typically a factor of 5-

10 times higher than those on SiC substrates.

86-



CHAPTER 4 ROOM TEMPERATURE MOBILITY

Although all the mobility curves showed a similar smooth peak they did not overlay in
any regime. Interestingly however, when plotted against gate voltage, as shown in
Figure 35, all the curves (except the poorest sapphire wafer) tended to a common curve

at gate voltages around zero, despite large variations in number density of 6 x 10'* to 1

B

x10 cm'2. This suggests that a common scattering mechanism dominates the mobilities

at low negative gate voltages / high sheet carrier density in open channel conditions.

2500
2000
1500
1000

500

7 -6 S5 -4 3 2 | 0 1

Gate-source voltage (V)

Figure 35: Mobility of SiC (black) and Sapphire (red) based devices against gate-source voltage.

They follow a common curve in open channel conditions, due to a common dominant scattering

mechanism.

4,4,3 Discussion

As a result of the fact that all the wafers are identical in terms of AlGaN layer
aluminium concentrations, thicknesses and strain (no relaxation on SiC substrates and
only slightly on sapphire substrates) it is reasonable to assume that they all have the

same spontaneous and piezoelectrically induced charge. Hence, the observed variations
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in pinch-off voltage are mostly to be associated with variations in charge stored in deep
levels in the GaN layer. The deep levels may be due to point defects or dislocations but,
unfortunately, they must exist to ensure that the GaN layer is insulating, preventing
parallel leakage. The experimentally observed pinch-off variation was ~ 2.5V,
corresponding to a variation of ~ 4 x 10"%cm™ in 2DEG concentration. Previous wafers,
of a similar quality, had been measured at QinetiQ [117] and found to have deep level
acceptor density of around 10'7cm™, which is consistent with roughly 10"%cm? of charge

in the depletion layer for the best layers.

At the time, the rise in mobility at low carrier concentration was ascribed to screening of
ionised impurities by the surface [110] and/or phonon scattering dominated at high
electron carrier concentration. Polar optical and acoustic phonon scattering were

concluded to be the dominant scattering mechanisms at room temperature,

Due to the remarkable similarities between the results and the theoretical predictions by
Ridley et a/ [100] the fall in mobility with respect to increasing number density was
ascribed to phonon scattering; since then that conclusion has been found to be incorrect,

as shown later, in chapter 5.

Following the publication of this research [118] the measurement technique was adopted
by Marso et al [119]. From their comparison of doped and undoped AlGaN/GaN
HEMTs with respect to number density they found that doping increased carrier

concentration from 6.8x10'% to 1x10%ecm?, but at the same time reduced the mobility
from 1800 to 1620 cm?/Vs.

4.5 Mobility related literature review part 2

4.5.1 Introduction of low temperature Aluminum Nitride layers

Low temperature AIN (LT-AIN) layers where first introduced into GaN based devices in

- 88 -




CHAPTER 4 ROOM TEMPERATURE MOBILITY

1986 by Amano et a/ [120] as an effective nucleation layer for sapphire substrates. A
number of years later, in 1999, Amano et @/ [121] rekindled the idea so that thick, crack-
free, high-aluminium AlGaN layers could be grown for UV light emitting diodes
(LEDs), UV photo-detectors and other optoelectronic applications. Amano et al [121,
122] reported Scanning Electron Micrograph (SEM), X-Ray Diffraction (XRD) and
Transmission Electron Microscopy (TEM) evidence that the crystalline quality of
Alg4sGagssN films grown on LT-AIN layers was substantially better than that grown on
either LT-GaN or high temperature GaN (HT-GaN), by reducing the biaxial tensile

stress within the GaN.

Numerous groups [104, 105, 123-129] now use LT-AIN interlayers because they prevent
the GaN layer from cracking and reduce the dislocation threading density. In fact
Bourgrioua et al/ [123] states that by just adding two LT AIN interlayers the dislocation
threading density can be reduced by a factor of 10. Germain ez al [124] in 2004 used low
temperature (LT) grown AIN interlayers within the GaN buffer layer to greatly reduce
the sheet resistance and to lower the dislocation threading density, resulting in a beiter

quality AlGaN/GaN interface resulting in a mobility value of 2050 cm?/Vs on sapphire.

The UCSB group [104, 105] introduced a novel device with a 1nm AIN interlayer
between the GaN and AlGaN layers, shown in Figure 36. The AIN interlayer improved
the low temperature 2DEG mobility in comparison with standard AlIGaN/GaN HEMTs.
The improvement was attributed to a reduction in alloy scattering, since mobility was
found to increase with decreasing alloy composition x, as shown in Figure 37. The effect
of the AIN interlayer on mobility with respect to number density was not reported. The
effect of an AIN interlayer was researched as part of this PhD study by comparing
structures with and without the AIN interlayer, firstly at room temperature (shown in

subsection 4.6), and then later against temperature (shown in chapter 5).
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Figure 36: Schematic cross-section of an AiGaN/AiN/GaN HEMT (10S).

025  — AGNGir
AIGaN/AIN/GaN

T=17K

0 01 02 03 04 05
Alloy composition x

Figure 37: Low temperature mobility in Ai*Gai.*N /GaN (dark squares) and AI*Gai.”N /AiN/GaN

(open squares) 2DEG structures as a function of alloy composition x. [104]
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4.6 Effect of AIN layer

4.6.1 Experimental

A promise of progress in reducing electron scattering mechanism came from a novel
AlGaN/AIN/GaN HEMT proposed by Shen et a/ from UCSB [105]. They hypothesised
that the inserted AIN layer reduced Alloy scattering — but gave no evidence to support

their hypothesis.

In order to properly evaluate the benefits of the AIN layer, a second device standard was
produced. The QinetiQ 2 (Q2) device structure consists of the appropriate nucleation
layer for the sapphire or SiC substrate, followed by a 12,000A GaN layer, next a 1nm
AIN exclusion layer, followed by a 29nm of Al,Ga; N (x = 0.25). The optimum growth
time of the AIN layer was found to be 20 seconds, giving a Lehighton sheet resistivity
[116] of 430€/sq. on sapphire and 280€¥/sq. on SI-SiC [130, 131]. The in-process carrier
densities of the wafers were estimated from mercury probe CV measurements [116], and
were found to be relatively insensitive to the AIN layer at about 1.0 x 10" cm? (£ 10%
experimental error), and thus the large difference in sheet resistivity was atiributed to

improvement in channel mobility for the SiC structures.

A series of Q1 and Q2 structures on SiC and sapphire substrates (details shown in Table
6) were then grown at QinetiQ by low pressure MOVPE using a Thomas Swan Close-
Coupled showerhead reactor and in-situ optical monitoring [23] while the devices were
fabricated with Ti/Al/Ti/Au ohmic source and drain contacts and Ni/Au Schottky gate

contacts using the conventional process described in chapter 2.
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Table 6: Wafer and device numbers used in the Q1/Q2 comparison measurements,

Wafer Number Device Number Substrate Type AIN Layer
1230SC13B S 1231 Silicon Carbide With AIN layer
12298C11A F2 1210 Silicon Carbide Without AIN layer
1218ANG68C S 1113 Sapphire With AIN layer
1117AN7A S 1031 Sapphire Without AIN layer

Several FatFET devices (as shown in Figure 28) from each wafer were measured on-
wafer at room temperature (as described in 4.3.1) and the capacitance and conductance
results were then used to determine the variation of drift mobility (as described in 4.3.2)

as a function of sheet carrier density.

4.6.2 Results

The room temperature CV and drift mobilities of the various wafers are shown in Figure
38 and Figure 39, respectively. Although 3 devices were measured on each of the 4
wafers only one device (measured as 100 kHz probing frequency) is plotted to represent
each wafer. It can be observed from Figure 38 and from Table 7 that the pinch-off
voltages of Q2 devices are 0.5 to 1.0V higher than the Q1 equivalent devices. In
addition, in Q1 samples (without AIN layer) a significant increase in capacitance can be

observed at low gate bias, which shall be referred to as the ‘turn up effect’.

Table 7: Pinch-off voltages for various wafer types.

Device Structure Substrate Pinch-off voltage V
Q1 Sapphire 4.9
Q2 Sapphire 5.6
Q1 SiC 6.1
Q2 SiC 7.1
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Figure 38: Capacitance-Vottage profiles of Q2-SIC (red), Q2-Sapphire (blue), QI-SiC (black) and
Ql-sapphire (green).

It can be observed from Figure 39 below, that at low carrier concentrations, towards
device pinch-off, both structures were comparable with a drift mobility of about 2300
cm /Vs. However, at large concentrations they were no longer comparable. At large
carrier concentrations the Q1 devices (without the AIN exclusion layer) fell rapidly with
increasing number density, but the Q2 devices (with the AIN exclusion layer)
maintained high mobility at high number densities. At open channel the drift mobility
for devices from two representative samples grown on SiC with and without the AIN
exclusion layer were 2177 and 1308 ¢cm”/Vs, respectively. For sapphire with and without
the AIN exclusion layer, these values were 1677 and 1174 cm”/Vs, respectively. In
addition, SiC based devices are again shown to have higher mobilities than the
equivalent sapphire based devices. Although there are not shown on the graph, several
other wafers were measured to test reproducibility. All the wafers were found to follow
the same trend i.e. the order of highest mobility at zero bias was Q2-SiC, Q2-sapphire,

QI-SiC and finally Ql-sapphire, as shown below in Figure 39.
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Figure 39: Drift mobility against number density for Q2-SiC (red), Q2-Sapphire (blue), QI1-SiC
(black) and Ql-sapphire (green).

4.6,3 Discussion

The increase in pinch-off voltage of Q2 devices compared with the equivalent Q1 device
can be attributed to two phenomena. Firstly, AIN produces more spontaneous
polarisation than GaN and hence AlGaN. Secondly, the AIN interlayer reduces the
electric field in the AlGaN layer for a given voltage. This is supported by reports in the
literature of high aluminium content AlGaN layer devices [35, 103, 132] producing
larger 2DEG concentrations. Shown in Figure 40 are results for an AIN/GaN device and
an example of a maximum aluminium percentage AlGaN/GaN device. The results
clearly show that -carrier concentration increases with increasing Aluminium

concentration.
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Figure 40: 2DEG sheet carrier density in the AI*"GAi.”"N/GaN structures as a function of AlGaN

barrier composition x.

The thin solid line represents a ieast-squares linear fit to the experimental data. The dotted line
corresponds to the theoretically calculated 2DEG density, assuming a constant surface barrier

height of 1.42 V (103).

The insertion of the AIN interlayer between the AIGaN and GaN layers has two main
effects on the device 2DEG, as shown in the following group of energy band diagrams
where the I® subband (red) occupancy of 8.44 x 10" cm” and the 2™ subband (green)

has an occupancy 0f0.49 x 10" cm [5].

Firstly, as shown by the comparison of Figure 41 with Figure 42, the AIN layer
dramatically increases the conduction band far above (1.2eV) the Fermi level creating a
higher barrier to electron movement from the 2DEG to the AlGaN layer. Secondly, as a
result of the increase in the energy gap between the conduction band and the Fermi level
there is reduction in 2DEG waveform penetration into the AlGaN. As shown by the
comparison of Figure 43 with Figure 44 the AIN layer reduces the penetration of the
2DEG waveform into the barrier from about 9.5nm (~13% of the wave function) to

about 2.5nm (~3% of'the wave function).
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Figure 41: AIGaN/AIN/GAN interface energy band diagram. 1“ subband (red), 2**subband (green)
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Figure 42: AlIGaN/GaN interface energy band diagram. P' subband (red), Z**subband (green) [5].
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Figure 43: Waveform penetration at AIGaN/GaN interface. 1* subband (red), 2"* subband (green)

(51.

g\o

-0.30 -0.30

-0.40 -0.40
35
Depth (nm)

Figure 44: Waveform penetration at AIN/GaN interface, 1" subband (red), 2"* subband (green) [Sj.

The ‘turn up effect’ was found to be too large to be solely attributable to either
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waveform overlap into the AlGaN conduction band or to tunnelling into the AlGaN
bandgap. However, the ‘turn up effect’ could be reproduced in simulations, by adding
deep level donors in the AlGaN barrier [5]. The ‘turn up effect’ is therefore attributed to
donor states in the AlGaN being populated as a result of the minimal energy difference
between the AlGaN conduction band and the Fermi level at low gate bias. Since the
introduction of the AIN layer removes the ‘turn up effect’ the maximum depth of the

donors is limited to ~0.8eV below the AlGaN conduction band, as shown in Figure 41.

4.7 Conclusions

Both experiments have given evidence that SiC devices have higher mobilities than
sapphire based devices. This is attributed to SiC being a better thermal conductor
reducing the self-heating within the device and thus reducing the phonon scattering of
the 2DEG at AlGaN/GAN interface. Thus experimental data confirms the theoretical
predictions [100] that maximum room temperature mobility is limited by polar optical

phonon scattering.

It has been found that the fall in mobility at high number density can be prevented by
inserting an AIN interlayer. The AIN layer dramatically increases the conduction offset
and offers a substantial barrier to electron movement into the AlGaN. In addition the
binary structure of the AIN reduces scattering at the interface. The 2DEG wavefunction
penetration into the barrier is significantly less in the Q2 structure. The dominant
scattering mechanism at large carrier concentration is most likely due to alloy scattering,

not phonon scattering as previously suggested.

The “turn up effect’ observed in the Q1 structure was attributed to the populating of one
or more defect donor levels with in the AlGaN layer at low gate biases. The introduction
of an AIN layer in the Q2 structure prevented the defect donor levels being occupied and
thereby prevented the ‘turn up effect” That implies that the defect donor levels have a

maximum depth of ~0.8eV below the AlGaN conduction band.
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5  TEMPERATURE DEPENDENT MOBILITY

5.1 Introduction

The following chapter describes a comparative study of a Q1 (without-AIN layer) wafer
and a Q2 (with-AIN layer) wafer with regard to the temperature dependency of both
structures. The relationship was investigated in order to determine the scattering
mechanism that is reduced by the AIN layer, as observed in the previous chapter. By
measuring the two structures against temperature, the temperature dependent and
independent scattering terms could be extracted. From the extracted temperature
dependence two models were generated. From the first model a better understanding of
the Q2 structure was gained. However, a second more accurate model was required so
that high temperature mobility predictions could be made. In addition, the effect of
temperature on the barrier height, the capacitance and the ideality factor of the Schottky
contact was examined. The details of the wafers and devices used in the experiments are

given in Table 8.
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Table 8: Temperature dependent mobility measurement - device details

Wafer Q1/Q2 Device Dye
1093SCO3A Q1 FatFET 0923
1093SCO3A Q1 TLM pattern 1223
1230SC13A Q2 FatFET 1905
1230SC13A Q2 TLM pattern 1707
13188C13B Q2 FatFET 0419
5.2 Temperature dependent mobility measurements

5.2.1 Experimental

As in measurements in the previous chapter, the low field mobility was calculated from
a combination of capacitance and conductance measurements performed on 100 x
160um FatFET devices. The devices were measured (using the Kelvin measurement
technique — explained in 5.2.1.1) at 50K intervals between 300 and 100K and then at 80,
60 40 and 24K. The low temperatures were reached using a close cycle helium cryostat.
The capacitance and conductance were measured using a HP4191A via a control
workstation and a HP4145B, respectively. Due to practical probing difficulties, the
devices where diced and glued onto chip carriers. The device bondpads were then fine-
wire bonded, at QinetiQ, to the carrier bondpads. A picture of a carrier with three
devices bonded to it is shown in Figure 45. Initially, numerous fine wire bonds were
broken accidentally, because of the practical difficulties of manoeuvring the relatively
large cryostat probes, causing time delays and additional cost because they could only be
re-bonded at QinetiQ. Therefore, in later experiments only one device was bonded to
each carrier. The carrier bondpads were then bonded together (using more robust bonds)
to enable the drain, source and gate to be probed from several different bondpads.
Hence, the cryostat probes could then be placed a safe distance away from the fine

bonds attached to the device, and yet still probe the device through the inter-carrier
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bondpad bonds which bridged the distance.

Figure 45: Fine-wire bonding of devices onto a carrier

In order to calculate the mobility accurately, knowledge of contact resistance and sheet
resistivity variation with respect to temperature was required. Therefore transmission
line measurements were performed at each temperature, from which contact resistance

and sheet resistivity were extracted.

52.L1 TLM measurements

The Transmission Line Measurements were performed over the temperature range of
20K to 300k using a close circuit helium cryostat. Four-terminal Kelvin measurements
(see Figure 46) were used so the resistance of wires to the bottom of the cryostat could

be calculated and later subtracted from the experimental data. The TLM pattem
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contained five 100x160pum ohmic (AI/Au/Ti/Au) pads. The four gaps had nominal
values of 5, 10, 15, and 20um. However, the actual gap sizes used in the final

calculations were measured using a graduated microscope.

\fD 'V; V=0 \lfz
E] Ij I:I Ij “4— Cryostat
o Jo resistances
Pul Q v

Vo Unknown gap

resistance

Figure 46: Diagram of TL.M Kelvin measurements

The resistance of the wires within the cryostat were large in comparison with the device
resistances and varied with temperature. Therefore, in order to accurately measure the
device resistances, the effect to the cryostat wires had to be accounted for. This was
achieved by using the Kelvin measurement technique, where by the unknown resistance,
(be it gap resistance in the case of the TLMs or channel resistance in the case of mobility

measurements), was measured by sourcing zero current to terminals ¥, and V,, whilst
applying V,, and ¥ to their respective terminals. Since, zero current was sourced to
terminal ¥ the voltage measured at ¥, was equal toV),,, the same was true for ¥, and V.
Therefore, the unknown resistance could be calculated using

Vi=Vs V=V,
Ronenowy = 1)1 %= ]I : (3.1)
D D

The TLM measurements were performed on the same wafers, on structures as close as
possible to the FatFET devices used in the mobility measurements. The exact device
details are given in Table 8. The best QI and Q2 experimental data was used to plot

graphs of gap resistance against gap length (shown in Figure 47 and Figure 48) from
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which several parameters were extracted.
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Figure 47: Resistance against length for the Q2 structure (with AIN) wafer 1230SC13A
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Figure 48: Resistance against length for the Q1 structure (without AIN) wafer 1093SCO3A
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The contact resistance for each wafer, Rc [Q2.mm] was calculated from intercept with the

y-axis (Ly) and gap width (Wg) using:

L
Re=Wop *21“ (5-2)

The sheet resistance, Rgy [Q/[]] for each wafer was calculated from the gradient using:

dR
Ry, =—%L 53
SH dLGAP GAP ( )

The transfer length (Lt) for each wafer was calculated from the extrapolated intercept

with the x-axis (Lx) using:

L,=2L, (5.4)
The contact and sheet resistance of both the Q1 and Q2 structure were found to be
directly proportional with respect to temperature, whilst the transfer lengths of both the
Q1 and Q2 structure were found to be inversely proportional with respect to

temperature.

The transfer length (L.t) and gap width (W) was then used to calculate the specific

contact resistance for each wafer, Rgp [Q.cm’] using:
Rep = R W oLy (5.5)

In addition, approximate sheet resistance from (5.6) were calculated.
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=
2

(5.6)

Ry =

[DS

All the Q1 and Q2 TLM results (2d.p.) are tabulated below.
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Table 9: TLM results for the Q1 device

Temperature | Contact Transfer Specific Contact | Experimental Theoretical

(K) resistance length resistance Sheet resistance | Sheet resistance
(€2.mm) (um) (Q.em?) ©Q/0O) QM

28 0.77 5 3.88x10° 152.36 140.10

40 0.77 5 3.88x107 152.64 140,10

60 0.77 5 3.85x107 155.23 141.16

80 0.77 5 3.89x10° 156.56 141.35

100 0.78 5 3.93x10° 157.92 146.06

150 0.81 4.5 3.65x10° 176.01 163.90

200 0.91 4.1 3.75x10° 21742 212.90

250 1.09 3.75 4.09x10° 289.08 283.47

300 1.37 3.5 4.81x107 391.45 400.00

Table 10: TLM results for the Q2 device

Temperature | Contact Transfer | Specific Contact | Experimental Theoretical

(K) resistance length resistance Sheet resistance | Sheet resistance
(Q.mm) (um) Q.cm?) (Q/0) (om)]

20 1.14 25 2.87x107 4591 62.59

40 1.14 25 2.87x10* 46.87 62.59

60 1.14 25 2.86x10™ 48.60 65.57

80 1.14 25 2.86x10* 51.33 68.02

100 1.15 25 2.89x10™ 53.69 71.22

150 1.19 17 2.03x10™ 71.08 85.50

200 1.29 11 1.43x10° 113.92 123.34

250 1.49 1.35x10™ 184.59 185.92

300 1.71 6 1.03x10* 291.56 280.66

The contact resistances are poor in comparison with those reported in the literature.

Desmaris et al

[133] reported Si/Ti/Al/Ni/Au ohmics contacts with R¢ values of

0.23Q.mm and specific contact tesistances of 1.06 x 10® Qem®. The results given above
were used in the calculation of the 1093SCO3A and 1230SC13A device mobilities.
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52.2 Conductance, capacitance and subsequent mobility results

The conductance measurements showed that the open circuit drain current of the QI
structure (1093SCO3A) increased by a factor of 2.8 from 0.25 to 0.7mA, as the
temperature was reduced from 300 to 24K (as shown in Figure 49). A similar increase in
drain current was discovered in the Q2 structure (1230SC13A), but to a greater extent
(as shown in Figure 50). The open-circuit drain cwrent of the Q2 structure
(1230SC13A) dramatically increased by a factor of 4 from 0.36 to 1.60mA. Both
devices pinched-off well, with low gate leakage (~10nA). However, this is where the
similarities ended. The pinch-off voltage of the Q2 structure was found to vary over the
measured temperature range, shifting from approximately -7 to -7.5V. This was in
contrast to the Q1 structure which showed a constant pinch-off voltage of -6V. The
capacitance measurements similarly indicated that the pinch-off voltage of the Q2
structure was temperature dependent, whilst the Q1 structure’s pinch-off voltage was
constant with temperature. Gate capacitance of the Q1 and Q2 structures with respect to
gate-source voltage are shown in Figure 51 and Figure 52, respectively. Once again ‘turn
up’ occurred in the Q1 structure but not in the Q2 structure. Interestingly though, the
effect was reduced at lower temperatures. The 300K curve showed the most ‘turn up’
whilst the 24K curve showed the least. This result is inconsistent with a defect-related
effect, because the defect energy would cross the Fermi level at all temperatures, and the
defects would be emptied or filled with changes in bias at any temperature. However,
the ‘turn up’ was soon removed from the Q1 structure as a by-product of attempts by the
QinetiQ growers to reduce defect densities within the devices. The mobilities of the Q1
and Q2 structures calculated from the conductance and capacitance measurements are

given against mumber density in Figure 53 and Figure 54, respectively.
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Figure 49: Q1 structure (without AIN) wafer 1093SCO3A corrected drain-source current as a

function of gate-source voltage over the temperature range of 24 to 300K.
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Figure 50: Q2 structure (with AIN) wafer 123GSC13A corrected drain-source current as a function

of gate-source voltage over the temperature range of 24 to 300K.
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Figure 51: Q1 structure (without AIN) wafer 1093SCO3A capacitance as a function of gate-source

voltage over the temperature range of 24 to 300K.
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Figure 52: Q2 structure (with AIN) wafer 1230SC13A capacitance as a function of gate-source

voltage over the temperature range of 24 to 300K.
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Figure 53: Electron mobility of the Q1 structure (without AIN) wafer 1093SCO3A as a function of
number density from 300 to 24K.
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Figure 54: Electron mobility of the Q2 structure (with AIN) wafer 1230SC13A as a function of
number density from 300 to 24K.
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The Q2 structure (with AIN) wafer 1230SC13A had a peak mobility of ~18000 ¢cm?*/Vs

at a number density of 6x10"? cm?

, while Q1 structure showed a maximum peak
mobility of only ~8500 cm?/Vs at a number density of 3 x10'* ecm™ at 24K. As
previously mentioned, the mobility calculation was less accurate near pinch-off because
of differences in the pinch-off voltage of the current and the capacitance measurements.
Both structures indicated that mobility increased considerably as the temperature was

reduced. The mobility is given by:

H=— (5.1)

The increase in conductance and hence mobility was attributed to a fall in phonon

scattering with reducing temperature.

The fact that the Q2 structure (with AIN) wafer 1230SC13A had higher peak mobility
than the Q1 structure was attributed to the fact that the Q2 structure had a larger 2DEG
confinement barrier, and thus the Q2 structure’s 2DEG penetrated less into the AlGaN,
and thus was less susceptible to scattering. In order to determine the scattering

phenomena responsible, 2DEG electron scattering models were generated.

5.3 Electron scattering models

5.3.1 Empirical model

The 2DEG mobility is limited by numerous scattering mechanisms which are normally
assumed to be independent. The initial attempt to model the 2DEG scattering
mechanisms split the scattering into two terms based on temperature dependence. The

temperature independent scattering was assumed to be constant (4), whilst the

temperature dependent scattering was assumed to follow a weighted power law ( BT").
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QinetiQ Schrédinger-Poisson simulations suggested that the 2DEG was only partially
degenerate with up to 6% of electrons being located in higher subbands [5].
Nevertheless, Mattheisen's rule which states that the scattering rates can be added
together independently was used and inter-subband scattering was ignored. Hence the

data was fitted to the equation

1 asBr (5.2)
7

Through plotting Log(—l—— A) against LogT for each gate-source voltage and varying
H

A to give straight lines, the value of n was extracted from the gradient, this was

performed for both structures. Given below is the log graph for the Q1 structure.

~a— 0.5V
—e— -0.0V
- 0.6V
—— -1.0V
—%— -1.5V
——
e

2.0V
-2.5V
— 3.0V
— 3.5V
XY
—n— 4,5V
5OV

Log (Inverse Mobility - constant)

-5.5 1

2 205 21 215 22 2,25 23 235 24 245 25

Log Temperature

Figure 55: Log (Inverse mobility minus Constant) as a function of Log temperature at Vs =0.5 to -
5V at -0,5V steps for the Q1 structure,

The gradient (#) equalled 3 for both structures (i.e. 1 A+ BT?). Therefore, the graph
)7

%1 against T° was plotted, in order to determine the temperature independent
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scattering term (A) from the Y-axis intercept and the temperature dependent scattering
term (B) from the gradient. Shown in Figure 56 is the graph for the QI structure, from

which the values 4 and B were extracted for different gate-source voltages.

0.0009 0.5V
-0.0vV

0.0008
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g 0.0007 -1.0V
C 0.0006 -1.5V
-2.0V
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0.0003 — 35V
-4.0V
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B —y45v
0.0001 T 5.0V

5000000 10000000 15000000 20000000 25000000 30000000
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Figure 56: Inverse mobility against Temperature cubed at VGS = 0.5 to -5V at -0.5V steps. Y-axis

intercepts = A, gradients = B

Having extracted the scattering terms 4 and B from both structures they were plotted
against gate-source voltage (in Figure 57 and Figure 58), so that comparisons could be
made regarding the scattering mechanisms of the two different structures. As hoped, the
temperature dependent scattering (phonon scattering) in both structures was found to be
similar and fairly constant against gate-source voltage, and hence electron number
density, and unaffected by the AIN layer. As suspected, the temperature independent
scattering mechanism (mainly alloy scattering) increased dramatically in the QI
structure as a function of gate-source voltage, whilst remaining relatively constant in the
Q2 structure. That suggests that the AIN layer significantly reduces temperature

independent scattering at high number densities.
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Figure 57: Temperature independent scattering (A) within the Q1 (pink) and Q2 (blue) structures

as a function of gate-source voltage.
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Figure 58: Temperature dependent scattering (B) within the Q1 (pink) and Q2 (blue) structures as a

function of gate-source voltage.

- 114-



CHAPTER 5 TEMPERATURE DEPENDENT MOBILITY

5.3.2 Second model

Although the first model aided in the understanding of the different structures, it was
purely phenomenological. A second more accurate model was formulated by
representing the temperature dependent scattering components individually. In the
second model three different groups of scattering mechanisms were differentiated by
their temperature dependence: a) temperature independent term mainly alloy scattering.
b) Acoustic phonon scattering (deformational and piezoelectric) whose scattering rate
increases linearly with temperature. ¢} Polar optical phonon scattering which increases
roughly exponentially with temperature up to around room temperature with an
activation energy given by the optical phonon energy Eror of 91meV. Once again
Mattheisen's rule was used to add the scattering rates. Thus the data was fitted to a

function of the form:

—EPOP

kT

) (5.3)

l=r, +r 41 =A+BT+Cexp(
yz

Where A, B and C are the scaling factors for each of the scattering terms. The various
forms of scattering are evaluated below. The temperature dependence of Coulomb
scattering is proportion A7 near room temperature and will result in an underestimated
acoustic phonon scattering term, while at lower temperatures near 77K the dependence

becomes complicated by the screening effect [134].

-115-




CHAPTER 5 TEMPERATURE DEPENDENT MOBILITY

0.0006

0.0005 -
1060/T)

« 0.0004 1060/T)

1060/T)
u 0.0003 -

0.0002
0.0001

0.0000
150 300

Tenperature (K)

Figure 59: Extracted scattering rate with fits for VGs = -3V.

This simple model fits the temperature dependence of the mobility remarkably well over
the full range of number density, except close to pinch-off and for forward bias. Figure
59 shows an example non-linear least squares fit (using the Levenburg-Marquardt
algorithm ) to inverse mobility data at Vs = -3V (corresponding to a number density of
around 5x10'* c¢cm'”) for both the QI (without AIN layer) and Q2 (with AIN layer)
structures. The three scattering terms making up the scattering rate in equation (5.3) are

plotted in Figure 59 for the device with the AIN layer.

5.3,3 Temperature dependent scattering terms

5.3.3.1 Acousticphonon scattering

As can be observed in Figure 60, the acoustic phonon scattering factor increased linearly

from 0.3x10'* to 0.4x10'* Vs/ Kem”. This result is consistent with Knap et al [108] who
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showed experimentally and theoretically that »~-p7, with B~3xl10'* Vs/ Kem?,

increases with number density before saturating above SxIO'“cm'” electrons in the

2DEG.
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Figure 60: Acoustic phonon scattering co-efflcient B against number density for both the QI (pink)

and Q2 (blue) structures.

The value of B is remarkably close to that found by Knap et al and increases with
electron number density. It should be noted that this term in the fit is the smallest and is
probably the one which will be most susceptible to error in the extraction. This is

particularly true for the Q1 data, so the Q2 fit is more believable.

53.3.2 Polar opticalphonon scattering

Through studies of AlGaAs/GaAs heterojunctions Hirakawa & Sakaki [135] determined

that in a degenerate gas, where only the lowest subband is occupied, the most significant
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temperature dependence comes from the phonon occupation number. In addition, there

is a clear statement in Katz ¢ a7 [136] that the polar optical phonon scattering results in

-E
an exponential dependence on temperature. The result of using T = C exp(— where
kT

B50=91meV can be seen in Figure 61.

0.016
0.014 -
0.012 -
0.01 -
0.008 -
0.006 -
0.004 -

0.002 .

0 2 4 6 8 10 12 14

Number density (Io'* cm”)

Figure 61: Polar optical scattering in QI (pink) and Q2 (blue).

Figure 61 indicates that the magnitude of the polar optical scattering is very similar for
both structures. The model shows there is probably a gradual increase in scattering with

increasing number density, the cause of which is not fully understood.
5,3,4 Temperature independent scattering terms

The temperature independent term (shown in Figure 62 as a function of number density)
includes: Coulomb scattering (from point and line defects), alloy scattering and surface

roughness scattering.
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Figure 62: Temperature Independent scattering in Q1 (pink) and Q2 (blue).

As expected, there is evidence of much larger temperature independent scattering
occurring in the device with no AIN layer, and hence the AIN exclusion layer

significantly reduces the temperature independent scattering mechanisms occurring in

the 2DEG.

5.3.4.1 A Hoy scattering
The alloy scattering contribution of the total scattering rate was calculated with a single
unknown scaling factor/ . So the alloy scattering rate was expressed by the following

equation:

r*=yR 5.49)
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where R is the ‘relative alloy scattering rate’ [99] given by
Rec fdziy(2)[' 43(2)1-x(2)) (5.5)

It depends upon the aluminium fraction x(z), and the electron subband wavefunction
w(z) and is indirectly proportional to length [99]. The relative scattering rate increases
with increasing alloy disorder x(1-x) and with increasing wavefunction penetration into

the alloy.

Assuming that the difference between the two samples is solely due to alloy scattering,
the effect of modelling parameter gamma was tested. The difference between the
temperature independent term with and without the AIN layer was extracted using a
spline interpolation between the experimental points. Then the difference between the
modelled alloy scattering factor with and without AIN was calculated. The scaling factor
y was then adjusted to fit the experimental scattering rate difference curve at a value of
7.5x10"? cm™ (i.e. in the middle of the data range where it is most accurate). This gave a

scaling factor ¥ = 1.83x10” Vs/om. Using the extracted y» value, the modelled alloy

scattering rates with and without the AIN layer were plotted. To calculate the residual
scattering the modelled alloy scattering rates were subtracted from the experimental
temperature independent term. The modelled alloy scattering rate, the residual scattering
rate (Coulomb plus surface roughness scattering) and the experimental temperature
independent term for both structures are all shown as a function of electron number

density in Figure 63.
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Figure 63: Separation of temperature independent scattering

There is excellent agreement between the calculated scattering factor and the
experimental data as a function of the number density. Alloy scattering could be

represented by the following for the Q1 structure (without the AIN layer);

= Ix 10®+7.2x 10'*A +1.9x 10'® (5.6)

and for Q2 structure (with AIN layer)

=1.6x10-A+9x10-" A + 2.7xI0-" A ' (5.7)

5.3.4.2 Coulomb scattering

After subtracting the alloy scattering term, the residual scattering term is broadly similar

for both structures, shown as pluses and open diamonds in Figure 63, increasing
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smoothly with reducing number density. It should be noted that, the errors are much
larger for the device without AIN layer, especially at high number density because the
calculation involves the subtraction of a larger Q1 alloy scattering (red line) compared to

the smaller Q2 alloy scattering (light blue line).

The experiments show that at low electron number densities the scattering rate seems to
increase, presumably due to Coulomb scattering. The agreement between the two
samples in this regime suggests that the Coulomb scattering is similar in both cases.

Fitting the data with a power law gives roughly 7, = 1.5x10” N'. In the literature, Hsu

& Walukiewicz [101] suggests that Coulomb scattering drops with increasing number

density (N). In addition, Katz et al [136] state that coulomb scattering drops as N2 or N°
25

5.3.4.3 Surface roughness

In the AIN sample, the residual scattering showed a gradual increase with respect to
electron number density consistent with the expectation for roughness scattering. At
high number density (1x10"cm™) the residual scattering will be dominated by roughness
scattering, hence giving a maximum roughness scattering contribution of about

Fg = 2.5x10° Vsfem® (mobility of 40,000cm*Vs in the absence of all other

contributions).

5.4 Comparison of model with the experimental data

In order to thoroughly test the accuracy of the model, high temperature measurements
where taken and compared against model predictions. Extrapolating the model to 600K
(which is likely to be the real channel temperature in operation) gave an idea of the
expected device operating mobility. The mobility of the devices were calculated in the

usual way using equation (5.1). The capacitance and conductance of the same QI
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(1093SCO3A) and Q2 (1230SC13A) devices were measured at SOK intervals between
300 and 500K wusing a HP4191A RF low impedance analyser and a HP4145B
semiconductor parameter analyser. The maximum achievable device temperature was
limited by the heated chuck to S00K. As can be seen in Figure 64 and Figure 65 the
predictions are remarkably accurate for both the Q1 and Q2 structure. The values of
sheet resistivity and contact resistance, used in the high temperature mobility
calculations were extrapolated from the previous low temperature TLM data given in

section 5.2.1.1.
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1000 - ¢+ Q1 Experimental mobility at OV
Alloy + roughness + Coulomb
Acoustic phonon
Polar optic phonon
p=1/(A + BT+ Cexp(-1060/T))
100
0 100 200 300 400 500 600
Temperature (K)

Figure 64: Mobility predictions compared with experimental data for Q1
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Figure 65: Mobility predictions compared with experimental data for Q2

5.5 Thermal variation of Q2 device characteristics

For more information about the Q2 structure, the barrier height and ideality factor the
Schottky contacts were measured as a function of temperature. The change in pinch-off
voltage with temperature was also measured with respect to bias conditions. However,
all these measurement were performed on a different Q2 wafer (1318SC13B) using

FatFET device 0419.

5.5.7 Measurement o fbarrier height and idealityfactor

Both the barrier height and ideality factor were calculated using information gathered
from forward current voltage diode characteristics of the NiAu Schottky gate contacts.
The diode characteristics were measured using a HP4145B semiconductor parameter

analyser. A logarithmic graph of the forward bias diode characteristics is shown in
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Figure 66. The y-axis intercepts of the forward bias diode characteristics are equal to the

saturation currents at those particular temperatures.

The barrier height was calculated using the following equation.

s g2
cp,,:k—Tln(SA L J (5.8)
q Lo

where £ is the Boltzmann constant (1.38 x103J .K']), T is temperature in Kelvin, ¢ is
the charge on an electron, /g, is the saturation current, S is the area of the contact in

cm® and 4** is the effective Richardson constant (3.02 x 10° Am?k?or 30.2 A.em™k

%y caloulated from

dxqm, Kk’
= ———-—;23—

Ax* (5.9)

where / is plank constant (6.626 x10™* Js) and m,_ is the effective mass of Al,sGazsN.

The effective mass was calculated using linear interpolation between m*g.n = 0.22m,
[137, 138] and m* oy = 0.35m, [137] giving m* apscazsn = (0.2525 * 9.1x10™' = 2.29x10°
31kg). It should be noted that values used in literature for m* 5y vary significantly from
0.35m, [137] to 0.48m, [138].

The ideality factor was calculated using the forward diode characteristics. By taking the
slope from the linear part of the graph as shown Figure 66 the ideality factor was

calculated using the following equation:

gAV

PSR TA(N T &1

where A(In/) and AV are the change in current and voltage.
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Figure 66: Experimental calculation of ideality factor and barrier height (from extrapolated y-axis

intercept)

5,5.2 Barrier height and ideality factor results

The temperature variation of the Schottky barrier height (SBH) and the ideality factor
are given in Figure 67 and Figure 68, respectively. The SBH was found to increase with
temperature from O.SeV at 300K to 1.05eV at 500K. The decrease in ideality factor with
temperature suggests that the dominant transport mechanism across the barrier changes
from mainly tunnelling at room temperature to thermionic emission at high
temperatures. Therefore, the 500K SBH value of 1.OSeV was thought to be the most

accurate value.
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Figure 67: Barrier height against temperature for the Q2 structure

These results are not unusual, T.Sawada et al [139] found that Ni SBHs on n-AlGaN
(20%) varied from 0.64eV at BOOK to 1.0SeV at 500K. They also concluded that the
difference between their experiment results and their theoretical SBH of 1.4eV (from
A** =30.2 A.cm k") were due to large tunnelling leakage currents indicated by large

ideality factors greater than 1.2.
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Figure 68: Ideality factor against temperature for the Q2 structure

Although, the measured ideality factor of 1.54 at 300K is poor, it is consistent with the
literature. Monroy ¢z a7 [140] found that the ideality factor of Schottkys on A1GaN/SiC
varied between 1.2 -1.6 at 300K depending on Al mole fraction and metal used, whilst
Qiao er az [137] reported an ideality factor of 1.37 for a Au Schottky on AlGaN
(23%)/SiC at 300K.

Altematively defects in the AlGaN layer could produce local barrier lowering, causing
the barrier height to be underestimated. This would also explain the poor ideality. The
temperature variation of the barrier height could then be attributed to temperature

variation of the local defects.
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5.5.3 Capacitance experiments

The measurements were performed on the Q2 wafer (1318SC13B) FatFET device using
a HP4191A work-station. The gate capacitance was monitored as the gate-source
voltage was swept from 0.5 to -9V in 100mV steps. The capacitance was measured at
300K, the gate was then biased and held at OV whilst it was cooled to 30K using a
closed-loop He cryostat. The device capacitance was then measured before being
warmed to room temperature under no bias. Once at room temperature the device

capacitance was re-measured. The process was then repeated biasing the device at -IOV
and+10V.

45

40

20

9 -8 w -6 S 4 3 2 o 0 1

Gate-source Voltage (V)

Figure 69: Temperature induced capacitance variation under different biased conditions.

All room temperature sweeps (tan), 30K Plus 10V hold (red), 30K OV hold (green), 30K minus 10V
hold (blue).

As shown above in Figure 69, there are two aspects to the data, there is a change in the
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capacitance and there is a shift in the pinch-off voltage. The variation in capacitance
could be attributed to either a change in the dielectric constant, or to the sheet charge
moving closer to the surface at elevated temperatures. Since this was a Q2 device, any
movement of the sheet charge towards the surface would be severely limited by the AIN
exclusion layer. Through integration of the capacitance curves, the change in the 2DEG

number density with respect to the bias conditions was calculated.

Figure 70: Temperature induced 2DEG number density variation under different biased conditions.

All room temperature sweeps (tan), 30K OV hold (green), 30K minus 10V hold (blue), 30K Plus 10V
hold (red).

Despite the fact that, when the device was cooled under OV bias there was a shift in
pinch off and the capacitance fell, the 2DEG number density was relatively constant,
only a 0.5% fall was observed. Reductions in carrier concentrations with temperature
are not unusual and are often reported [111, 114] without being the focus of the

publication. Therefore the fall in capacitance and the pinch-off shift at zero bias may be
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due to a 10% change in the dielectric constant. However, this seems a large effect and

has not been reported in the literature previously.

Biasing the device at positive 10V during cooling resulted in about 5x10'' cm® of
effective electron trapping, whilst biasing the device at negative 10V during cooling
caused about 1x10'? cm™ of effective charge being exposed. Therefore, the movement of
charge was not balanced under both polarities. However, the phase angle during the
positive 10V sweep averaged 60° indicating that substantial leakage was occurring
throughout that measurement. It was concluded that the gate biasing during cooling
caused a mechanism similar to that of ‘the virtual gate mechanism’ to occur at the
surface, and that the shift in pinch-off voltage seen in the capacitance sweeps was as a
result of the trapping and exposure of charge at the surface due to unintentional biasing

between measurements.
554 Arrhenius plot

This method of calculating barrier height is insensitive to the Richardson constant.

Plotting Log (J/T?) against 1000/T gives Log (A**) at the y axis intercept and the
—q)[)q

gradient gives . As shown in Figure 71 the graph intercept is -11.369 giving A**

= 1.16x 10" cm®k’® which is most certainly incorrect. The error is attributed to the fact
both the ideality factor and the barrier height vary with temperature. The gradient equals

-4.60, giving @, =400meV.
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Figure 71: Arrhenius plot for the Q2 structure

5.6 Conclusions

The separation of the scattering mechanisms into independent (A) and dependent (B)
terms, has lead to the discovery that phonon scattering is the dominant scattering
mechanism at room temperature. In addition, the AIN layer has been found to reduce
alloy scattering at high carrier densities and thereby allowing a high mobility to be
maintained. High- temperature mobility model predictions were found to be accurate
indicating that any variation in the pinch-off voltage within the Q2 had only a negligible

effect on the extracted models.
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6 CONCLUSIONS AND FUTURE WORK

6.1 Current collapse

As aresult of both the passivation and gate lag measurements it has been concluded that
current collapse is unquestionably affected by the device surface. The gate lag
measurements were able to directly measure a significant increase (from ~5 to 30Q2) in
the resistances associated with the ungated surface regions near source and drain during
negative gate biasing, whilst the channel resistance remained relatively constant
indicating negligible trapping in the AlGaN layer. The measurements supported the
virtual gate concept, i.e. that when the gate was stressed with a large negative bias,
electrons migrated onto the ungated regions of the device producing an increased

parasitic resistance and a decreased drain current.

The passivation measurements showed that under the correct deposition conditions

SizNs passivation can help to reduce current collapse (Type F in
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Table 3). However, under the wrong deposition conditions (Type B) passivation can
increase cwrent collapse. In addition, there is a possibility of increased gate leakage.
The pulsed comparative study of passivation types F and B indicated that the movement
of electrons was dependent upon the pulse length and the applied electric field, and that
the better passivation (type F) didn’t prevent the movement of electron on to the surface
of the device, but merely enabled them, by way of shallower surface traps, to move on

and off the surface at an increased rate.

6.2  Mobility

All the measurements of mobility as a function of temperature gave evidence that SiC
devices have higher mobilities than sapphire based devices. This is attributed to firstly
SiC being a better thermal conductor - reducing the self-heating within the device and
thus reducing the phonon scattering within the 2DEG at AlGaN/GAN interface.
Secondly, that the lattice mismatch between SiC and GaN (~3%) is smaller than
between sapphire and GaN (~13%). Consequently growth on sapphire is more difficult
and usually results in dislocation densities being typically a factor of 5-10 times higher
than those on SiC substrates. This leads to a rougher AlGaN/GAN interface, more
electron scattering and lower 2DEG mobility. Thus experimental data confirms the
theoretical predictions [100] i.e. that maximum mobility at room temperature is limited

by polar optical phonon scattering.

It was found that the fall in room temperature mobility at high number density could be
prevented by inserting an AIN interlayer. Improvements in mobility resulting from the
AIN layer were immediately apparent. At room temperature with no applied voltage the
mobility was 1860 with, and 1210 cm*/Vs without, the AIN layer. As shown in the
energy band diagrams the thin AIN layer significantly increased the GaN /AlGaN
effective conduction band offset, thereby reducing the penetration of the 2DEG

wavefunction into the AlGaN barrier layer and reducing scattering.
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The drain current in of both structures was found to increase as the device temperature
was reduced. The increase in current was attributed to a reduction in phonon scattering,
As a result of the reduced scattering the current flow increased, and in turn the

conductance and the 2DEG mobility of both devices increased.

Separating the scattering mechanisms into temperature independent (A) and dependent

(B) terms, Ied to the generation of an empirical model 1. A+ BT* which indicated that
Yz

the temperature dependent terms of both structures were very similar (as shown in
Figure 58). However, the AIN layer was found to significantly reduce temperature
independent scattering (shown in Figure 57) especially at high carrier densities.
Although this model helped in understanding the structures, it was solely

phenomenological.

Therefore this model was abandoned in favour of a more accurate model, which
separated phonon scattering into its individual components (Acoustic (B) and Optical
(C)). The new model % =r=A+BT +C exp(%), a simple physically based
analytical expression, has been shown to accurately fit the mobility data over the entire
temperature range. The acoustic (Figure 60) and the polar optical scattering (Figure 61)
were found to be similar in both structures. Polar optical scattering was found to be the
dominant scattering mechanism at room temperature. Once again the temperature
independent scattering term was ascertained as the significant difference between the
structures. As shown in Figure 62, the scattering occurring at high carrier concentrations
in the Q1 structure is approximately six times greater than that in the Q2 structure. By
separating the temperature independent term into its constituent parts (shown in Figure
63), it was established that alloy scattering was the dominant temperature-independent
mechanism, as expected, and that the inclusion of an AIN layer reduced its importance
by at least a factor of five. Extraction of the residual scattering terms showed that the
coulomb scattering was strongest at low carrier densities and that interface roughness

scattering increased with carrier density, However, the residual terms are small in
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comparison to the alloy and polar optical phonon scattering and are insignificant at room
temperature in the layers measured. Although high-performance transistors have been
demonstrated using the AIN layer, the small signal performance has been comparable to
conventional designs [105, 129], because maximum f; is obtained at a gate voltage near
pinch-off at low carrier densities, thus negating the benefits of the AIN exclusion layer.
The benefits should be more obvious under realistic operating conditions, where at high
fields, the electron waveforms spill into the AlGaN, potentially reducing the mobility

and the saturation velocity.

0.3 Pinch-off variation

The variation of pinch-off voltage within the Q2 device was alarming and was
investigated further. However, the variation only occurred at low electron number
density and therefore since the comparative study focused mainly on the differences in
mobility at high electron number density, it didn’t affect validity of the results generated
from the study. This view is supported by the fact that extrapolations of the model were
found to predict accurately the mobility of the devices when operated at elevated

temperatures.

6.4 Barrier height and ideality

Defects in the AlGaN layer are thought to produce local barrier lowering, causing the
barrier height to be underestimated and this would also explain the poor ideality. The
temperature variation of the barrier height is thought to be due to temperature variation

of the local defects.
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6.5 Summary

The research presented in this thesis has indicated, through direct measurements of
parasitic resistances, that current collapse is caused by the formation of a ‘virtual gate’
on the device surface during negative gate biasing. Passivation has been found to reduce
current collapse. The fall in mobility at high electron number densities has been
discovered to be as a result of alloy scattering. The alloying scattering can be
significantly reduced by the insertion of a thin AIN exclusion layer between the GaN
and AlGaN layers,

6.6 Future work

6.6.1 Current collapse

The introduction of a GaN cap layer and the use of double layer passivation have both
been reported in the literature to reduce current collapse, and require further
investigation. However, the author feels that most progress can be made through the
utilisation of new device structures, such as the double heterojunction AlGaN/GaN
HEMT. This is because, by re-structuring the device the troublesome surface states are
moved inside the device, thus removing any possibility of them interacting with

electrons from the gate electrode.

6.6.2 Mobility

The research presented in the thesis has shown that the introduction of a thin AIN
exclusion layer permits the 2DEG mobility to be maintained at high carrier
concentrations, by reducing alloy scattering. Although, the pinch-off variation of the Q2
device did not affect the 2DEG scattering measurements, further investigation into why

it only occurred in the Q2 device is required.
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