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SUMMARY

The interaction between oy, and its ligand, Intercellular Adhesion Molecule
(ICAM)-1, plays a major role in inflammatory and other immune responses by regulating
leukocyte adhesion and trafficking. In order to bind ICAM-1 and to mediate subsequent
functions, a2 needs to be converted from inactive to active state. The activity of oy 32
integrin is regulated by multiple mechanisms, including avidity change and
conformational change. Crystal structures and other lines of experimental evidence
suggest that o, 3, has multiple conformational states which strongly correlate with its
functions, This study focuses on the conformational regulation of o, 3, and the effects of
conformational change on the binding affinity and kinetics of o 3,.

The inserted (I) domain contains the ligand binding site of o .. To examine the
effects of the | domain conformational changes on ligand binding, micropipette adhesion
frequency assay was used to measure the two-dimensional (2D) binding affinity and
kinetics of ICAM-1 interacting with a3, on K562 cells, including wild type (WT) a3,
and mutant o3, containing an | domain locked in open, intermediate, or closed
conformation. Locking the I domain into open and intermediate conformations increased
the ligand binding affinities of a3, by ~3000 and ~30 fold, respectively, from locked
closed a2, which has similar affinity as the WT oy 2. Surprisingly, the 2D affinity
increases were mostly due to the 2D on-rate increases, as the 2D off-rates only decreased
by several fold. The WT a8, could be activated by Mn?* and Mg?®* to have high ligand
binding affinity; while locking the I domain in any of the three conformations abolished

the ability for regulation by divalent cations. These results indicate that a downward

XV



displacement of the | domain C-terminal helix, induced by the conformational changes of
other domains of the o 32, is required for affinity upregulation.

The crystal structure of integrin ayps; ectodomain revealed a surprising bent
conformation. Upon activation, some integrins convert from bent to extended
conformation, which propagates the conformational change of the cytoplasmic domain to
the ligand binding site. Using activating antibodies and small molecule antagonists
combining with the locking of | domain, the effects of extension of a3, on its binding
affinity and kinetics were studied. The results indicate that with the | domain locked, the
extension of o B, itself only lengthens the molecule to provide a more accessible ligand
binding site and therefore increases the on-rate. The results also indicate that the off-rate
change of a.p, is mainly due to conformational change of I domain instead of the
extension of oy 32,

Divalent cations are very important for integrin-ligand interactions, but the
mechanism of integrin regulation by divalent cations are still not very clear. ICAM-1
binding was used as a probe to investigate the binding affinity and kinetics of divalent
cations for | domain and for o, [3,. The results suggested the binding properties are
determined by the nature of divalent cations and the conformation of | domain. Compare
to Mg*, Mn?*" has higher binding affinities for both 1 domain Metal lon-Dependent
Adhesion Site (MIDAS) and other metal ion binding sites that are critical for ligand
binding of o B,. Ca®" binding showed two different affinities, which might be due to two
different conformations that | domain could adapt after Ca** binding. Open and
intermediate | domains have higher binding affinity for Mn?* and Mg** than WT and

closed I domains. Divalent cations dissociate very slowly from | domain MIDAS but
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rapidly from those metal ion binding sites that important for ligand binding of o 32. This
difference may reflect the different roles of I domain MIDAS and other metal ion binding
sites in the regulation of conformational change and ligand binding of o_f32.

One of the most important biological processes mediated by o3, and other 3,
integrins is the recruitment and migration of neutrophils during inflammation. It is
suggested that E-selectin binding to neutrophils could activate 3, integrins and this event
might have physiologically significance in vivo. The activation of neutrophil B, integrins
by E-selectin binding was studied here by a micropipette technique. Binding of E-selectin
Ig chimera was found to activate 3, integrins on neutrophils and increase their binding
affinity for ICAM-1 coated together with E-selectin on RBCs. A contact of 5 seconds or
longer with rapid binding and dissociation of E-selectin bonds induces binding of B,
integrins and to ICAM-1 with intermediate binding affinity. The activation might require
the crosslink of E-selectin ligands. P- and L-selectin were not able to induce upregulation
binding to ICAM-1 observed with the current experimental setting.

In summary, this study investigated the conformational regulation of o 3, and the
effects of conformational changes on its 2D ligand binding affinity and kinetics. The
conformations of o 3, were altered by mutations, antibodies, small molecule antagonists,
as well as divalent cations. The activation of a3, by a signaling induced by E-selectin
binding was also studied. This study determined the 2D binding affinities and kinetics of
o B, at different conformational states, which provided new evidence that the
conformational change could regulate the ligand binding of o, 3, when it is bound to cell
surface and conformational changes in different part of o3, have distinct effects. The

binding affinities and kinetics of divalent cations for 1 domain MIDAS and other metal
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ion binding sites of a3, shed light onto the mechanism of integrin regulation by divalent
cations. Besides the stimulation from outside of the cell, B, integrins could also be
activated by the intracellular signaling induced by E-selectin binding on a timescale of
seconds. These results provide insights into the relationship between conformational
change and function of o, and most importantly contribute to the understanding of

integrin regulation mechanisms.
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CHAPTER 1
INTRODUCTION

Integrins are heterodimeric adhesion molecules consisting of o and 8 subunits.
They transmit signals bi-directionally across cell membrane and undergo conformational
change upon activation. o 32, @ member of the B, integrin family, participate in various
important biological processes, including leukocyte trafficking, lymphocyte homing, and
immunological synapse formation. The functions of o3, are precisely regulated and any
dysregulation of a3, could result in diseases. The overall objective of this study is to
characterize the regulation of o, function, specifically ligand binding, by its
conformational change. Micropipette adhesion frequency assay is used as the major
method to measure the 2D binding affinity and kinetics.

Previous studies showed that a 10 A downward movement of the C-terminal o7
helix allosterically induced the conformational change in ligand binding site of the I
domain and increased ligand binding 3D affinity of isolated 1 domain by 10,000 fold.
Although cell adhesion experiment showed difference in binding affinity of o3,
containing | domain locked at different conformations, the 2D binding affinity and
kinetics of these o, have never been measured. The measurement of the binding
affinity and kinetics of WT o 32 and a3, containing a locked | domain could further our
understanding of the effect of | domain conformational change in intact o f3,. Using
activating agents, such as divalent cations Mn?* and Mg?*, the relationship between the |

domain and other domains of o 32 in conformational change is further revealed.



I domain conformational change might be the most effective and direct pathway
to regulate the binding activity of o, f3,, because it contains the ligand binding site.
However, for the whole oy 3,, other conformational changes are also necessary for the
regulation. Indeed, it is the extension of o, 3, that propagates the conformational change
of the cytoplasmic domain to the outmost | domain. The conformational change of |
domain and the extension of a3, could be independent of each other, i.e. o 32 could be
extended but has a closed | domain, or has an open | domain but still be bent. It is not
known whether the conformational change of I domain and the extension of o3, each
have distinct influence on ligand binding. The binding affinities and kinetics of the
multiple conformational states of o 3, has not been systematically studied and compared
either. The complexity of the nature of integrin conformational change makes it difficult
to address these questions. Using | domain locking, activating antibodies, small molecule
antagonists, and reporting antibodies, the conformation of o 3, could be better controlled
and accessed, which allows the effects of o, 32 extension to be studied. Moreover, the
binding affinities and Kkinetics of o f, at various conformations are measured,
categorized, and compared, which allows the characterization of the multiple
conformational states of o f3,.

It has been shown that a divalent cation directly coordinates into the MIDAS of
the o | domain and is part of the receptor-ligand complex. Some of other divalent cation
coordination sites play critical roles in conformational regulation of o f3,. However, the
characteristics of divalent cation binding to | domain MIDAS and other coordination sites
are presently unclear. Different divalent cations may have different binding affinities and

kinetics for the same divalent cation coordination site of oy 3,, The conformation of I
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domain or may o, would influence the divalent cation binding characteristics by
altering the position and orientation of those amino acids that form coordination with
divalent cations. In order to test these hypotheses part of this study is to measure the
binding affinity and kinetics of divalent cations, Mn**, Mg, and Ca**, to o | domain
and other metal ion binding sites that are important for ICAM-1 binding of o 3,. These
measurements could provide evidence to support (or against) the hypotheses and provide
insights into the divalent cation regulation of o [3,.

In physiological environment, perhaps the most important regulation of o, 3, is by
intracellular signaling. The binding of other molecules on cell surface could trigger a
signal, which is transmitted to a3, from inside of the cell and activates o f3,. For
neutrophil recruitment and transmigration during inflammation, o, and other B
integrin are suggested to be activated by chemokine binding. Recent studies brought out
another activation pathway of o, 3,, that is, activated by E-selectin binding to neutrophils.
This newly proposed signaling pathway involves tyrosine kinase and is independent of
the chemokine induced signaling pathway. The activation of B, integrins is suggested to
be rapid, but there is no accurate estimation of the time scale so far. Using micropipette
assay, the activation of B, integrins by E-selectin binding on neutrophils is detected in a
real time fashion and the timescale is estimated. Furthermore, binding affinity of f

integrins activation by E-selectin binding is also accessed.



CHAPTER 2

BACKGROUND

2.1 a, 5, Mediated Cell Adhesion

2.1.1 Cell Adhesion and Cell Adhesion Molecules

Cell adhesion plays important roles in normal functions of cells, including cell
proliferation, metabolism, and gene expression. Cell adhesion is necessary for many
physiological processes and is involved in many diseases, such as inflammation,
thrombosis, and cancer.

Cells adhere to each other or to the extracellular matrix through specific
molecular interactions of proteins or carbohydrates referred to as receptors and ligands,
or cell adhesion molecules. The known families of cell adhesion molecules include
integrins, cadherins, selectins, and members of the immunoglobin (Ig) superfamily.
Receptor-ligand mediated cell adhesions usually involve concurrent binding of multiple
species of receptors and ligands and take place as a dynamic process. Adhesion receptors
not only simply sticking cells down in the correct locations, although that in itself is
important, they also form physical linkages between the extracellular environment and

the internal structures of cells.

2.1.2 B, integrins

Integrins are a family of cell surface receptors that integrate the cytoskeleton with
points of attachment in the extracellular environment to mediate cell adhesion,
polarization, and migration. Integrins are heterodimeric molecules composed of two

transmembrane subunits, an o subunit (~120-180 KDa) and a 3 subunit (~90-120 KDa).



So far, at least 18 different o subunits and 8 B subunits have been described in

vertebrates, forming at least 24 heterodimers [2, 3] (Figure 2-1).

Figure 2-1. The family of 24 integrin heterodimers. The o subunits that contain an |
domain are shown in red.

a2 (CD11a/CD18) is also known as lymphocyte function-associated antigen-1
or LFA-1 [4]. a2, together with oy, (CD11b/CD18, Mac-1), axp, (CD11c/CD18,
P150,95), and apP, (CD11d/CD18) constitute B, integrin family, also called leukocyte
integrins (Figure 2-1) [3]. Cell-cell adhesions mediated by these integrins contribute to
many physiological processes of leukocytes, such as antigen presentation, cytotoxicity
and phagocytosis. The discovery of the genetic basis of an inherited disease called
leukocyte adhesion deficiency (LAD) syndrome, which manifests as defect in leukocyte

adhesion and is caused by the lack of expression of B, integrins on the cell surface,
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underscored the important biological role of these receptors in the inflammatory and

immune responses [5].

2.1.3 Ligands of o B>

Physiological ligands of a3, include Intercellular Adhesion Molecule (ICAM)-
1,-2, and -3 [6, 7]. Two additional ligands, ICAM-4 and -5 have also been shown to bind
specifically to a3, but their physiological function is currently unknown [6, 8]. ICAM-
1, -2, and -3 are structurally related glycoproteins that belong to the immunoglobulin
superfamily (IgSF). Among them, ICAM-1 (CD54) is the major ligand for o in
mediating most biological functions of leukocytes.

ICAM-1 is a Type-l transmembrane glycoprotein of 85-110 KDa composed of
five 1gSF domains (D1-5), a transmembrane domain, and a short cytoplasmic tail that
binds a-actin (Figure 2-2A) [9]. It is expressed at relatively low basal levels on
leukocytes and several other cell types, but the expression is induced or greatly increased
by various pro-inflammatory cytokines and phorbol esters [10, 11] ICAM-1 is important
for granulocyte extravasation, lymphocyte mediated cytotoxicity, and the development of
specific immunological responses involving cell-cell interactions. Among the five Ig-like
domains of ICAM-1, only the structure of domains 1-2 has been solved in X-ray
crystallography (Figure 2-2B). The most important residue in ICAM-1 for binding to
aLP> is Glu-34, which has been shown to ligate the Mg®* in the MIDAS of the | domain
[12] (Figure 2-2B). Although there are differences between ICAM-1s in different species,

Johnston et al. (1990) showed that human o, 3, also binds specifically to murine ICAM-1



and the cross-species binding is unidirectional, that is, mouse o3> could not bind to

human ICAM-1 [1].

B ICAM-1 Domain2

Figure 2-2. (A) Domain arrangement of ICAM-1. (B) Diagram of the intermediate
affinity o1 domain (blue) complex with the first two domains of ICAM-1 (purple) [12].
Mg** (gold sphere) in | domain MIDAS and ICAM-1 Glu-34 (shown as ball-and-stick)
are indicated. The structure is drawn by Visual Molecular Dynamics using PDB codes
1MQ8.

2.1.3 o, B2 Mediated Cell Adhesions in Immune Responses

o B2 is present on nearly all leukocytes and mediates a variety of leukocyte
adhesion and signaling processes, such as firm adhesion to the vascular surface during the
initiation of inflammatory reaction or during lymphocyte trafficking, transendothelial
migration into inflamed tissues or lymphoid tissues [13] and adhesion to antigen

presenting cells to form the immunological synapse [14].



Leukocyte Adhesion during Inflammation

Inflammation is a defense reaction of vascular tissues to harmful stimuli, such as
pathogens, damaged tissue and cells, or irritants. It is a protective attempt by the
organism to remove the harmful stimuli as well as initiate the healing process for the
tissue. In order to eliminate the pathogen and to repair the injured tissue, leukocyte need
to be recruited and transmigrate through endothelia to the site of infection or injury.
Selectins and integrins are the two most important cell surface adhesion molecules in the
recruitment of leukocytes.

Selectins are another family of cell adhesion molecules. All selectins contain an
N-terminal C-type lectin domain, with structural homology to calcium-dependent lectins,
followed by an epidermal growth factor (EGF)-like domain, a series of consensus repeats,
a transmembrane domain, and a cytoplasmic tail (Figure 2-3). L-selectin, the smallest of
the vascular selectins, is expressed on leukocytes and binds to constitutively or inducibly
expressed ligands on endothelial cells and to ligands on other leukocytes. E-selectin is
expressed on activated endothelial cells with chemically or cytokine-induced
inflammation, and binds to ligands on leukocytes. P-selectin is the largest selectin and is
stored in secretory granules of platelets and endothelial cells. All known selectin ligands
are transmembrane glycoproteins which present oligosaccharide structures to the
selectins. Selectins bind to these ligands with low affinity and thus form transient bond.
P-selectin glycoprotein ligand-1 (PSGL-1) is originally identified as a high affinity ligand
for P-selectin [15], but recent studies showed it also binds to L-selectin and supports the

initial tethering of flowing leukocytes to E-selectin [16-18]. E-selectin ligands on



leukocytes are not yet fully identified, but potential candidates are PSGL-1, L-selectin,

and other fucosylated, sialyated oligosaccharides.

P-selectin

Lectin Domain

E-selectin EGF Domain
Consensus Repeats
L-selectin
IJ IJ IJ Transmembrane Domain
CytoplasmicDomain

Figure 2-3. Molecular structure of three selectins. They all contain an N-terminal lectin
domain, an EGF domain, consensus repeats, a transmemberane domain, and a
cytoplasmic domain.

Leukocyte recruitment during inflammation is a sequence of adhesion and
activation events [19]. There are several steps of the adhesion cascade of leukocyte
recruitment, including tethering, rolling, firm adhesion, and transmigration (also called
diapedesis) (Figure 2-4). Interaction of selectins with cell-surface expressed ligands
initiates rolling of leukocytes to activated endothelial cells. Selectin-mediated cell rolling
is thought to promote ligation of endothelial-bound chemotatic molecules and lead
activation of o 32 and amP, integrins [13]. The activated 3, integrins on leukocyte bind

with high affinity to their ligand, mainly ICAM-1, to convert rolling to firm adhesion. It



has been suggested that the G protein-coupled receptor engagement of inflammatory
mediators (such as IL-8, platelet-activating factor) presented on the endothelium is the
primary recognition event inducing firm adhesion of leukocytes via activation of (3,
integrins [20] (Figure 2-4). Emerging evidence implicated there might be other means of
leukocyte activation, one of them involves binding of selectins triggering activation of 3,

integrins [21-23].

Rolling adhesion| Tight binding Diapedesis Migration

CXCL8R
(IL-8 receptor)

chemokine SNl
CXCL8 (IL-8) XY,

Figure 2-4. The recruitment of leukocytes to the site of infection is a multistep process.
(Reproduced from Immunology, © 2001 by Garland Science)

T Cell and Antigen-Presenting Cell Adhesion

T cells play a central role in cell-mediated immunity. The key steps of effective T

cell activation and mounting an immune response include the ability to firmly adhere to
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blood vessel wall, the scanning by T cells of other cells within tissue, and the formation
of the immunological synapse between T cells and APCs. Every step requires regulated
adhesion of T cell to other cells. o B, is particularly important in promoting the
interaction of T cells in each step. It is essential for the arrest of rolling lymphocytes in
many vascular beds to facilitate transmigration [24], for the crawling of activated T cell
[25], and for the formation of the immunological synapse, a specialized structure that
forms between T cells and APCs during T cell activation [14, 26]. o3, mediated
adhesion facilitates antigen presentation to T cells, especially in situations of low affinity
T cell receptor (TCR)-Major Histocompatibility Complex (MHC):peptide interaction,
and by enabling adequate duration of antigenic stimulation [27, 28].

Evidences have shown that o 3, may have more roles than simply an adhesion
molecule. o3, is also capable of transducing signals to influence T cell activation,
particularly in the context of the immunological synapse, probably also during

transmigration and migration [29, 30].

2.2 The Regulation of oy 5, Activity

The term “integrin” was coined to reflect the unique capacity of members of this
adhesion molecule family to integrate the extracellular and intracellular environments
[31]. Integrin mediated interactions are vital to the maintenance of normal cell functions
because of their ability to mediate signaling bi-directionally, i.e., from extracellular to
intracellular and from intracellular to extracellular [3]. The most unusual feature that
distinguish integrin from other adhesion molecules is that their ligand binding ability can
be activated very rapidly through signaling. This feature is particularly important for the

integrins to mediate normal function of platelets and leukocytes in bloodstream.
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2.2.1 The Biological Significance of oy B, Regulation

The adhesive capacity of a3, is not constitutively active; it is expressed on cell
surfaces in an inactive or “off” state, in which it does not bind ligands and does not
signal. Its activity is subjected to fine spatial and temporal regulation and this is very
important for its biological functions.

One of the most important roles of o, 3, is to mediate the leukocyte recruitment
during inflammation, in which it binds to ICAM-1 on endothelial cells upon leukocytes
become activated, for example by cytokines. It is critical that o 3, remain inactive and
remain low binding affinity for ICAM-1 on the surfaces of resting leukocytes to avoid
inflammation, and it can be rapidly activated to allow proper immune function. Defects in
either have pathological consequences. Therefore, the regulation of o3, activity has
become therapeutic targets for inflammatory diseases, autoimmune diseases, and certain

types of cancer [32].

2.2.2 The Mechanisms of o, 2 Regulation

The mechanism of the regulation of oy, activity is unclear, but a change in the
molecular conformation or redistribution of the molecule in cell membrane seems most
likely. The conformation change in a single molecule that alters the ligand binding
affinity is also referred as affinity change; while the changes in molecule diffusivity on
cell surface or changes in molecule local density that affect the number of adhesive bonds
that can form is termed avidity change.

Dynamic regulation of o, 2-mediated adhesion and functions requires integration

of signals initiated by a wide range of stimuli. On resting circulating leukocytes, o, 3, are
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in the constitutive inactive state. However, upon activation of leukocytes by different
stimulations, such as chemokine exposure or upon antigen-dependent interaction of a T
cell with an APC, a variety of intracellular signals are generated that ultimately lead to
the conversion of o 3, to active state. Major signal transduction pathways often act in
concert with G protein-coupled or kinase receptors for soluble factors. This so called
“inside-out” signaling is initiated from inside of the cell and eventually induces high
ligand binding affinity of the ligand binding site of o f,. Although the molecular
mechanism of this regulation is not clear, more and more evidences suggested that the
inside-out signaling involves the separation of the transmembrane and intracellular
regions of o P, and long-range conformational rearrangement of the extracellular
domains [33-35].

By comparison, outside-in signaling is induced by the binding of o f, to its
ligands. Due to the multivalent nature of ICAM-1, ligation may result in clustering of
o B2 on cell surface, and thus enable the recruitment of signaling molecules to the
cytoplasmic face of the adhesion complex to initiate downstream signaling events [36].
Another possibility is that the outside-in signaling pathway can be viewed as the
reciprocal process of inside-out, that is, the ligation of o, could induce the same
conformational rearrangement as in the inside-out activation but in a reverse direction,
and finally lead to the separation of cytoplasmic tails to induce signaling. It is possible
that the overall outside-in signaling is achieved as a sum of intermolecular clustering and
conformational change of individual molecule, since integrin clustering alone is not

sufficient to reproduce full outside-in events [37].
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2.3 The Conformational Change of a 3,
2.3.1 a B2 Domain Structure Arrangement

The N-terminal half of the o subunit’s extracellular portion contains seven
tandem repeats, which are predicted to adopt a -propeller fold. In o 32 and other B,
integrins as well as o1, a2Pi1, o1, cr1f1, and agP; integrins, an additional highly
conserved | domain (or A domain, also designed as a—I/A domain), approximately 200
amino acids long, is found between the second and third repeats of the p-propeller
domain [38]. The C-terminal half of the o, subunit’s extracellular portion is the stalk
region. There are three B-sandwich domains in this region, including the thigh, Calf-1,
and Calf-2 domains (Figure 2-5). The N-terminal region of B, subunit contains a PSI
(Plexin, Seaphorins, and Integrin) domain. It also contains an evolutionarily conserved
domain termed I-like domain (or B I/A domain). This domain appears to directly bind
ligand in integrins that lack | domain and to indirectly regulate ligand binding of the |
domain in the I domain-containing integrins. The hybrid domain is folded from amino
acid sequence segments on either side of the I-like domain. The C-terminal half of the
extracellular portion of the B subunit contains four cysteine-rich repeats, called integrin-
epidermal growth factor (I-EGF) 1-4 domains, which are characteristic of all integrin 3

subunits [39] and a B-tail domain (BTD) (Figure 2-5).
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Hybrid domain I-EGF domains

Figure 2-5. The arrangement of multiple domains in the primary structure of the
extracellular portion of o f32.

2.3.2 Structure and Allosteric Regulation of the I Domain

| domain is the major ligand binding site for | domain-containing integrins.
Recombinant | domain binds ligand with the same specificity as the parental integrin and
the binding is also in the same cation-dependent manner [40]. The deletion of the |
domain abolished ligand binding in the context of the intact integrin [41].

| domain assumes a dinucleotide-binding fold with o-helices surrounding a
central B-sheet with a metal ion coordinating site on one end (defined as the top of the
domain) and is connected through the adjacent N and C termini on the opposite end
(bottom) to the body of the integrin [42] (Figure 2-6). The metal-coordinating residues
and the residues surrounding the metal-binding site form the binding site for several
physiologic ligands. Therefore, this site has been designated as the metal ion-dependent

adhesion site (MIDAS) [42].
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Figure 2-6. Structure of the o | domain [43]. The structure of intermediate o, | domain
is shown as ribbon diagram. Mg in MIDAS as a golden sphere and C- and N-terminus are
indicated. The structure is drawn by Visual Molecular Dynamics using PDB codes 1ZOP.

A 93 E272 B
141
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34

Figure 2-7. MIDAS structures of (A) the pseudo-liganded high-affinity I domain, and (B)
the unliganded WT | domain. The ligand mimetic molecule is colored cyan. The metal
ions are colored blue, water molecule and ligating side chain oxygen atoms are colored
red, and the chloride ion from the wild-type | domain structure is colored orange. The
MIDAS residues and Glu-272 from a lattice mate 1 domain in (A) are shown as ball-and-
stick models. Metal coordination and hydrogen bonds are represented by solid black lines
and gray dotted lines, respectively. (Figure and legend reproduced from reference [12])
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The integrin WT aw [42, 44], oo [45] and oy [46-49] as well as mutant oy |
domains [12] were found to crystallize in two different conformations, which were
termed open and closed conformers. In the open structure, an acidic residue donated
either by a ligand or by a ligand mimetic lattice contact contributes to the metal ion
coordination sphere in the MIDAS. The metal ion is central to the binding site and
directly coordinates a Glu residue in the ligand [50] (Figure 2-2B). By comparison, no
ligand-like contact in the closed structures has been determined (Figure 2-7). The
structural rearrangement of the MIDAS is coupled to backbone movements of the loops
that bear the coordinating residues. The open and closed conformations also differ in the
position of the C-terminal o7 helix (Figure 2-8). The transition from the closed to the
open structure is linked to a large 10 A downward movement of the C-terminal a7 helix
and a repacking of the hydrophobic face of the o helix [51].

Based on the crystal structures, it is hypothesized that the downward movement of
the o7 helix allosterically change the conformation of MIDAS and thus change the ligand
binding affinity. Mutations have been introduced to stabilize a particular conformation,
and tested for effect on ligand binding. o, | domain were locked in either open or closed
conformation using the structure of the open oy I domain as a template [52]. The
candidate positions were chosen far away from the MIDAS and thus presumed not to
disturb the structure and function of the binding site. The positions were found bracket
the loop between the C-terminal a-helix and the preceding B-strand (Figure 2-9A). A pair
of cysteines was introduced to lock this loop in two alternate conformations. The

mutations were at residues 287 and 294 for the open conformation, and at residue 289
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and 294 for the closed conformation (Figure 2-9B). Locked intermediate | domains have
also been designed using similar mutations. Cysteine mutations were introduced at

residue 161 and 299, 160 and 299, or 161 and 300 [12].

Figure 2-8. Structures of | domain at open and WT closed conformations. Overlay of the
locked open (blue) and WT closed (red) I domain structures showing the conformational
change of the I domain (drawn by Visual Molecular Dynamics using PDB codes 1MQ9
and 1ZOP, respectively). MIDAS is located on the top of the I domain with a

2
coordinating Mn ion, which is in cyan (closed) and orange (open). The N- and C-
termini are located on the bottom (indicated).

The mutants were tested for ligand binding to investigate the effect of
conformational change. Both 3D [50] and 2D [53] binding kinetics measurements
showed that the open, intermediate, and closed conformers correspond to the high,
intermediate, and low affinity states. These data also suggested that the conformation and
position of the C-terminal o helix and the preceding loop allosterically regulate the
affinity of ligand binding at the MIDAS.
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C287+C294 C289+C294

Figure 2-9. Mutant o | domains. (A) Stereodiagram of the open conformation model of
the o | domain, with mutations to introduce a disulfide bond. The side chains and
disulfide bond of C287 and C294 are shown in yellow. The Mg?* ion of the MIDAS is
shown as a gold sphere. Sidechains of residues important in binding to ICAM-1 are
shown with rose-pink sidechains and yellow sulfur, red oxygen, and blue nitrogen atoms.
Note that these residues surround the Mg®* ion and are distant from the disulfide. (B)
Predicted disulfide bonds that are selective for open (left) or closed (right) conformers of
the aL | domain. Only residues 254-305 of the models are shown. The downward
movement of the o7 helix in the left panel compared to the right panel is readily
apparent. (Figure and legend reproduced from reference [50])
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It is believed the conformational changes induced by the downward movement of
the o7 helix appears to be first propagated to the hydrophobic core of the I domain and
then to the MIDAS loop [51]. Crystal structures have shown that a hydrophobic pocket
holds the B6-a7 loop in three different positions, and each movement displaces the o7
helix a distance downward corresponding to one turn of helix. In the close, intermediate,
and open structures, this hydrophobic pocket is occupied by Leu-295, Phe-292, and Leu-
289, respectively (Figure 2-10) [12]. This hypothesis is supported by the experimental
evidences that mutation of key residues in the hydrophobic core disrupted the
hydrophobic interactions and conformational restrain [54]. The single mutations of the
hydrophobic core, F265S, F292A, and F292G, increased the 3D binding affinity to
ICAM-1 by 20 to 10,000 fold. Double mutation F265S/F292G induced an increase of
200,000-fold in 3D binding affinity to ICAM-1. Further support for the allosteric
regulation of | domain is provided by flow chamber cell rolling experiment. When
mediating cell rolling, the force exerted on C-terminal o7 helix, but not N-terminus,

appears to convert WT isolated | domain to open conformation and stabilize it [55, 56].
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Figure 2-10. The hydrophobic pocket that acts as a detent for the rachet-like movement
of the B6-a7 loop. The C, trace and ratchet side chain (Leu-289, Phe-292, Leu-295) for
the closed (magenta), intermediate (green), and open (yellow) conformations of the o7-
helix are depicted. (Figure and legends reproduced from reference [54])

2.3.3 Global Conformational Change and Rearrangement of a, 3,

It has been suggested that the activation of integrins on cell surface is
accomplished by conformational changes of the extracellular domains. Electronic
microscopy (EM) studies showed that the extracellular portion of integrin contains a
globular headpiece, and two long stalk regions containing C-terminal segments from the
o and B subunits that connect the headpiece to the transmembrane and the cytoplasmic
domains [57, 58]. In 2001, the first X-ray crystal structure of the extracellular domain of
integrin o3 was published [59]. Surprisingly, ofB3 assumed a bent conformation, in
which the ligand-binding headpiece is folded back onto the tailpiece of the molecule

(Figure 2-11). There is no crystal structure for the ectodomain of o, to present.
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Recently, an EM study showed that o (3, could also adapt the same V-shape bent
conformation when o and {3 subunits are clasped together [60].

The bent conformation appears unfavorable for binding to extracellular matrix or
cell-surface ligands. Nuclear Magnetic Resonance (NMR), EM, mapping on the
structures of epitopes of conformation-sensitive and activating antibodies, and
engineering of disulfide bonds across the head-tail interface, have together established
that the bent or closed integrin conformation represents the physiological low affinity
state [35, 61, 62]. Activation and ligand binding are associated with a separation of the o
and P tails that is coupled to a long-range global conformational change in which the

integrin extends with a switchblade-like motion [35, 58, 61].

Figure 2-11. Crystal structure of the ectodomain of oyfB3 [59]. The two subunits are
shown in different colors (o subunit in blue and B3 subunit in purple) and the Ca?*is
shown as golden sphere. The structure is drawn by Visual Molecular Dynamics using
PDB codes 1JV2.
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The cytoplasmic domain regulates the integrin activation by initiating the
separation of the o and B subunit cytoplasmic and transmembrane domains. As a
consequence, the extracellular interface between the two subunits in the tailpiece
becomes destabilized, which facilitates the switchblade-like opening. The disruption of
this interface enables the hybrid domain to swing out from the I-like domain in the 3
subunit, facilitating the downward movement of the I-like domain C-terminal o helix that
is coupled to I-like domain MIDAS rearrangement (Figure 2-12). For o, 2, an “intrinsic
ligand” o subunit residue Glu-310 binds to the activated I-like domain MIDAS. This
binding pulls the C-terminal o helix of the 1 domain downward and converts it to the
activated conformer for high affinity ligand binding [63, 64] (Figure 2-12).

Both EM studies [35] and kinetic measurements of | domains [50] indicated that
multiple conformational states of integrin coexist. It has been suggested that the
regulation of integrin conformation should be viewed as a shifting of the dynamic
equilibrium among three conformers, a bent conformation, an extended conformation
with a closed headpiece, and an extended conformation with an open headpiece, rather

than the flipping of a switch [12, 65, 66] (Figure 2-13).
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Inactive 1 domain MIDAS

Inactive I-like domain MIDAS

Active | domain MIDAS

Active |-like domain MIDAS

C-terminal a helix

Glu310

Figure 2-12. Conformational change model for the activation of headpiece of | domain
containing integrin [64]. The out-swing of the hybrid domain from I-like domain changes
the angle between these two domains and pulls the C-terminal a-helix of the I-like
domain. This further converts the I-like domain MIDAS to open conformation with high
affinity. The intrinsic ligand Glu-310 in turn binds to the activated I-like domain MIDAS
and the binding pulls down the I domain C-terminal a7 helix. The I domain MIDAS is
then converted to the open conformation and can bind to ligand with high affinity.
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Figure 2-13. Models for multiple conformational states of oy 2. (A) Bent conformation
with closed headpiece and closed | domain with low ligand binding affinity. (B)
Extended conformation with closed headpiece and closed | domain. (C) Extended
conformation with open headpiece and open | domain. This conformation has high ligand
binding affinity.
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2.4 Receptor-Ligand Binding Kinetics and Micropipette Adhesion
Frequency Assay

2.4.1 Receptor-Ligand Binding Kinetics
Receptor-ligand interactions are usually modeled by a chemical Kkinetics
framework. For example, the following simple reversible reaction scheme models

binding between a free receptor R and a free ligand L to form a bond B:

Ky

R+ L<k—> B Equation 2-1

where ki and k, are the respective on-rate (forward rate) and off-rate (reverse rate)
constants. These Kinetic rate constants are essential determinants of cell adhesion, for
these parameters describe how rapidly cells bind and how long they remain bound [67].
The time rate of change of the bond concentration [B] is related to the free receptor
concentration [R] and the free ligand concentration [L] through these constants:

% =k, [R][L] -k, [B] Equation 2-2

At equilibrium, d[B]/dt = 0. The free receptor, free ligand, and bond concentration are

related through the dissociation constant, Kp = k¢/ks

_[RI[L]

Equation 2-3
D [B] q

The affinity constant is Ka, Ka=1/Kp,

2.4.2 Micropipette Adhesion Frequency Assay

Much progress has been made in recent years to determine some of the relevant
adhesion parameters experimentally. There are many methods for measuring 3D

receptor-ligand interaction kinetics when at least one of the molecular species is in
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solution. Examples are stop-flow experiments and SPR experiments [68]. However, few
techniques allow quantification its 2D counterpart, when the two species are bound to
two apposed surfaces, as in the case of cell-cell or cell-extracellular matrix adhesion.
Recently, several techniques and models have been developed to characterize of bonds
formed between two opposing surfaces. Using quantitative fluorescent microscopy, 2D
affinity of CD2 to LFA-3 was determined by Dustin et al. using cells resting on a glass-
supported lipid bilayer [69]. Chesla et al. developed a model with a micropipette binding
frequency assay for measuring the force-free 2D affinity and kinetic rates for several
forms of the Fcy receptor CD16a and its ligand 1gG [67]. This method is an extension of
that of Evans [70, 71], which used an ultrasensitive red blood cell as a picoforce
transducer to detect the adhesion mediated by a low number of receptor-ligand bonds
(Figure 2-14). The measured adhesion frequency can be expressed as a function of the
contact duration and Kinetic rate constants,
P, =1-exp{—m m AK,[1-exp(—k,t)]} Equation 2-4

where m, and m, are respective densities for receptor and ligand. The effective binding
affinity (AcKa) and the reverse-rate (k;) were extracted from the binding frequency data
by iteratively reweighted nonlinear regression to this model. Since the exact contact area
A. could not be measured but controlled by the experimenter to remain a constant, the
affinity is called effective binding affinity because A.and K, are lumped together.

The micropipette adhesion frequency assay is an effective and reliable technique
to measure the 2D binding kinetics of receptor-ligand interactions. Using this system, the
binding kinetics of Fcy receptor [67], selectin [72], T cell receptor, integrin [53], and

cadherin for their respective ligands have been characterized. It is also an useful tool for
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investigating biophysical and biological problems, such as the influence of anchoring

form, molecule length, and glycosylation on 2D binding kinetics of receptors.

Figure 2-14. Photomicrographs of a typical adhesion test. (A) Two cells were brought
into contact. (B) The elongation of the bound RBC indicates an adhesion event. (C) The
spherical shape of the unspirated portion of the RBC indicates there is no adhesion.
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CHAPTER 3
MATERIALS AND METHODS

3.1 Cells, Proteins, Antibodies, and Small Molecule Antagonists

3.1.1 Cell Culture and Isolation

K562 Cell line

Human erythroleukemia cell line K562 stably transfected with WT, locked open
(K287C/K294C), locked intermediate (L161C/F299C), or locked closed (L289C/K294C)
o | domain fused with a platelet-derived growth factor receptor transmembrane domain
and the first five amino acids of its cytoplasmic domain or with intact o 3, containing the
WT or locked | domains are generous gifts of Dr. Timothy Springer (Harvard Medical
School, Boston, MA) [12, 50]. The cells were cultured in RPMI with 10% fetal calf
serum with glutamine (4 mM), penicillin/streptomycin (0.1 mg/ml). Hygromycin B (0.4
mg/ml) and Puromycin (4 pg/ml) were used as selection agents for | domain and o3,
cells, respectively. Maximum cell densities were ~5x10°/ml.

Human RBCs Isolation and Storage - Human RBCs were isolated from whole peripheral
blood of healthy donors. Approximately 7 ml whole blood was collected by venipuncture
into sterile Vacutainers (Becton Dickinson, San Jose, CA) containing ethylenediamine-
N,N,N',N'-tetraacetic acid (EDTA). This was carefully layered over 3 ml of Histopaque
1119 (Sigma Chemical Co., St. Louis, MO) and centrifuged (30 min, 2000 g, room
temperature). The supernatant was removed and the pelleted RBCs were washed once in
RBC storage solution (EAS45) [73]. RBCs were stored aseptically at 4°C in EAS45 at

20% hematocrit.
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Human Neutrophil Isolation

Human neutrophils were isolated from a drop of whole blood via a finger prick. The
RBCs were lysed by brief hypotonic shock with ddH,O for 10 seconds. The blood cells
were then spinned down and resuspended in Hank’s Balanced Salt Solution (HBSS,
Sigma-Aldrich, St. Louis, MO) with 1% human serum albumin (HSA, ZLB Plasma, Boca

Raton, FL). Cells were put into micropipette chamber immediately for experiment.

3.1.2 Proteins and Antibodies

Purified Proteins

Mouse and human glycosyl phosphatidylinositol (GPI)-anchored ICAM-1 molecules
were purified from Chinese hamster ovary (CHO) cell transfectants by affinity
chromatography [74]. Recombinant human ICAM-1/Fc chimera and recombinant human
ICAM-1 were from R&D Systems (Minneapolis, MN). Recombinant human E-
selectin/Fc chimera was purchased from Glycotech (Gaithersburg, MD). Human soluble
E-selectin, recombinant human P-selectin/Fc chimera, and L-selectin/Fc chimera were
generous gift from Dr. Rodger McEver (University of Oklahoma Health Sciences Center,
Oklahoma City, OK).

Antibodies

Fluorescein isothiocyanate (FITC)-conjugated mouse anti-human o | domain
monoclonal antibody (mAb) MEM-25 (IgG;) (Caltag Laboratories, Brulingame, CA) and
a nonbinding FITC-conjugated mouse isotype-matched control antibody were used to
determine surface expression of the o | domain and o 3, on K562 cells by
immunofluorescence flow cytometry. FITC-conjugated mouse mAb MEM-111 (Caltag
Laboratories, Carlsbad, CA) and FITC-conjugated rat mAb YN1/1.7.4 (eBioscience, San
Diego, CA) were used to determine the site densities of the human and mouse ICAM-1,
respectively. The mouse anti-human o, mAb 38 (Ancell, Bayport, MN) was used for

antibody-antigen adhesion kinetic measurement. FITC-conjugated rat anti-mouse 19Ga,
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mADb (Fc specific) (BD Biosciences Pharmingen, San Jose, CA) was used to measure the
site density of mAb 38 coated on RBCs. The anti-ICAM-1 capturing mouse mAb CA7
was a generous gift of Dr. Robert Rothlein (Boehringer-Ingelheim Pharmaceuticals,
Ridgefield, CT).

The mAb MEMS83 (Abcam, Inc., Cambridge, MA), and mAb CBR LFA1/2 [75]
(a generous gift of Dr. Timothy Springer) were used to activate oy 3,. The mAb KIM127
[76], kindly provided by M. Robinson (Celltech, Slough, U.K.), was used as a
conformation reporting antibody. B, integrin blocking mAb 7E4 was purchased from
Beckman Coulter, Inc. (Fullerton, CA).

Mouse mAbs ES-1, PL-1, and DREG56 were kindly provided by Dr. Rodger
McEver. ES-1 was used to determine E-selectin site density and to block E-selectin
mediated adhesion. PL-1 and DREG56 were used to block PSGL-1 and L-selectin,
respectively. A secondary FITC-conjugated goat anti-mouse 1gG (Pierce Biotechnology,
Inc., Rockford, IL) was used for site density determination. A biotinylated goat anti-
human 1gG Fc specific antibody (eBioscience, San Diego, CA) was used to capture
recombinant human ICAM-1/FC, E-/P-/L-selectin/Fc chimeras.

Antibody Fragmentation

mADbs ES-1, PL-1, and DREG-56 Fab were prepared using the Fab preparation kit (Pierce
Biotechnology, Inc., Rockford, IL) following the manufacture’s instruction. Briefly,
antibodies were incubated with immobilized papain with continuous rotation for
overnight at 37°C. The digested antibody mixture was then subjected to a Protein A
column to separate Fab and Fc fragments. Fab fragments were collected at 1 ml fractions
and concentrated using Amicon Ultra-15 Centrifugal Filter Units (Millipore, Billerical,
MA). Fc fragments were eluted and collected as well. The Fab and Fc fragments were

subjected to a SDS-PAGE gel to verify the purity.
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3.1.3 Small Molecule Antagonists

Small molecule antagonists BIRT 377, and XVA 143 were generously provided by

Dr. Timothy Springer.

3.2 Coupling of Proteins to RBCs
3.2.1 GPI-ICAM-1 Reconstitution in RBCs

Mouse or human GPI-ICAM-1 was reconstituted in RBC membrane by a 2.5-hour
incubation with different concentrations to achieve the desired site densities [77]. Coated
RBCs were washed and assayed for site density by flow cytometry and stored in EAS45

at 4°C.

3.2.2 Coupling of Proteins to RBCs Using Chromium Chloride Method

Chromium Chloride (CrCl3) method [67] was used to covalently couple capture
antibody CA7, anti-human o | domain mAb 38, and recombinant human ICAM-1 to the
membranes of RBCs. Coated RBCs were washed and assayed for site density by flow
cytometry and stored in EAS45 at 4°C. CA7-coated RBCs were incubated with human
ICAM-1 prior to micropipette experiment.

For coupling, RBCs were washed with 0.85% NaCl for at least 5 times. 10’ RBCs
were suspended in 250 ul 0.85% NaCl and 1 mg protein/antibody was added. 1% CrCl;
was diluted in 0.02M acetate buffer (PH 5.5) to achieve desired concentration. The RBCs
and protein/antibody mixture was vortexed and at the same time, 250 pl of the diluted
CrCl; was added drop by drop. After incubation at room temperature for 5 min,
PBS/EDTA/1%BSA was added to quench the reaction. The coupled RBCs were washed

3 times with PBS/EDTA/1%BSA and stored in EAS45 at 4°C.
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3.2.3 Coupling of Proteins on RBC by Biotin-Streptavidin Reaction
Biotin-streptavidin binding was used to coat biotinylated goat anti-human 1gG Fc
antibody on RBC membrane. For RBC biotinylation, RBCs were washed 3 times with
PBS, and incubated with titrated Biotin-X-NHS (Calbiochem, San Diego, CA) for 30 min
at room temperature. The RBCs were then washed for 3 times with PBS/1%BSA. The
biotinylated RBCs were incubated with 10 ug/ml streptavidin (Pierce Biotechnology,
Inc., Rockford, IL) for 30 min at RT, and washed 3 times with EAS45 afterwards. The
RBCs were then incubated with 10 pug/ml biotinylated goat anti-human IgG Fc specific
antibody for 30 min at 4°C and washed 3 times with EAS45. Recombinant human ICAM-
1/Fc Chimera and human E-selectin/Fc (or P-selectin/Fc, L-selectin/Fc) chimera were
captured onto RBCs by incubating the proteins with capture antibody coated RBCs. To
adjust the site density, proteins were added at different concentrations. The RBCs with

captured molecules were used immediately for micropipette experiments.

3.3 Cell Sorting and Site Density Measurements
3.3.1 Fluorescent Staining

Fluorescent staining cells for flow cytometry followed the standard protocol.
Cells were washed in FACS buffer (RPMI with 1% FBS, 5mM EDTA, 0.02% Sodium
Azide) and counted. 5x10* cells were then resuspended in 100 ul FACS buffer and placed
in a 1.5 ml Eppendorf tube.

To measure the site densities of cell surface molecules or to sort the cells, samples

were incubated on a shaker for 30 min at 4°C, with saturating concentrations of primary

antibodies (usually 10 ug/ml of purified mAb or follow the manufacturer’s instruction).
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For FITC-conjugated primary antibodies, cells were washed 3 times with FACS buffer
and analyzed immediately. For non-conjugated primary antibodies, FITC-conjugated
secondary antibody was added at saturating concentration and the cells were incubated
for an additional 30 min at 4°C in dark. Cells were then washed 3 times with FACS
buffer and analyzed immediately.

To access the effect of activating antibodies and small molecule antagonists on
the conformation of oy 32, the cells were incubated with activating antibodies (10 pug/ml)
or small molecule antagonists (1 uM XVA143, or 10 uM BIRT 377) for 30min at room
temperature. The cells were then incubated with KIM127 (10 ug/ml) for 30min at 37°C.
FITC-conjugated goat anti-mouse IgG (Pierce Biotechnology, Inc., Rockford, IL) was
used as secondary antibody for fluorescent staining for flow cytometry.

3.3.2 Data Acquisition

Samples were read on BD LSR flow cytometry (Becton-Dickinson
Immunocytometry Systems, San Jose, CA) using FACS DiVa 3.1 software. Standard
beads (Quantum™ 25 FITC High Level, Bangs Laboratory, Fisher, IN) were prepared for
quantification of MESF (molecules of equivalent soluble fluorophore). 2D gates of FL1
(FITC) histogram were created to gate on the forward scatter vs. side scatter histogram
and placed around the singlet population to isolate single cells from aggregates and
debris. These gates were created with the guidance of experience regarding the
characteristic scatter patterns for single cells and aggregates of a particular cell type. The
forward scatter thresholds were raised to exclude debris. FL1 (FITC) voltage levels were
adjusted to place the fluorescent histograms of reference blank near the origin of the log

intensity scale. After having established the calibration plot, no further adjustments were
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made to the instrument. The mean channels for each of the five calibrated microbeads
were recorded. After completing the FI calibration procedure, the samples were run and
the FL1 mean channels were recorded. Generally 10,000 events per sample were
recorded.
3.3.3 Cell Sorting
Fluorescent staining for cell sorting followed the same procedure as that for site

density determination. Samples were read on BD FACSVantage SE flow cytometry
(Becton-Dickinson Immunocytometry Systems, San Jose, CA). One of two gates was set
at desired level of the log fluorescence intensity scale. The sorted cells were collected and
the site densities were determined immediately after the sorting following the same
procedure in site density determination. To achieve a high site density, cells need to be
sorted multiple times at regular basis. Cells were cultured for two weeks before the next
sorting. As long as the desired site density was reached, the sorted cells were used for
experiment after one or two day’s culture.
3.3.4 Site Density Determination

The MESF (y-axis) vs. the RCN (relative channel number) (x-axis) for the five
fluorescent microbeads were plotted on a graph to obtain a calibration curve. The MESF
value (corrected from the negative control) corresponding to the mean channel of each
sample was read on the calibration curve. The site density of the molecule on cell surface
was determined by dividing the MESF value by cell surface area and fluorine/protein

ratio.
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3.4 Micropipette Adhesion Frequency Assay
3.4.1 Micropipette System Setup

The micropipette system was designed, built, and calibrated in house [67]. The
system consists of video-enhanced optical microscopy, micromanipulation, and pressure
regulation subsystems. The centerpiece of the microscopic system is a Zeiss inverted
microscope (Axiovert 100; Oberkochan, Germany) with a 100x oil immersion, 1.25 N.A.
objective. Additional magnification is obtained using a 5x relay lens, leading to a charge-
coupled device (CCD) camera (model 72S; Dage-MTI, Michigan City, IN). A digital
image processor (model DSP-2000; Dage-MT]) is used to enhance the image. The signal
also passes through a digital voltage multiplexer (model 401; Vista Electronics, Ramona,
CA), which allows video integration and display of a timer on screen. Recording is
accomplished using a super VHS video cassette recorder (model AG-7355; Panasonic,
Secaucus, NJ).

Micropipettes were made from borosilicate glass tubing (O.D. 1mm) (VWR). A
two-step process was used with the first, utilizing a micropipette puller (Model PN-30,
Narishige, Japan). Next, a microforge (built in house, similar to commercial models,
except that a glass bead is added to the filament, adapted from the laboratory of Robert
M. Hochmuth, Duke University, Durham, NC) was used to break the micropipette with a
flush tip at the desired diameter. Depending on the cell types, the openings of
micropipettes vary from 2 to 10 um inner diameter. The pipettes were connected to the
pressure regulation system through stainless steel injection holders. Each pipette could be
coarsely manipulated by a mechanical drive mounted on the microscope and finely

positioned with a three-axis hydraulic micromanipulator (Narishige, Tokyo, Japan). In
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addition, one of the pipette holders was mounted on a piezo translator (Physik
Instrumente, Waldbronne, Germany), the driver of which was controlled by a computer
to achieve precise and repeatable movement of the pipette in an adhesion test cycle. To
avoid vibration of the micropipettes during the experiment, the microscope, along with
the micromanipulators, was placed on an air suspension table (Kinetics Systems, Boston,
MA). A pressure regulation subsystem was used to control suction during the experiment
and was critical for tuning the sensitivity of the RBC picoforce transducer. A hydraulic
line connected the micropipette holder to a fluid reservoir. The centerpiece of the design

was a fine jack that allowed the height of the reservoir to be precisely manipulated.

3.4.2 Micropipette Adhesion Frequency Assay

The micropipettes were filled with HBSS without calcium and magnesium just
before experiment. For K562 cell experiments, chamber solution was HBSS without
calcium and magnesium, sterile filtered just prior to use. For neutrophil experiments,
chamber medium was HBSS, 1% HSA, mixed and filtered prior to use. For some
experiments, desired concentration of Mg?*, Ca®**, Mn*, EGTA (ethylene glycol-bis(2-
aminoethylether)-N, N, N’, N’- tetraacetic acid), EDTA (ethylenediaminetetraacetic
acid), and/or Dithiothreitol Dithiothreitol (DTT) was added to the chamber solution. For
experiments with blocking or activating antibodies, cells were incubated with antibodies
at 10 ug/ml for 30 min at room temperature prior to experiment. The mAb was also
present in the chamber medium during experiments at 10 ug/ml. For experiments with
small molecule antagonists, cells were pre-incubated with 1 uM XVA143, or 10 uM
BIRT377 for 30min at room temperature. The small molecule antagonists were present in
chamber medium at the indicated concentrations during experiments. For neutrophil
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experiments, chamber was incubated with chamber medium for 30 minutes so that cells
would not adhere to the bottom of chamber.

One pipette was used to hold K562 cell or neutrophil and the other to hold a RBC.
The two cells were aspirated gently and aligned with a small axial gap between them.
One pipette was connected to a computer-controlled piezoelectric actuator that was
programmed to move a prescribed distance at a uniform rate of 1 pum/sec. Cells would
remain in contact for a prescribed duration and then retract. Background-subtracted
images were viewed in real time on a monitor and stored on videotape for future analysis
[67]. This test cycle was repeated one hundred times with the same pair of cells,
controlling the duration and area of the contact in these tests, and counting the numbers

of adhesive events as adhesion frequency.

3.5 Data Analysis
3.5.1 o, Bo-ICAM-1 Binding Affinity and Kinetics

Before extracting Kinetics data, the nonspecific binding data were fitted to the
equation,

P =1-exp[-al—e™)] Equation 3-1

The specific binding probability P, was determined by removing the fitted nonspecific
data from the total adhesion frequency observed.

The effective binding affinity (A:Ka) and reverse-rate [47] were extracted from the
binding frequency data by iteratively reweighted nonlinear regression to the single-
species model [67] (Equation 2-4). The forward kinetic rate can be obtained from the

relationship K;= ki/k.. The adhesion frequency data (P,) were fitted along with the known
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predictor variables (receptor and ligand surface site densities m, and m;, contact time t)

(Figure 2-4).
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Figure 3-1. The dependence of adhesion frequency (Pa) on contact time (t) and site
densities of receptors (m;) and ligands (m;). The adhesion frequency is plotted as a

function of the contact duration for each set of receptor and ligand densities, and fitted
with the theoretical solution (Equation 2-4) (curves).

For some experiments, the adhesion frequency was measured for a constant
contact duration and the effective binding affinity (A.Ky) was estimated. When adhesion
reached equilibrium, the effective affinity was estimated from the following equation,

1

AK, = Inl-P,)™" Equation 3-2
m

(|
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which is derived from the steady state version (i.e. t — o) of Equation 2-4.

3.5.2 Divalent Cation Binding Affinities and Kinetics to o, | Domain and o 3,

To measure the binding affinity of divalent cations to oy I domain, the total
receptor density m, in Equation 2-4 was replaced by the density of | domain that is bound
with a metal ion, m,/[1+(CK¢)™], where C is the divalent cation concentration and K is
the affinity of divalent cation for | domain. The modified equation (Equation 3-3) allows

to estimate K. for divalent cations,

P.(t)=1-exp{-A_K,mm d-e™) Equation 3-3
: S 1+ (CK) T

where k; is the reverse-rate of o | domain and ICAM-1 binding.

If the dependence of adhesion frequency on divalent cation displays a double
sigmoidal shape, as in the case of Ca®*, another model is used. It was assumed the the |
domain MIDAS can exchange between two stable conformations with probabilities p;
and p, (p1 + p2 = 1) for being at conformations 1 and 2, respectively. Divalent cation
binds the two conformers with different affinities, Kca1 and Kca. When bound with
divalent cation, both conformers can bind ICAM-1 but with different affinities and
kinetic rates, Kai, Kri, and ks = Kqi x kii (1 = 1 and 2). This proposed mechanism results in

an extension of Equation 2-4 that reads,

leal(l_ e_krlt) + szaz(l_ e_krzt)

Pa(t)=1‘exp{_ Ahm'mr[ 1+ (CKew) " 14 (CKep)

} Equation 3-4

In the experiment, the contact time is chosen to be long enough for | domain or
aB2-ICAM-1 binding to reach equilibrium, so that the (1—e*")in Equations 3-3 and 3-4
becomes 1, which simplifies the equations. Equation 3-3 becomes,
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1
Pa(t)zl—exp{— AcKamumr[m}

and Equation 3-4 becomes,

Equation 3-5

leal i pZKaZ i|}
1+(CKew) " 1+ (CKeyp) ™ Equation 3-6

Pa<t>=1—exp{-Acm.m,[

The binding affinity of Mg®* and Mn** to | domain (Kc) was extracted from the
binding frequency data by fitting to Equation 3-5. The binding affinities of Ca** to |
domain (Kca1 and Kca2) and the probability of I domain adapting the two conformations
(p1 and py) were extracted from the binding frequency data by fitting to Equation 3-6.
The adhesion frequency data were fitted along with the known predictor variables
(receptor and ligand surface site densities m, and mj, contact time t, and divalent cation

concentration C) (Figure 3-2).
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Figure 3-2. Model fits (curves) are compared to adhesion frequencies measured at 10 s
contact time (points) in various concentrations of Mn?* (A), Mg?*(B)and Ca*" (C) for
locked open | domain.

To measure the dissociation rate of divalent cation binding to | domain, the total

receptor density m, in Equation 2-4 was replaced by [I ., 1€ < » Where [lion]initiar is the
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concentration of divalent cation bound | domain at t = 0, k. is the dissociation rate for

divalent cations. The following model could be used to extract the reverse-rate,
Pa =1- eXp {_ Ac Kaml [I ion]initiaI67ert } Equation 3-7
[lionJinitiars could be obtained from,

P, =1-exp{~ A K. Ml T} Equation 3-8

a

The dissociation rate of divalent cation to | domain was extracted from the
binding frequency data by fitting to Equation 3-7. The adhesion frequency data were
fitted along with the known predictor variables (ligand surface site density m;, contact

time t, and [lion]initiar ) (Figure 3-3).
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Figure 3-3. Model fits (curves) are compared to adhesion frequencies measured at

different dissociation time (points) for the dissociation of Mg?* from open | domain. Each
point represents the average value of 5 pairs of cell for a contact time of 10 s.
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CHAPTER 4

REGULATION OF 2D BINIDNG AFFINITIES AND KINETICS OF
o B, BY CONFORMATIONAL CHANGES OF THE o, | DOMAIN

4.1 Introduction

Conformation change of integrin has been thought to be the most important
mechanism for integrin regulation. The conformation of integrin affects a lot of
biological functions. Ligand binding affinity and kinetics is the very immediate and the
most important one. It has been suggested that different conformations of integrin
correspond to different ligand binding affinities.

The regulation of ligand binding affinity and kinetics of o, by conformational
changes has been examined using mutants that introduce a pair of cysteines to form a
disulfide bond to lock the o | domain in either the closed, intermediate, or open
conformation by altering the a7 helix position . The isolated locked | domain mutants
exhibited low (6.3x10*> M™), intermediate (3.3x10° M™), and high (6.7x10° M™) 3D
affinities for ICAM-1 as measured by SPR [12, 50]. In The increase in on-rate (~50-60
folds) and decrease in off-rate (~100-250 folds) both contributed to the increase in
binding affinity from the locked closed to the locked open | domains. The isolated locked
open | domain was sufficient for full adhesive activity, since it had a 3D binding affinity
for ICAM-1 (and mediated ICAM-1 dependent cell adhesion) at a level similar to those
of fully activated wild-type (WT) o 3, [50, 52, 78].

While various lines of evidence have been obtained in support of the above
models for affinity/kinetic regulation by conformational changes, previous measurements

were made by SPR with one of the binding partners in the fluid phase, i.e., 3D kinetics
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and affinity [12, 50, 78]. By comparison, for 2D interaction, such as cell-cell adhesion
and cell-substrate adhesion, the binding affinity K, is the ratio of equilibrium
concentration of bonds to those of free receptors and ligands. However, concentration is
measured as number of molecules per volume in 3D but number of molecules per area
(i.e., surface density) in 2D, resulting in different units for K, (M™ in 3D and pm? in 2D).
The kinetic on-rate ko, also has different units in different dimensions (M™s™ in 3D and
um®s? in 2D). The 2D ke, is the rate of bond formation between unit densities of
receptors and ligands that are respectively anchored on two apposing surfaces of unit
area. By comparison, the 3D ko is the rate of bond formation between unit concentrations
of receptors and ligands in solution of unit volume. There has been increasing recognition
that 2D binding parameters are not readily conversable from their 3D counterparts [79]. It
is therefore important to directly measure in situ the more physiologically relevant 2D
binding affinity and kinetic rates.

The regulation of 2D binding affinity and kinetics of the o I domain-ICAM-1
interaction by conformational changes has been investigated using the micropipette
adhesion frequency experiment [53]. When expressed on cell surface, the locked open,
intermediate, and closed | domains bind ICAM-1 with high, intermediate, and low
affinities. Locking the I domain into high and intermediate conformations increased the binding
affinities by ~8,000 and ~30 folds compared the locked closed | domain, which was on the same
order of magnitude as the affinity of the WT I domain. Therefore, the alternation of the C-
terminal a7 helix position was sufficient to regulate the ligand binding affinity of the |

domain when expressed on cell surface, in agreement with the 3D SPR measurement [12,

50] and consistent with the cell binding measurement [55]. Surprisingly, differences
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among the off-rates for the four isolated | domains were modest at best, with the locked
open | domain having the smallest off-rate of 0.41 s™ and the locked closed | domain
having the largest off-rate of 0.71 s, in sharp contrast to the 3D SPR measurement [12,
50].

In order the further investigate the regulation of o3, ligand binding activity by
the o I domain conformation, the 2D binding Kinetics and affinities of o, 3, containing a
locked or WT oy | domain was quantified using micropipette adhesion frequency assay.
The results showed that the upregulation of ligand binding affinity of the o 3, was
mostly due to the conformational changes in the | domain, which in turn was regulated by

other domains by pulling down the | domain C-terminal o7 helix.

4.2 The Binding Affinities and Kinetics of a8 Containing a WT or
Locked | Domain

4.2.1 Measuring Specific o B2-ICAM-1 Binding

Expressed on cell surface, o, 32 mediated sufficient level of adhesion with ICAM-
1 reconstituted on RBC to be measured by the micropipette, which is capable of
measuring interactions with affinities too low for many conventional adhesion assays to
detect [80]. By sorting the K562 cells to express appropriate levels of o 3, and
reconstituting appropriate levels of ICAM-1 on RBCs, the equilibrium frequencies of
adhesion of each pair of interacting molecules were adjusted to mid-range levels, i.e. 0.2-
0.8. To estimate reliably binding parameters, 2-3 curves were generated for each species
by varying the site densities of integrin or ICAM-1 or both (Figure 3-1). The detected

interactions were mostly specific, as the adhesion frequency between the K562 cells and
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RBCs without ICAM-1 coupling was <0.06, which was deemed as nonspecific binding
(Figure 3-1 and data not shown).

For all integrin molecules tested, measurement of specific ICAM-1 binding
affinity and kinetics requires that the presence of divalent cations, as binding was reduced
to the nonspecific level when measured in HBSS- with EDTA (Figure 4-1A). Washing
the cells first with HBSS- containing EDTA then with HBSS- to remove EDTA and
resuspending them in HBSS- for adhesion test also diminished binding to the nonspecific
level (Figure 4-1B). Thus, after stripping the divalent cations with EDTA, no specific
adhesion frequency above the noise level could be calculated, thereby preventing
estimates of integrin-ICAM-1 binding affinity and kinetics from Equations 2-4 and 3-2.
However, washing the cells previously exposed to divalent cations with, and then
performing micropipette assay in, HBSS- without EDTA resulted in sufficiently high
specific adhesion signals above noise. Therefore, a condition in which K562 cells were
first allowed to bind divalent cations, washed with HBSS-, and then assayed for ICAM-1
binding in HBSS- was chosen to the baseline experimental condition. Inclusion of 2 mM
Mn?* or 2 mM Mg?" in the chamber solution where micropipette adhesion assay was
performed was chosen to be the activating experimental condition. The EDTA condition
was not used because it did not allow specific ICAM-1 binding affinity and kinetics to be

estimated by the experimental method.
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Figure 4-1. Divalent cation requirement for specific binding. (A) K562 cells expressing
o B2 pre-bound with divalent cations were washed in HBSS- and assayed in HBSS- or
HBSS-/EDTA by micropipette for adhesion to RBC reconstituted with ICAM-1. (B)
K562 cells expressing WT o 32 pre-bound with divalent cations were washed in HBSS-
or HBSS-/EDTA and assayed in HBSS- by micropipette for adhesion to RBC
reconstituted with GPI-ICAM-1. To bring the specific adhesion frequencies of different
interactions to a comparable, midrange level, different site densities (indicated) of
integrin (m,) and ICAM-1 (m;) were used to compensate their different affinities. The
nonspecific adhesions were measured using RBC not reconstituted with ICAM-1 (m; = 0)
to touch K562 cells expressing the same m, values of the indicated integrins treated and
tested under identical conditions. Data are presented as the mean adhesion frequency +
s.e.m. of 5 pairs of cells, 100 contacts per cell pair, and 5 second per contact.
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In order to obtain reliable binding parameters, multiple binding curves were
generated by altering the site densities of a3, or ICAM-1 or both. To test whether the
change in site density has effects on binding parameters, In(1-Pa)™, where P, is the
equilibrium adhesion frequency, was plotted against the product of receptor and ligand
site densities (m; x m;). An example of such plot for WT o3, is shown in Figure 4-2.
The In(1-P,)™" increased linearly with the increase of m, x m;. The slope of the fitted

straight line gave the value of AcK, (4x10° um?) according to Equation 3-2.

0.6 -
y = 4E-06x
RZ2=0.914
0.5 4
0.4 4
/\c ’
%
H 0.3 ]
= .
0.2 4
L
0.1 1
0

0 20000 40000 60000 80000 100000 120000 140000 160000

m, xm, (m™*)
Figure 4-2. The value of In(1-P,)™ increases linearly with the product of site densities of
o B2 (my) and ICAM-1 (m;). Four binding curves were generated by changing the site

densities of WT oy, and ICAM-1. The values of In(1-P,)™" were calculated using
equilibrium binding frequency of each curve.
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4.2.2 o P, containing a WT or locked I domain binds ICAM-1 with affinities
comparable to the corresponding isolated I domain

To compare the 2D binding characteristics of the | domains in isolation and in the
whole integrin, the binding affinity and Kkinetics of o3, containing a WT or locked |
domain were measured by micropipette under the baseline condition. Similar to the
isolated I domains, the 2D ICAM-1 binding affinity of a3, containing locked open or
locked intermediate | domain was ~3000 or ~30 folds higher than that of o3, containing
locked closed | domain (Figure 4-3A and Table 1). The mutant o 3, containing a locked
closed | domain had a 2D affinity for ICAM-1 similar to that of the inactive WT a3,
(Figure 4-3A and Table 1), suggesting that the WT | domain, assumes a closed
conformation in the absence of activating agents. Without activation, the 2D ICAM-1
binding affinities of the intact oy 3, mutants containing the locked | domains were on the
same orders of magnitude as those of the isolated | domains locked at the corresponding
conformations, indicating that the 1 domain has nearly the full ligand binding capacity
and confers nearly the same ligand binding affinities without other domains of the
integrin (Table 1). This is especially true for the locked open | domain, since expressing
the open | domain in the whole o, 3, did not further increase the binding affinity. The 2D
off-rates of the four intact o 3, species (Figure 4-3B) were more distinct from each other
(up to 6-fold differences) than the isolated I domains (<2 folds), revealing modest but
clearly observable influences of other domains of the a3, integrin (Table 1). Yet these
2D off-rates differed substantially from the 3D off-rate of ICAM-1 dissociating from

activated o 32 [78].
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Figure 4-3. Binding parameters for oy 3, integrins. The effective binding affinities (A)
and off-rates (B) of the WT a3, and o 3, mutants containing the locked open, locked
intermediate, and locked closed | domains for ICAM-1 are shown. Two or three specific
binding curves were measured for each oy 3, species and Equation 2-4 was fit to each
curve to evaluate an effective binding affinity and an off-rate for that curve. Binding
parameters estimated from different curves for the same species were averaged and
calculated for standard deviation as presented in the figure. All differences in AcK, values
of different | domains are statistically significant (P < 0.03, student-t test) except that
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between the WT a3, and the a3, mutant containing a locked closed I domain (P >
0.08). Statistically significant differences were found in ko values between the WT o 3,
and the o 3, mutant containing a locked open | domain (P < 0.005), between the o, 3,
mutants containing a locked open and a locked intermediate 1 domain (P < 0.03), and
between the o 2 mutants containing a locked open and a locked closed | domain (P <
0.007) but not between other pairs (P > 0.07).

4.3 Movement of the | Domain a7 Helix Regulates Most of the a 5,
Binding Affinity

The continuous presence of Mn®* or Mg?" in the test chamber increased the 2D
binding affinities for ICAM-1 of the o 3, mutants containing locked I domains only by
several folds from values measured in the baseline condition [53]. Thus, when the |
domain pre-bound with a divalent cation was locked at the closed, intermediate, or open
position, the 2D binding affinities for ICAM-1 were clamped at low, intermediate, or
high levels with no (for isolated | domains) or a narrow range (for I domains contained in
the whole oy B,) of regulation by Mn?* or Mg?*. These data are consistent with the cell
binding measurement [55]. Mn®* and Mg?* have been shown to induce the switchblade-
like conformational change of the whole integrin and stabilize the integrin in an extended
conformation, which moves the | domain ~10 nm upward further above the cell
membrane [35]. Lengthening cell surface receptors has been shown to increase 2D
binding affinity by enhancing its accessibility to ligands on the apposing cell surface [81].
In sharp contrast to the isolated WT | domain and to the mutant o 3, containing locked |
domains, the 2D binding affinities of WT o, B2 for ICAM-1 measured in Mn®* or Mg?*
were increased ~1500 and ~380 folds, respectively, compared to the value measured in

HBSS- (Figure 4-4A).
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To exclude the possibility that the mutations in the | domain might have effects on
o B2-ICAM-1 binding affinity other than preventing the | domain a7 helix movement,
DTT was used to unlock the disulfide bonds. In the baseline condition, DTT treatment
reduced the 2D ICAM-1 binding affinity of the mutant o, 3, containing an open | domain
3-4 orders of magnitude to the level of that of the WT a3, but had little effect on the
affinity of the mutant o, 3, containing a closed | domain, which was already similar to
that of the WT o B, (Fig. 4-4), indicating that these | domains returned to (or remained
at) the inactive conformation after unlocking the disulfide bonds. In addition, DTT
resumed the full 3-4 log range of affinity regulation of the mutant o, by Mn?* and
Mg?*, yet had no adverse effects on the binding affinities of, and their divalent cation
regulation thereof, the WT o3, (Fig. 4-4B). Since WT and mutant o3, with and
without DTT treatment were able to bind ICAM-1 specifically in HBSS- but not in
EDTA, the MIDAS of the | domain in the context of the whole integrin must be occupied
by a divalent cation in HBSS-, just as it is in isolation. Affinity upregulation by several
orders of magnitude requires the downward movements of the | domain o7 helix, since
the isolated WT | domain and isolated mutant | domains unlocked with DTT were unable
to be upregulated by Mn?* or Mg?* to a high affinity state [53]. Thus, the data suggested a
coupling between the I domain conformation and the global conformation of the whole
integrin, such that changes in the latter results in changes in the former, leading to

changes in the a7 helix position.
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Figure 4-4. Regulation of oy, affinity by Mn?* and Mg**. Effective binding affinities
for ICAM-1 of the WT a3, and a3, containing the locked open, locked intermediate,
or locked closed | domain with or without 2 mM of Mn?* or Mg?* in the absence (A) or
presence (B) of 10 mM DTT are shown. The adhesion frequencies of 5 pairs of cells were
measured for a 10 s contact duration and the effective binding affinities were calculated
from Eq. (2). Data are presented as mean + s.e.m. Without DTT treatment, the differences
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between WT AcK, values measured in HBSS- and in Mn?* or Mg are statistically
significant (P < 0.0008, student-t test), but the differences between the mutant AcKj
values measured in the absence and presence of Mg®* are not statistically significant (P >
0.25) for any of the three o B, integrins containing locked mutant | domains. Statistically
significant differences were found between the A K, values measured in the absence and
presence of Mn?* for mutant o, f, containing a locked intermediate (P < 0.0008) or
locked closed (P = 0.05) I domain but not for mutant oy 3, containing a locked open |
domain (P > 0.4). With DTT treatment, the differences between A:K;, values measured in
HBSS- and in Mn?* or Mg?* are statistically significant (P < 0.01) for any of the three
o B2 integrins.

4.4Discrepancy of 2D and 3D Off-rate Measurements

The 2D off-rates of the various o, 3, integrin constructs dissociating from ICAM-
1 observed in this study fell in a narrow range from 0.2-2.5 s*. By comparison, the 3D
off-rates of the corresponding | domain species measured by SPR spanned a much wider
range, extending the high end by several folds and the low end by an order of magnitude
(Table 1). To investigate potential reasons that could contribute to this discrepancy, a

series of test and control experiments were carried out.

4.4.1 The Micropipette Adhesion Frequency Assay is Able to Measure Slow Off-rate

To demonstrate the ability of the micropipette adhesion frequency assay to
analyze kinetic processes of slow off-rates, the 2D binding kinetics between o3,
containing the locked open | domain and an anti—a,_3; adhesion-blocking mAb (clone 38)
was measured, because antibodies in general dissociate very slowly from their antigens. It
is evident from Figure 4-5 that the antibody-antigen binding curve represents a kinetic
process much slower than that represented by the o, p,-ICAM-1 binding curve. The
adhesion frequency of the o p,-ICAM-1 interaction reached a steady-state in 5 s,

whereas that of the o 3,-mAb 38 interaction remained in the transient phase even when
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the contact duration was as long as 60 s. Lengthening the contact duration further is
possible but technically challenging because it would drastically prolong the experiment,
as the contact cycle with long duration is to be repeated 100 times using the same pair of
cells. Since only transient data before reaching steady-state were analyzed, the 0.03 s™
Kofr value obtained from fitting the incomplete binding curve likely overestimated the true
off-rate (Table 2). Thus, the adhesion frequency assay is capable of measuring 2D off-
rate on the order of 0.01 s™, which is as slow as the slowest 3D off-rate — that of the
locked open | domain dissociating from ICAM-1 — measured in the previous SPR studies
[50]. Therefore, the fast 2D off-rates of the locked open | domain and o, 3, containing the
locked open | domain (of the order of 0.1 s™) was not due to the inability of the

experimental method to measure them.
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Figure 4-5. Slow and fast binding curves. Binding curves of o, containing the locked
open I domain for mAb 38 (¢, solid curve) and for mouse GPI-ICAM-1 (o, dashed curve)
are compared. The adhesion frequency of the o f3,-mAb 38 interaction did not reach
equilibrium even at 60 s, which was the longest contact duration for that experiment. By
comparison, the adhesion frequency of the o f2-ICAM-1 interaction reached equilibrium
at5s.

4.4.2 Mouse ICAM-1 and human ICAM-1 bind to human | domain and o 8, with
similar binding affinities and Kinetics

Although there are sequence differences between mouse and human ICAM-1,

mouse ICAM-1 also binds specifically to human o, 32 [1]. The kinetic parameters shown
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in Figures. 4-4 and 4-5 (summarized in Table 1) were measured using mouse ICAM-1
because of its much higher availability. By comparison, the previous SPR studies used
human ICAM-1 [12, 50, 78]. Therefore, whether ICAM-1 from different species
dissociated at much different off-rates was tested by measuring the 2D Kkinetics of
human o, 3, containing the locked open | domain interacting with human ICAM-1. The
binding parameters of o 3, for mouse and human ICAM-1s were very similar, especially
the 2D A.K, (Figure 4-6). Although the 2D off-rates differed slightly (<2 folds), they
were of the same order of 0.1 s™* (Table 2), which is still an order of magnitude faster
than the 3D off-rate measured in the previous SPR study [12, 50, 78]. Thus, the
differences in the 2D and 3D off-rates were not caused by the different ICAM-1 species

used.
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Figure 4-6. Binding curves for mouse and human ICAM-1. Binding curves of o3,
containing the locked open | domain for human GPI-ICAM-1 (#, solid curve) and mouse
GPI-ICAM-1 (o, dashed curve) are compared. The site density of o3, was 8 um'z for
both curves. Human and mouse ICAM-1 had comparable site densities of 20 and 14 um?
respectively. The two curves had similar equilibrium adhesion frequencies and reached
equilibrium level at nearly the same contact durations.

4.4.3 ICAM-1 coupled to RBC via GPI anchor and via a capture mAb have similar off-
rates

Both the mouse and human ICAM-1 used to measure the kinetic rates shown in
Figures. 4-1 to 4-5 were fusion proteins whose transmembrane and cytoplasmic domains
were replaced by a GPI anchor for its easy reconstitution into the RBC membrane. To

assess the effects of ICAM-1 presentation on the 2D off-rate, the kinetic measurement of
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isolated locked open I domain for ICAM-1 captured by a nonblocking anti-ICAM-1 mAb
pre-coated on the RBC surface using chromium chloride coupling was performed [67].
GPI-anchored human ICAM-1 was captured using mAb CA7, which bind to D5 domain
of human ICAM-1. Due to the high affinity of antibody-antigen interaction, only
submicrogram per milliliter concentration was required to capture enough ICAM-1 on the
RBC surface. By comparison, submilligram per milliliter concentration was required for
sufficient number of ICAM-1 to insert their GPI anchors into the RBC membrane. This
1000-fold difference in the required concentrations ensured that pre-coating CA7 was
required for RBC to acquire from low concentration incubation a high enough ICAM-1
site density for specific a3, adhesion. Indeed, control experiment using RBC not pre-
coated with CA7 and incubated with submicrogram per milliliter concentration of ICAM-
1 resulted in no more than background level of adhesion (data not shown). By
comparison, incubating RBC pre-coated with CA7 with the same concentration of GPI-
ICAM-1 enabled the measurement of a binding curve shown in Figure 4-7, which is
comparable to that obtained using RBC without CA7 pre-coating but incubated with
submilligram per milliliter concentration of GPI1-ICAM-1. Thus, K562 o, had similar
2D affinities and off-rates for ICAM-1 regardless of the method by which it was coated
on RBC (Figure 4-6 and Table 2), which is consistent with the knowledge that the
binding site for o, 3, resides on the D1 domain of ICAM-1, which is >20 nm distal to the
membrane anchor [82], and that the first two Ig domains (D1-D2) of ICAM-1 is

sufficient for | domain binding [12].
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Figure 4-7. Binding curves for reconstituted and captured ICAM-1. Binding curves of
the isolated locked open | domain for human GPI-ICAM-1 captured by CA7 precoated
on RBC (4, solid curve) and for mouse ICAM-1 reconstituted on RBC via GPI anchor (O,
dashed curve) are compared. The respective site densities of open | domain and captured
GPI-ICAM-1 were 40 and 12 um™. The respective site densities of open | domain and
reconstituted GPI-ICAM-1 were 8 and 20 pum™ The difference in the steady-state
adhesion frequencies can be accounted for by the different m, x m; products in the two
cases, but both curves achieved steady-state at a similar time, indicating similar off-rates
for the two interactions.

4.5Discussion
Using the micropipette adhesion frequency assay, additional evidence for the model
for affinity regulation by conformational changes in integrins was obtained [51]. The

binding affinities and kinetics of whole o 3, integrins containing locked I domains were
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measured for the first time, although these mutants were previously studied for their
ability to mediate cell adhesion [52]. The mutant o 2 containing a locked I domain,
regardless of into which conformation it was locked, had the same orders of magnitude of
binding affinity and off-rate as the corresponding values of the isolated | domain,
indicating that the | domain has nearly the same ligand binding capacity as the intact o, 3,
heterodimer. When measured in the baseline condition, the WT o3, bound ICAM-1
with a low affinity comparable to the o 3, mutant containing a locked closed | domain,
similar to WT | domain in isolation. This suggests that, just as WT | domain in isolation,
the low affinity conformation is the default conformation for the inactive WT ay B2 Mn?*
and Mg?* were able to increase the 2D ICAM-1 binding affinity of WT o - to a level
comparable to that of the mutant o 3, containing a locked open | domain. The ability for
Mn®* and Mg?* to substantially upregulate the ICAM-1 binding affinity of o, B, from the
baseline condition was diminished when the position of the I domain o7 helix was
locked, regardless of into which position it was locked. In the baseline condition,
unlocking the a7 helix position by DTT returned the ICAM-1 binding affinities of the
o B2 mutants to the level of inactive WT o, 3,. In addition, DTT treatment resumed the
full range of affinity regulation of these locked o 3, heterodimers by Mn®* and Mg*".
Therefore, just as in isolation, the position of the o7 helix regulates most of the ligand
binding affinity when the | domain is in the context of the whole o3, heterodimer.
Unlike in isolation, the presence of the whole o, 3, context enables the position of the I
domain a7 helix to be regulated, provided that it is not locked in fixed conformations.

The conformations of other a3, domains have only limited capacities to regulate the
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ligand binding affinity and kinetics once the | domain is locked, most likely through
regulating the distance of the I domain ligand binding site above the cell membrane. In
other words, the regulation of ligand binding affinity and kinetics by other domains of
WT o, 32 is achieved mostly through their effects on the 1 domain. More specifically, the
conformational changes in other domains have to propagate through the o7 helix (most
likely resulting in an applied force that pulls the o7 helix downward) in order to regulate
ligand binding affinity and kinetics. Mn?* and Mg®* must regulate the | domain
conformation indirectly through the conformational changes in other domains of o3,
rather than directly binding to the | domain MIDAS.

The measured 2D binding affinity and Kinetic rate constants also provide an
opportunity to contrast these values with their 3D counterparts measured by SPR for the
same molecular interactions [50]. Although the different units prevent direct comparison
of the absolute values of 2D and 3D binding affinities, their correlation, or the lack
thereof could be examed. The fold-increase in relative affinity from the locked closed to
the locked open | domain measured by our 2D micropipette method (~8,000) agrees well
with the previous 3D results obtained using SPR technique (~10,000). However, the
affinities of the locked intermediate | domain relative to those of the locked closed and
locked open | domains differ by an order of magnitude: the 2D values are ~25 folds
increase from closed to intermediate and ~300 folds increase from intermediate to open
whereas the corresponding 3D values are ~500 and ~25 folds increases.

Although the 2D and 3D off-rates agree well in one case (locked intermediate |
domain), significant discrepancies between the micropipette and SPR measurements are

seen in all other cases. Both cases exist for 2D Ky >> 3D kog (locked open | domain and
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o B2 integrin) and 2D Ko << 3D Koi (WT and locked closed | domain). It appears that the
hundreds of folds of 3D off-rate differences among the different molecular species are
greatly compressed into a much narrower ten fold range of 2D off-rate differences (Table
1). This results in a significant expansion of 2D on-rate differences among the different I
domain conformers into a much broader range than that of 3D on-rate differences among
the same set of | domain conformers, as the range of affinity differences are similar in 2D

and 3D.

Table 4-1. 2D and 3D binding affinities and off-rates of isolated oy I domain and o3,
integrin at different conformational states. All 2D data are from this study and the ligand
was mouse GPI-ICAM-1. The 3D data for | domains interacting with human soluble
ICAM-1 are from references [12], and the 3D data for o3, interacting with human
soluble ICAM-1 are from reference [78]. Data are presented as mean + standard
deviation.

2D 3D

Receptor
AKa (um’) Kot (5) Ka (uM™) Kot (s™)

WT  1.31(x0.03)x10° 0.51+0.01 6.74(+0.54)x10*  4.6+0.36
Open  4.05(x0.96)x10° 0.41+0.22  8.21+4.27 0.014:+0.001
Inter.  1.32(x0.18)x10° 0.56+0.19  0.31%0.06 0.43+0.07
Closed 5.08(x1.04)x107 0.71#0.25 6.39(+0.75)x10”  3.6+0.34

WT  5.46(x0.52)x10° 2.01+0.65
WT
(Mn*")
P2 Open  3.30(+0.62)x10° 0.42+0.19
Inter.  2.68(+0.45)x10° 1.01+0.50

Closed 9.85(+1.27)x10" 2.51+1.02

I domain

8.57(¢x3.78)x10° 0.19+0.08  3.68+0.69  0.0459(0.086)
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It has been well known that removal of divalent cations prevents or rapidly
detaches integrin-mediated cell adhesion [83]. It has also been observed that isolated WT
| domain expressing K562 cells roll on ICAM-1 under flow but locking the 1 domain into
the open, high-affinity state results in firm adhesion to ICAM-1 [55]. Cell detachment
results from diminishing integrin-ligand bonds, which are caused by decreases in affinity,
which can be due to either a decrease in on-rate, an increase in off-rate, or a combination
thereof. Similarly, stable, continuous rolling requires the balance of bond formation and
dissociation to maintain the same number of bonds. Either an increase in on-rate or a
decrease in off-rate could result in more bond formation than dissociation, thereby
reducing the rolling velocity and transiting rolling to firm adhesion. The data revealed
that it is the tremendous regulation range of the 2D on-rate rather than the small
regulation region of the 2D off-rate of the o B.-ICAM-1 interaction that underlies the
above regulation of adhesion functions.

The discrepancies between the 2D and 3D off-rates are surprising because it has
been proposed that the discrepant conversions between the 2D affinity and 3D affinity
were due to on-rates, which have different units in 2D (per unit surface density per unit
time) and 3D (per unit volumetric concentration per unit time) [79, 81, 84]. By
comparison, off-rates were believed to have the same values regardless of whether they
were measured in 2D or 3D because they have the same unit (per unit time) in either case
[75, 81, 85-88]. In the present study, however, the off-rates were found drastically
different in 2D and 3D, yet the fold-increases in binding affinity from the locked closed |

domain to the locked open | domain are similar in 2D and 3D.
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To examine the possible sources for the discrepancies between the 2D and 3D off-
rates, several experiments were performed to rule out potential contributing mechanisms.
The ability for the adhesion frequency assay to measure off-rate accurately has been
questioned because all published 2D off-rates measured by this method fall in a narrow
range (of orders between 0.1 and 1 s™) despite the fact that these off-rates govern
dissociation of very different interactions [67, 77, 80, 81, 84, 88-91]. Micropipette
adhesion frequency assay was performed to measure the slow kinetics of an o 3, mutant
interacting with a blocking antibody. The results confirmed that the micropipette assay is
capable of measuring 2D off-rates as slow as the 3D off-rates measured by SPR.

The adhesion frequency assay measures the likelihood of adhesion. For the assay
to work well, the cell surface densities of the receptors and ligands have to be adjusted so
that the repeated adhesion tests result in mid-ranged probabilities (~0.2-0.8). This limits
the dynamic range of the assay, for a 0.2-0.8 probability range can be spanned by only a
~10-fold difference in affinities between two interactions with the same site densities. To
measure the 3-4 orders of magnitude of differences in the ICAM-1 binding affinities of
the open and closed o | domains, K562 cells were sorted to obtain high expression of
locked closed I domain (~2000 um™) and low expression of locked open I domain (~10
um?). Any errors in the site density determination would propagate as errors in the
affinity estimates; however, the off-rate estimates should not be affected.

Another potential problem may be transport limitations, which can cause
problems in SPR measurements [92]. High affinity and fast on-rate interactions may
deplete free receptors and ligands before transport brings in replacement, thereby

lowering their local densities. The dissociated receptors/ligands may also rebind upon
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dissociation, thereby prolonging the apparent lifetime (reciprocal off-rate). However, the
former effect would have only impacted the on-rate. The latter effect would have
underestimated the off-rate of the locked open | domain, thereby overestimating the
“true” differences in the off-rates between the locked-open and locked-closed
conformers.

The use of ICAM-1 from different species might be another potential cause for
the discrepancies. However, direct comparison between mouse and human ICAM-1 in a
back-to-back experiment showed that human o I domain and o 3, bind to ICAM-1 from
the two species not only with the same specificity and the same divalent cation-
dependency, but also with very similar binding affinity and kinetics (Table 2). Therefore,
the use of mouse ICAM-1 did not cause the observed discrepancies between the 2D and
3D off-rates. Mouse ICAM-1 is a reasonable ligand for characterizing human o3,

binding and its regulation by conformational change.

Table 4-2. 2D binding affinities and off-rates of locked open oy I domain and oy
containing a locked open | domain for different ligands.

Receptor Ligand AK, (um?) Kot (57)
open I domain reconstituted mouse GPI-ICAM-1 4.05(x0.96)x107® 0.41+0.22
open | domain CAZ7 captured human GPI- ICAM-1 9.94(+0.19)x10™ 0.37+0.21

open o 32 reconstituted mouse GPI-ICAM-1 3.30(+0.62)x107 0.42+0.19
open o B2 reconstituted human GPI-ICAM-1 2.25(+0.31)x107 0.24+0.09
open o 32 mAb 38 1.32(x0.56)x10"  0.03+0.02
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It has been shown that ligand binding kinetics of GPIl-anchored receptor could be
different from its transmembrane anchor counterpart [89]. ICAM-1 is known to exist as a
dimer or multimer on cell surface [93, 94]. However, the GPI-ICAM-1 used in the
present study likely expresses as a monomer on the cell surface [93]. Jun et al.
demonstrated that a single ICAM-1 monomer contains a complete binding site for o 3,
[95]. Therefore, the GPl-anchored ICAM-1 is able to bind o, with full competency.
The monomeric nature of the present 2D GPI-ICAM-1 binding should not cause off-rate
discrepancies, as the 3D interactions between the purified molecules in the previous SPR
studies were also monomeric. It is also possible that GPI anchored ICAM-1 could be
extracted from the RBC membrane, thereby reducing the number of ICAM-1 molecules
in the contact area available for a3, binding. But this would have only impacted on-rates
but would not have influenced the 2D off-rates [67, 81, 84, 89]. In addition, GPI-anchor
receptor may display a different lateral mobility on the cell membrane, which could affect
its ligand binding kinetics. To assess this potential effect, we tested whether the GPI
anchor of ICAM-1 had affected the binding parameters. We coupled ICAM-1 to RBCs by
using a capturing mAb CA7. The binding between capture antibody and ICAM-1 is likely
strong and long lasting; therefore the m; will not decrease in this case. Micropipette
measurements using GPIl-anchored or antibody-captured ICAM-1 resulted in comparable
binding affinities and off-rates, indicating that the use of GPI-ICAM-1 did not affect the
binding parameters (Table 2).

The present results are also comparable to recently published 2D off-rates of B3,
integrin dissociating from ICAM-1 [91, 96, 97]. Lomakina and Waugh reported a 0.7 s*

2D off-rate of neutrophil integrin interacting with ICAM-1 in the presence of Mg®* using
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the micropipette adhesion frequency assay [91], which is comparable to our values but
different from the 3D values. Using a flow chamber, Vitte et al. measured bond lifetimes
of Jurkat cell integrins interacting with ICAM-1 in the absence and presence of Mg®* or
Mn®* [96]. The dissociation curves exhibited at least two phases and hence cannot be
interpreted using first-order kinetics. Nevertheless, the apparent off-rates (0.30-0.44 s™)
of the initial phase (0-2 s) are comparable to our 2D values but not to the 3D values
(Table 1, 8, 12, and 13). Interestingly, the apparent off-rates (0.032-0.094 s™) of the later
phase (2-10 s), which involves bond strengthening, are comparable to the 3D off-rates of
the locked open | domain and of the Mn?*-upregulated WT o.f, dissociating from
ICAM-1. Apparent off-rates of the initial (and later) phase exhibited <4 (and <10) folds
of divalent cation regulation, which is consistent with our results, but not with the 3D
results. Using atomic force microscopy, Zhang et al. measured rupture forces over a
range of loading rates, which were analyzed by the dynamic force spectroscopy method
to estimate 2D off-rates based on the Bell equation that assumes off-rate to increase
exponentially with force [97]. The zero-force extrapolations of 2D off-rates of 0.17 and 4
s for high- and low-affinity o, B, estimated from the low loading rates (20-10,000 pN/s)
data are consistent with our values but are faster than the 3D off-rates of the high-affinity
| domain and activated o, 3,. Corresponding values estimated from the high loading rates
(10,000-50,000 pN/s) data are even faster (40 and 57 s™). Taking together, the differing
2D off-rates from their 3D counterparts are unlikely experimental artifacts as the 2D data
were determined using three independent techniques by three different laboratories.
Discrepancies between 3D and 2D off-rate have been reported for other molecular

systems as well. The off-rates of platelet glycoprotein Ibo dissociating from von
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Willebrand factor-A1 domain was 0.0038 s™* measured in 3D by radioimmunoassay [98]
but were 3.21 s' and 5.66 s* measured in 2D by two independent flow chamber
experiments [99, 100]. Merkel et al. determined 2D off-rates of biotin/(strept)avidin
interactions by a biomembrane force probe [101]. The ~1 min 2D zero-force mean
lifetime (= 1/kof) is orders of magnitude shorter than the 3D value of 35 hours [102].
Ludwig and Evans estimated a 2D apparent force-free mean lifetime of 30 s for
extracting single diC 14 lipids from the surface of a lipid:cholesterol vesicle, which is 50-
fold shorter than the 3D counterpart estimated from solution measurement [103, 104].
There are many differences between the 2D and 3D measurements, which could
affect estimation of the kinetic parameters. Evans suggested that molecular attractions
exterior to a binding site could significantly prolong association in solution yet escape
detection in force probe tests because the peripheral interaction might be overwhelmed by
small forces (e.g. <1 pN) [105]. Likewise, application of force could eliminate pathways
available to spontaneous dissociation, which would yield a slower apparent off-rate. It
was therefore concluded that there should be no reason to expect the apparent lifetime
derived from extrapolation of rupture kinetics to zero force to match the lifetime
measured for dissociation in solution [105]. In addition, unlike 3D experiments, where
the receptors and ligands approach each other and separate apart by free diffusion, in the
micropipette measurement, the molecules are brought together and apart by the
movement of the cell membranes. Cell membranes, especially the flexible RBC
membrane, undulate under thermal excitations throughout the experiment. The standard
deviation of RBC membrane fluctuation is of the order of tens of nanometers, which may

exert a small force on the molecular bond, especially when there is only one bond linking
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RBC to the K562 cell, which is likely the case. Membrane undulations could also
influence 2D binding in other ways, e.g., making the contact time discontinuous.
Anchoring the molecule to the cell membrane places restriction not only on translational
but also on rotational diffusion of the molecule, which may also impact 2D binding.
Whether, and if so, how these mechanisms contribute to the discrepancies between the
2D and 3D off-rates observed in this work is not known at this point. However, the data
prompt renewed interest in theoretical modeling and experiment investigation of the

influences of these factors on the 2D binding parameters.
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CHAPTER 5

THE REGULATION OF 2D BINDING AFFINITY AND KINETICS
OF a, B, BY ACTIVATING ANTIBODIES AND SMALL MOLECULE
ANTAGONISTS

5.1 Introduction

Evidences of integrin conformational change have largely emerged after the first
crystal structure of integrin ectodomain. In the previous chapter, the effects of I domain
conformational change on ligand binding of o, have been demonstrated. The
conformational change of | domain could not take place without the presence of other
domains. Two other conformational changes in the extracellular domains are suggested to
be very important for the activation of whole integrin: the switchblade-like
conformational change of integrin legs from bent to extended conformation, and the

conversion of integrin headpiece between closed and open conformations [43, 106, 107].

In order to investigate the effects of conformational change on integrin structure
and function, the conformation of integrin need to be precisely controlled. Various tools
have been used for controlling integrin conformation in vitro. Mutations, such as point
mutation, introducing a disulfide bond or a glycan wedge, have been showed to
successfully generate integrins with various conformations [12, 52, 106-109].
Antibodies and small molecules that could alter integrin ligand binding activity through
conformation changes are also widely used. mAb CBR LFA1/2 maps to [, I-EGF3
domain. It binds integrins in inactive state and actives them by acting like a wedge in the
headpiece-stalk interface [61] (Figure 5-1A). Therefore, CBR LFAL/2 activates B

integrins by stimulating the switchblade-like bent to extended conformational change,
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which is confirmed by a recent EM study showing that the binding of CBR LFA1/2 to
a B2 and oxP2 induced extension [60]. Binding of mAb MEMS83 activates the ligand
binding of o | domain. A recent study maps MEMS83 epitope to Asp182 on the $3-a2
loop, and Glu218 at the end of the a4 helix of the o | domain (Figure 5-2) [110]. These
residues are located on a face of the o | domain opposite from and distant from the
MIDAS site, but is close the bottom of the | domain that interfaces with the -propeller

domain (Figure 5-1B).

Figure 5-1. The epitopes of mAb CBR LFA1/2 and MEMS83. (A) Ribbon diagrams of
pseudoatomic a2 in shown at the extended conformation. The o and  subunits are pink
and cyan respectively. Residues comprising the epitopes of CBR LFAL/2 are orange
spheres. CBR LFAL/2 Fab is shown as transparent surface representations [60]. (B) The
o | domain is shown as a molecular surface and ICAM-1 is shown as a black Ca trace.
Residues of MEMS83 epitope is colored cyan [110]. (Figure and legend reproduced from
references [60] and [110])
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Recently, integrin becomes the most important class of cell adhesion molecules
from a therapeutic point of view. Several small molecule integrin antagonists have been
developed for clinical applications. The use of small-molecule antagonists has enhanced
the understanding of integrin conformational change (reviewed in [111]). Based on their
mechanism of action, small molecule antagonists fall into three different classes. One
type of antagonist inhibits ligand binding directly by binding to the ligand binding site of
| domain. However, others bind to sites distal to the MIDAS and inhibit ligand binding
indirectly. These are called allosteric inhibition. BIRT377 is an allosteric 1 domain
inhibitor (Figure 5-2A). It binds underneath the C-termical a-helix of the o I domain
(Figure 5-2C). The binding of this antagonist stabilizes the closed conformation of the |
domain, inhibits the conversion of o3, to the high-affinity conformation, and therefore
allosterically inhibits ligand binding to the MIDAS site in | domain. This action is
confirmed by the fact that o3, containing a locked open | domain is resistant to
inhibition by BIRT377 [108]. Another antagonist, XVVA143, however, inhibits ligand
binding by perturbing the interface between the | domain and the I-like domain (Figure 5-
2B and D). As described above, the | domain could be activated by the binding of I-like
domain MIDAS to the intrinsic ligand, GIlu310. It is suggested XVVA143 binds to the I-
like domain MIDAS as mimics of the intrinsic ligand and inhibits the binding of the
intrinsic ligand in the | domain, and consequently leaves the | domain in the closed
conformation. However, this antagonist could activate the rest of o, by stabilizing the
I-like domain in active configuration. As a result, XVVA143 induces and stabilizes the

extended conformation of oy f3,.
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Active | domain MIDAS
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C-terminal a helix

Glu310
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Figure 5-2. The inhibition of ligand binding of o3, by BIRT377 and XVA143 [111,
112]. (A) BIRT377 inhibits the | domain activation by binding to the side of the C-
terminal o7 helix and stabilizes the headpiece in closed conformation. (B) XVA143
competes with the intrinsic ligand (Glu-310) to bind to I-like domain MIDAS. It prevents
the activation of | domain while activates the rest of the integrin.

Activation dependent antibodies, also called reporting antibodies, are wildly used
to detect integrin conformational change on cell surface. The epitopes of these antibodies
are only exposed in certain conformation of integrin. The exposure of mAb KIM127
epitope has been widely used to indicate the extended conformation of a3, It maps to
the I-EGF2 of B, subunit and the epitopes of KIM127 and CBR LFA1/2 actually locate
on the opposite sides of B, leg [61, 113] (Figure 5-3). Although it has been reported to
activate ligand binding [76], it preferentially binds to the activated forms of [, integrins

[114].
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Figure 5-3. Reporting of extension of oyB, by KIM127 Fab. Ribbon diagrams of
pseudoatomic axf3, in the bent conformation (A) and extended conformation (B). The a
and B subunits are pink and cyan respectively. Residues comprising the epitopes of
KIM127 and CBR LFA1/2 are yellow and gold spheres, respectively. KIM127 Fab is
shown as transparent surface representations. (Figure and legend reproduced from
reference [60])

It is essential to understand how the conformational changes affect the ligand
binding affinity and kinetics o f3,. It is well-known that activated o, 3, has the high
ligand binding affinity and inactive o, 3, has low ligand binding affinity. However, there
is so far no study investigated how conformational changes in I domain and in o 32 legs
could have different effects on the regulation of binding affinity and kinetics. The
conformational change of | domain from closed to open has been shown to increase the
binding affinity and decrease the off-rate. It is not known the effects of leg extension on
these binding parameters although it has been shown to facilitate cell rolling mediated by
o B2 [112]. By controlling the conformation of o 3, carefully using mutation, activating

antibodies, and small molecule antagonist, this study is able to investigate the distinct

75



effects of | domain conformational change and o 3, extension on ligand binding kinetics
and affinity. The results showed that the switchblade-like conformational change of a3,
legs only affect the on-rate of o, binding. Without changing the conformation of I
domain, the extension of a3, alone increased the on-rate by ~ 3 to 4 fold, but did not
affect the off-rate. The off-rate change of o, was mostly due to the conformational
change of | domain. For WT o, the extension of integrin propagated the
conformational change to | domain, and increased the binding affinity by ~ 30 fold.
Moreover, this study provided useful information for the characterizations of multiple
conformational states of oy 3, regarding the binding affinity and kinetics.
5.2 The Effects of Activating Antibodies on a1 8 Binding Affinity and
Kinetics

Two activating antibodies, MEM83 and CBR LFA1/2, were used to regulate the
binding kinetics and affinity of o .. The adhesion frequency of WT or locked o, 3, on
K562 cell and ICAM-1 on RBCs were measured in the absence or presence of 10 pg/ml
activating antibody in HBSS-. In the presence of MEMS83, the binding affinity of WT
o B2 increased ~ 22 fold with a 4 fold decrease in off-rate. However, MEM83 did not
have significant effects on the binding kinetics and affinities of o, 3, containing a locked
| domain (Figure 5-4). CBR LFAL/2 also increased the binding affinity of WT o 3, for ~
30 fold to a similar level of the binding affinity of MEM83 activated o 3. However, it
only decreased the off-rate for less than 2 fold (Figure 5-4). For o, containing the

locked open and intermediate | domains, CBR LFA1/2 increased the binding affinities by

3-4 fold without changing the off-rates (Figure 5-4).
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Figure 5-4. Regulation of oy 3, affinity and off-rate by mAb MEM83 and CBR LFA1/2.
Effective binding affinities (A) and off-rates (B) for ICAM-1 of the WT o, 32 and o3>
containing the locked open, locked intermediate, or locked closed I domain with or
without 10 pug/ml of MEMS83 or CBR LFA1/2 are shown. The binding affinity and off-
rate are shown as the mean + s.e.m. of the parameters obtained from 2 to 3 binding curves
with different site densities. MEM83 and CBR LFAL1/2 both increased the binding
affinity of WT a2 (P<0.0005, student t test). MEMS83 did not change the binding
affinity of locked oy 3, (P>0.3). while CBR LFA1/2 increased the affinities of open and
intermediate o, 3, by 3-4 fold (P<0.07). MEM83 decreased the off-rate of WT o . by 4
fold (P=0.05), but CBR LFAL1/2 only reduced the off-rate slightly (P=0.22). Both of them
did not change the off-rates of locked I domains (P>0.52).
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To access the conformation of a3, legs, the exposure of KIM127 epitope was
examined using flow cytometry. The site density of total o f3, on K562 cells was
measured by using mAb 7E4. Without activating antibodies, the binding of KIM127 was
very low, less than 1/4 of the o > was able to bind KIM127 (Figure 5-5). In the presence
of MEMBS83, the fraction of KIM127 bound o B, was not significantly increased,
indicating most of o, 3, were in bent conformation, or at least with the KIM127 epitope
buried. By contrast, in the presence of CBR LFA1/2, the fraction of KIM127 bound a3,

showed significant increase, ~ 75% of the total number of a3, (Figure 5-5).
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Figure 5-5. The binding of KIM127 to o3, in the absence and presence of 10 ug/ml
MEMB83 or CBR LFAL/2. The total site density of o 3, were measured by mAb 7E4. The
site density of KIM127 bound o> were measured in the absence and presence of
MEMS83 or CBR LFAL/2. The percentage of KIM127 bound o3, was calculated by

dividing the site density of KIM127 bound o, by the total site density. The values were
shown as mean + s.e.m. of two independent experiments.
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5.3The Effects of Small Molecule Antagonists on a5 Binding Affinity
and Kinetics

Small antagonists, BIRT377 and XVA143, were also used to control the
conformation of o B, and to regulate its binding affinity and kinetics. When Mg** (or
CBR LFAL1/2) and BIRT377 were both present in the chamber medium, the adhesion
frequency of WT o2 and ICAM-1 was very low (data now shown). Without other
stimulation, BIRT377 decreased the binding affinity of WT o, by ~ 6 fold and to a
level comparable to the locked closed o, (Figure 5-6). The binding affinities and
kinetics of o, containing a locked | domain did not change with the presence of
BIRT377 (Figure 5-6).

Similar to BIRT377, XVA143 decreased the binding affinity of WT a3, by ~ 5
fold without a change in the off-rate (Figure 5-6). However, for a3, containing locked
open and intermediate 1 domains, BIRT377 was able to increase their binding affinities
by ~ 5 fold. There is little, if there is any, effect of BIRT377 on the binding of locked

closed a3, (Figure 5-6).
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Figure 5-6. Regulation of o3, affinity and off-rate by small antagonists BIRT377 and
XVA143. Effective binding affinities (A) and off-rates (B) for ICAM-1 of the WT o 3,
and oy B, containing the locked open, locked intermediate, or locked closed | domain with
or without BIRT377 (10 uM) or XVA143 (1 uM). The binding affinity and off-rate are
shown as the mean + s.e.m. of the parameters obtained from 2 to 3 binding curves with
different site densities. MEM83 and CBR LFAL1/2 decreased the binding affinity of WT
o B2 (P<0.02, student t test). They did not change the off-rate of WT and locked o3,
(P>0.52). MEMB83 did not change the binding affinity of locked o 3, (P>0.36). XVA143
increased the binding affinity of locked open and intermediate o 3, by 5 fold (P<0.06).
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Binding of KIM127 to o3, with the presence or absence of BIRT377 and
XVA143 was also measured. BIRT377 did not significantly increase the binding of
KIM127 to o B2 (Figure 5-7). XVA143, however, greatly increased the number of

KIM127 bound o 3, (Figure 5-7).
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Figure 5-7. The binding of KIM127 to a3, in the absence and presence of BIRT377 or
XVA143. The total site density of o, 3, were measured by mAb 7E4. The site density of
KIM127 bound oy 32 were measured in the absence and presence of BIRT377 (10 uM) or
XVA143 (1 uM). The percentage of KIM127 bound o, 3, was calculated by dividing the

site density of KIM127 bound oy 3, by the total site density. The values were shown as
mean + s.e.m. of two independent experiments.

5.4Discussion

The difference in the effects of | domain conformational change and the extension

of a2 on 2D binding affinity and kinetics was studied for the first time in this study.
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Activated by MEM83 or CBR LFAL/2, the binding affinity of WT o, 3, was increased by
~ 30 fold and to a level comparable to locked intermediated o, 3, (Table 3). MEM83
decreased the off-rate by ~ 4 fold; while CBR LFA1/2 did not affect the off-rate. This
could be explained by different activating mechanisms of MEM83 and CBR LFAL1/2.
MEMBS83 increased the o, binding affinity by inducing conformation change in |
domain [110]. However, MEMS83 activated oy 3, are at bent conformation because the
exposure of KIM127 epitope was very low. In contrast, CBR LFA1/2 activates o, 3, by
inducing the extension of the legs, which is confirmed by the observation that the
KIM127 bound oy 3, was increased a lot in the presence of CBR LFAL/2. Therefore, the
increase of binding affinity induced by MEMS83 could be mainly due to conformational
change of | domain. The off-rate of MEMS83 activated oy B, was 0.51 s and comparable
to the off-rate of a3, with a locked open | domain, indicating the | domain of MEM83
activated o 3, adapts open conformation. The off-rate of CBR LFA1/2 activated o3,
was 1.22 s and on the same level of the intermediate | domain off-rate, indicating CBR
LFAL/2 increased the binding affinity mainly by increasing the on-rate. EM study
showed that the extension induced by CBR LFAL/2 could result in either closed or open
headpiece in axP2 [60]. Thus, the | domain of CBR LFAL/2 activated oy 3, could be a
mixture of open, intermediate and closed conformation. These results strongly suggested
conformations of o3, activated by MEM83 and CBR LFA1/2 are different and have
distinct characteristics regarding binding affinity and kinetics.

Mn®" increases the binding affinity of WT o B, to a higher level compared to
activating antibodies in this study. The binding affinity of Mn®" activated o, 8, was ~ 50

fold higher than those of MEM83 and CBR LFAL/2 activated o 3,. This difference may
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be explained by the usage of cells and whole antibodies in this study. There might be
steric hindrance for whole activating antibodies to access their epitopes on o2
expressing on cell membrane. As a result, not all o, were bound by activating
antibodies and the actual site density (m,) were lower than the site density measured
using flow cytometry, resulting a underestimated binding affinity. It is also possible that
the purified proteins behave differently from cell surface expressing proteins in terms of
antibody binding and conformational change. In fact, only ~ 70% of o 3, were extended
when activated by CBR LFA1/2; while using Fab fragments and purified proteins, CBR
LFA1/2 induced extension of > 90% of af3, [60].

With conformation of | domain locked, MEM83 was not able to affect the
binding of o3, However, CBR LFA1/2 increased the binding affinity of locked open
and intermediate o, 3. This increase was mainly due to the on-rate increase (~ 3-4 fold),
because the presence of CBR LFAL/2 did not change the off-rate at all. Therefore, the
extension of o, 3, could increase the ligand binding on-rate but has no effect on off-rate.
This is further confirmed by using small molecule antagonists to regulate the binding
affinity and Kinetics of o f,. BIRT377 inhibits the ligand binding of o3, by prevent
pulling down of a7 helix of I domain without affect the conformation of integrin legs
[65, 111]. As expected, BIRT377 did not change the binding affinities and kinetics of
o B2 with a locked | domain. XVVA143, on the other hand, increased the binding affinity
of locked open and intermediated o 3, by increasing the on-rate by ~ 5 fold. The on-rate
increase is exclusively due to extension of o, 3, induced by the binding of X\VVA143 to the
interface to oy I domain and B I-like domain. After binding of XVA143, > 85% of a3,

changed to extended conformation as indicated by the exposure of KIM127 epitope.
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Taken together, the extension of a3, increased the ligand binding on-rate by 3-5 fold
without affecting the off-rate. On cell surface, interaction between receptor and ligand is
likely be influenced by the surface environmental factors, one of them is the distance that
the binding pocket of the adhesion receptor extends outward from the cell surface.
Extending the binding site above the surface by adding a polymer chain spacer generated
a long range attractive force that may enhance the on-rate but would not affect the off-
rate [115]. Another study showed reducing the molecular lengths of P- and L-selectin
lowered the on-rate but not off-rate [72]. For o bent to extended conformational
change extends the | domain outward from cell membrane by approximately 20 nm,
which would greatly increase the accessibility of MIDAS binding site for ICAM-1.

For activation of a3, by inside-out signaling, the extension of o 3, legs induce
the swinging out of hybrid domain, resulting an open headpiece which in turn activate |
domain by pulling down the a7 helix. However, the extension of o, may not
necessarily lead to an open headpiece and open | domain. EM studies showed that (3,
integrins could be extended with closed headpiece and | domain [60]. It is not known if
this conformation is a stable state or just a transitional state during conformational
change. Salas et al. demonstrated the importance of integrin extension in mediating cell
rolling [112]. While inhibiting firm adhesion, XVVA143 enhanced rolling mediated by
o B2 by inducing the extension of molecule. Other studies also suggested that it may have
physiological significance of supporting cell rolling [23, 55, 112]. Therefore, the
extension of a, 3, may play more roles than just being a transient step of conformational

propagation from cytoplasmic domain to ligand binding site.
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The present study also allows us to characterize the multiple conformational states
of o B2 under different conditions by categorizing them according to binding affinity and
kinetics (Table 5-1). As discussed above, the ligand binding affinity and off-rate are
mainly determined by the conformational state of I domain. With an open | domain, the
2D binding affinity of o B, is in the order of 10 um*, and the reverse-rate is ~ 0.5 s™.
When the | domain is at intermediate state, the 2D binding affinity of o, 3, 1is in the order
of 10° pum*, and the reverse-rate is ~ 1.2 s*. The 2D binding affinity of o, f, with a
closed | domain is in the order of 107 um*, and the reverse-rate is larger than 2 s™. With
the same conformation of | domain, the extended o, has few fold increase in the
binding affinity compared to bent oy 32, but the off-rate does not change.

Table 5-1. 2D binding affinity and orr-rates of a3, regulated by MEM83, CBR LFAL/2,
BIRT377, and XVA143.

ldomain oy f, AcKa (um?) Kott (5™)
open ay B2 (HBSS-) 3.30(20.62)x10™° 0.42(0.19)
open o, B2 (MEM83) 3.71(20.41)x10°  0.53(0.10)

open Bent  pen cuBs (BIRT377)  4.13(0.19)x10° 0.52(0.04)
WT oy B2 (MEMS83) 1.20(+0.80)x10™* 0.51(+0.31)

extended  OPEN B2 (CBR LFAL/2) 9.78(11.53)><10:z 0.41(x0.11)

open o, B2 (XVA 143) 1.67(x0.68)x10“ 0.47(x0.18)

Inter. oy B (HBSS-) 3.30(x0.88)x10™ 1.23(0.30)

Bent Inter. a B, (MEM83)  4.62(x0.25)x10°  1.26(+0.01)

Inter. Inter. o, B, (BIRT 377)  5.62(20.95)x10™ 1.16(0.17)
extendeq  'Mer- 0Bz (CBR LFAL/2) 1.20(x0.32)x10*  1.26(x0.13)

Inter. a B, (XVA 143)  1.47(x0.50)x10*  1.14(+0.08)
closed oy 8, (HBSS-) 9.85(x1.27)x10" 2.51(1.02)
closed o B, (MEM83)  6.98(x1.63)x10" 2.38(+0.18)
Bent closed ou B, (BIRT 377)  8.47(x4.12)x107"  2.27(x0.23)

Closed WT oy B, (HBSS-) 4.60(x0.52)x10°  2.01(+0.65)
WT o B, (BIRT 377)  7.54(x0.29)x107" 2.17(0.10)

closed o B, (CBR LFAL/2) 9.71(0.35)x10°  2.45(+0.45)

extended  closed ou B, (XVA 143)  1.36(20.13)x10° 2.25(0.37)

WT oy B2 (XVA 143) 9.89(20.70)x10”" 2.28(0.11)
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CHAPTER 6

THE BINDING AFFINITIES AND KINETICS OF DIVALENT
CATIONS TO a, | DOMAIN AND a, B,

6.1 Introduction

The receptor function of o, and other integrins depend on the presence of
divalent cations. Divalent cations have multiple effects on o, 3, mediated cell adhesion,
such as enhancement and suppression of ligand binding activity. It is established that the
nature of the divalent cation plays a critical role in regulation of ligand binding affinity of
a2 [116]. In vitro, Mn?* and Mg?* have been shown to facilitate ligand binding to o B2,
while Ca®* inhibits the ligand binding at mM concentration. All three divalent cations are
present in the extracellular environment (Mg®* and Ca** at mM concentration; Mn*" at
uM concentration), and all are available to compete for binding to the integrin.

Although the mechanism of how these divalent cations regulate o, 3, activity is
not clear, it is believed that divalent cations regulate the ligand binding of a3, either by
directly coordinating into the binding site, or by binding into a metal ion coordination site
to induce a conformational change of o 32 A very important metal ion coordination site
of o B is the MIDAS on the top of the | domain. The divalent cation is central in the
binding site and directly coordinates a Glu residue in the ligand [12, 42]. Conformational
change of | domain clearly rearranged the coordination of divalent cation, including the
amino acids that directly forming coordination and the position of surrounding loops [12]

(Figure 2-7). Other than | domain MIDAS, there are many other metal ion binding sites
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on oy 2. Among them, the most important ones for conformational regulation might be
the three divalent binding sites in I-like domain, I-like domain MIDAS, the adjacent
MIDAS (ADMIDAS), and the ligand-induced metal binding site (LIMBS). For integrin
without an | domain, I-like domain contains the ligand binding sites and these sites could
directly affect the ligand binding. It has been shown that they have distinct roles in the
regulation of ouf37 mediated adhesion under different divalent cation conditions [117]. For
integrins containing | domain, these metal ion coordination sites probably regulate the
ligand binding by inducing or preventing conformational change. For example, I-like
domain MIDAS, when activated, binds to an intrinsic ligand of 1 domain and thus pulls
down the a7 helix to induce conformational change in | domain MIDAS. In fact, the
mutation of intrinsic ligand GIlu310 or I-like MIDAS residues Ala210 or Tyrll5 to
cysteine abolished | domain activation [64].

As divalent cations need to be coordinated into the metal ion binding sites in order
to regulate integrin functions, the binding characteristics, such as binding affinity and
kinetics, of the divalent cations to integrin is very important for understanding the
mechanism of divalent cation regulation. Labadia et al. determined the binding affinity of
Mg®* and Mn%* to o, using SPR [78]. The Kp of Mg®* were 160 and 12 uM in the
absence and the presence of Ca?*, respectively; Kp of Mn* was 2 uM in the presence of
Ca”* [78]. Increasing Ca®* into mM concentration range resulted in a competitive
displacement of Mg®*/Mn?*. o | domain has been shown to bind to *Mn?* in a
conformation-dependent manner. Using “°Ca?* and **Mn?* in direct binding studies, the
Kp for the interactions between these cations and o | domain were estimated to be 50-60

and 10-20 uM, respectively [118]. In a recent study, Mg®* and Ca®* were shown to have
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equivalent affinities to inactive ay | domain. Activation induced a ~10-fold increase in
the binding affinity of Mg?* to oy | domain with no change in that of Ca®*. This study
indicated that the affinity of divalent cations to integrins is itself regulated by the
activation state of these receptors [119].

In these studies, o f2 and o | domain were purified proteins and their
conformational state was not clearly addressed. Moreover, the binding kinetics, which is
also important in order to characterize the divalent cation coordination, has not been
measured. Here, the binding affinity and kinetics of Mn?**, Mg?*, and Ca®* were measured
in a more physiologic setup, using cell surface expressing | domains as well as o3, (both
WT and locked). Since o 3,-ICAM-1 interaction is highly sensitive to the presence of
divalent cations, a method using ligand binding to probe the binding affinity and kinetics
of divalent cations to | domain and o3, was employed. The results showed different
cations bind to | domain MIDAS with different binding affinities and kinetics. Mn®* has
more than 30 fold higher binding affinity for all four types of | domains than Mg®*. Ca**
showed two binding affinities, a high one (Kp of uM) and a low one (Kp of mM), to |
domain MDIAS. All three divalent cations dissociate from I domain MIDAS slowly with
half lives of hours. Mn?* dissociates slower than the other two divalent cations. The
conformation of | domain also affects the binding affinity and kinetics of divalent cations.
Open and intermediate | domains have similar binding affinities for Mn** and Mg*",
which are higher than those of the WT and closed | domains.

With I domain MIDAS occupied with a divalent cation, the binding affinities of
Mn*" and Mg?* for those metal ion binding sites that are important for conformational

change of o, 3, were also measured. Again, Mn** has a higher affinity than Mg**. Discard
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the conformational difference in | domain, the binding affinity of Mn?*and Mg®* for WT
and locked open ay B, were similar. In contrast to the slow dissociation of Mn** and Mg?*
from | domain MIDAS, these divalent cations dissociated from those metal ion binding
sites that are important for conformational change very rapidly in less than minutes.
These results provided new insights into the mechanism of oy [, regulation by divalent

cations.

6.2 Binding Affinities of Divalent Cations to WT and Locked Isolated e |
Domains

To measure the binding affinity of Mn?*, Mg?*, and Ca* for | domain MIDAS,
K562 cells expressing WT or locked | domains and RBCs coated with ICAM-1 were
used. Cells were washed with HBSS/EDTA to remove any preexisting divalent cations
and then with HBSS- to wash away the EDTA. Cells were then suspended in HBSS- with
desired concentrations of divalent cations. The adhesion frequencies of | domain and
ICAM-1 were measured using micropipette adhesion frequency assay. The contact
duration was chosen to be 10 seconds, which is long enough for the binding of I domain
and ICAM-1 reaches equilibrium. Adhesion of | domain and ICAM-1 depended on the
presence of divalent cations, because the adhesion frequency was at background level
when no divalent cations were added after washing (data not shown). Moreover, the
RBCs without ICAM-1 coated gave background level binding with the presence of
divalent cations (data not shown).

The adhesion frequency was plotted against the concentration of divalent cations,
and the binding affinity of divalent cation to | domain MIDAS were extracted by fitting

the data into Equation 3-5. Plotting of adhesion frequency against concentrations of Mn?*
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or Mg2+ gave sigmoidal curves (Figure 3-2). The Kp of Mn?* binding was at uM order
and was several tens of fold higher than that of Mg®* (Figure 6-1). For Ca**, a double
sigmoidal curve was observed, and two binding affinities were obtained from the fitting
using Equation 3-6 (Figure 3-2, Figure 6-1). One of the two binding affinities of Ca®* was
very high with Kp at uM order, and the other one is much lower with Kp at mM level
(Figure 6-1). Locked open and intermediate | domains have similar binding affinities to
divalent cations; whereas the binding affinities of WT and locked closed | domains were
comparable (Figure 6-1). Furthermore, the binding affinities of divalent cations for open
and intermediate | domains were higher than those of WT and closed | domains,

especially for Mn?* and Ca** 1y (Figure 6-1).
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Figure 6-1. The Kp of Mn**, Mg**, and Ca®* to MIDAS of WT and locked | domains.
The values are presented as mean * s.e.m. of the Kp obtained from three independent
experiments. Mn?* binds to | domain MIDAS with higher affinity than Mg®* (P<0.05 for
all four types of | domains). Ca?* has two binding affinities to I domain MIDAS, one with
a Kp at uM order and one at mM order. Open and intermediate | domains have
comparable binding affinities for Mn?*, and Mg®* (P>0.6); while WT and closed |
domains have similar binding affinities for Mn®*, and Mg** (P>0.85). Open and
intermediate | domains have higher binding affinities for Mn®* than WT and closed |
domains (P<0.007 for Mn?*). For Ca**, open and intermediate | domains have higher
binding affinity for Ca®* at conformation (1) than WT and closed | domains (P<0.006);
however, the four types of | domains have comparable binding affinity for Ca** at
conformation (2) (P>0.52).

6.3 Divalent Cations Dissociate from ¢ | Domain MIDAS Very Slowly

When K562 cells were washed with and then suspended in HBSS-, the adhesion
frequency between isolated | domain and ICAM-1 is still measurable (data from Chapter

4 and 5). This indicates that without using EDTA, the divalent cations pre-bound to |
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domain remained bound for hours in HBSS- to enable specific binding. In order to
investigate the dissociation of divalent cations form | domain MIDAS, cells were washed
with HBSS/EDTA and then HBSS- to get rid of all preexisting divalent cations. The cells
were then suspended in HBSS- containing Mn?*, Mg*, or Ca®* at saturating
concentration, i.e., 2mM Mn?*, 5mM Mg®*, or 5mM Ca®*, and incubated for 1 hour at
room temperature. The divalent cations were then washed away and cells were suspended
in HBSS- for micropipette measurement. The adhesion frequency of | domain and
ICAM-1 were measured at different time points after the divalent cations were washed
away, i.e. 0 hr, 0.5 hr, 1.5 hr, etc. The adhesion frequency of I domain and ICAM-1
decreased very slowly after washing, indicating divalent cations dissociated from |
domain MIDAS very slowly (Figure 6-2). It is unlikely that K562 cells secrete divalent
cations during experiment to bind to | domain MIDAS and support adhesion, because
cells washed with HBSS/EDTA then washed and resuspended in HBSS- did not show
specific adhesion for at least 8 hours (Figure 6-2). On the other hand, in the presence of
divalent cations at saturating concentration, the adhesion frequency remained constant for
8 hours, indicating the decrease of adhesion frequency could not be due to receptor
downregulation or other cellular environment changes (Figure 6-2).

The adhesion frequency was plotted against the dissociation time in order to
extract the dissociation rate of divalent cation from | domain MIDAS using Equation 3-7
(Figure 3-3). The differences in dissociation rates of Mn®*, Mg**, and Ca** were not
dramatic. Mn** dissociated form | domain MIDAS with a little slower rate compared to
Mg®* (Figure 6-4). Mn*, Mg”*, and Ca’* had faster dissociation rates for open and

intermediate | domains than for closed | domain. The dissociation rates of Mn®*, Mg?",
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and Ca?* for WT | domain were in between of those for open | domain and closed |

domain (Figure 6-3).
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Figure 6-2. The adhesion frequency of open | domain and ICAM-1 with different
divalent cation conditions. Cells were washed with HBSS/EDTA and then HBSS-. With
the presence of 2mM Ca®*, the adhesion frequency remained constant for 8 hours (¢).
After the Ca®* was washed and cells were suspended in HBSS-, the adhesion frequency
decreased gradually (#). Without incubating with Ca?*, the adhesion frequency of open |
domain and ICAM-1 was at background level and did not increase for 8 hours (0).
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Figure 6-3. The dissociation rates (k;) of Mn**, Mg, and Ca** to MIDAS of WT and
locked I domains. The values are presented as mean + s.e.m. of the dissociation rates
obtained from two independent experiments. Mn®* dissociates from | domain MIDAS
slower compared to Mg** for all four types of | domains (P<0.05). Closed I domain has
slower dissociation rate for Mn®*, Mg?®*, and Ca®* compared to open and intermediate |
domains (P<0.03 for Mn?* and Mg**, P<0.09 for Ca*"). The dissociation of Mn?*, Mg?",
and Ca* from WT | domain is slightly slower than from open and intermediate | domains
without statistically significance (P>0.1).

6.4 Divalent Cations Dissociate Rapidly from the Metal lon Binding Sites
that are Important for ¢ £ Conformational Change

I domain MIDAS is the site directly participating the ligand binding; however, it
is other metal ion binding sites in oy 3, play important roles in conformational regulation.
The dissociation measurements suggested once | domain MIDAS coordinates with a
divalent cation, the divalent cation remains bound for hours. However, this is not the case

for other metal ion binding sites, or at least not for those sites that are important for
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conformational regulation. When prebound divalent cations were washed away prior to
micropipette experiments, WT o 3, have very low binding affinity to ICAM-1 (Figure 4-
4). Adding Mn** or Mg?* increased the binding affinities of WT o, for hundreds of
fold. Therefore, divalent cations must dissociate from those metal ion binding sites
critical for inducing conformational change during the wash; otherwise, WT o, 3, would
also show high binding affinity even after the divalent cations were washed.

The rapid dissociation of divalent cations to the sites that are important for
conformational regulation was further confirmed here. K562 cells expressing open and
WT a8, were incubated with saturating concentrations of Mn?* (2mM) or Mg (5mM)
to make sure that the 1 domain MIDAS is occupied by a divalent cation. After that, the
divalent cations were washed away with HBSS- and the adhesion frequency of o, 3, and
ICAM-1 were immediately measured in HBSS-. For open a3, the adhesion frequency
of the first pair of cells after washing decreased a lot compared to the frequency
measured in the presence of saturating concentration of divalent cations and remained
constant afterwards at a basal level that is several fold lower (Figure 6-4 A, B). The basal
level adhesion frequency is comparable to the frequency between a3, and ICAM-1 with
cells washed with HBSS- only, a condition that o, 3, should be bent (data not shown).
This indicates that divalent cations dissociated from those metal ion binding sites that are
important for conformational change, most possibly for o, 3, extension, during the wash.
The adhesion frequency of WT o, 3, also decreased rapidly to a background level after
the washing (Figure 6-4 C, D). The dissociation rates could be obtained by fitting this
data using Equation 3-5. However, most of the decreasing phase was missing due to the

rapid dissociation, and thus the dissociation rates estimated using this method may not be
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accurate. Nevertheless, this observation strongly suggested the rapid dissociation of

divalent cations from those sites that are important for conformational change of o 3,.
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Figure 6-4. The adhesion frequency of open and WT o, 3, after Mn?* and Mg®* were
washed away. In the presence of Mn** and Mg**, the adhesion frequencies of open and
WT oy B2 and ICAM-1 were 100%, showing as the first points at time O in all four panels.
After Mn®* and Mg®* were washed, the adhesion frequency was measured using
micropipette. The adhesion frequencies dropped rapidly to basal or background level and
the decreasing phase of the curve could not be obtained.
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6.5 Binding Affinities of Divalent Cations to the metal ion binding Sites
that are Important for a; 8, Conformational Change
Divalent cations dissociate from | domain MIDAS slowly but dissociate rapidly

form those metal ion binding sites that are important for o 3, conformational regulation.
This experimental observation gives rise to a possibility of measuring the binding affinity
of divalent cations to those other sites without the influence of | domain MIDAS. After
pre-bound divalent cations were washed, cells were incubated with saturating
concentration of Mn?* or Mg®* to allow the | domain MIDAS being occupied with a
divalent cation. The divalent cations were then washed away so that those other metal ion
binding sites of interesting should not be occupied. Cells were resuspended in HBSS-
containing known concentrations of Mn?* or Mg?*, and the adhesion frequency between
WT, or open a.p; and ICAM-1 were measured. The binding affinity of Mn?* for those
metal ion binding sites was hundred fold higher than that of Mg** (Figure 6-5). Although
the conformation of | domains are different, the binding affinity of Mn®** and Mg®* for
those critical metal ion binding sites for conformational change in WT and open o3,

were comparable (Figure 6-5).
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Figure 6-5. The Kp of Mn** and Mg?* for divalent cation coordination sites important for
conformational change of o B,. The values are presented as mean + s.e.m. of the Kp
obtained from two independent experiments. These sites in WT and open o, 3, have
comparable binding affinity for Mn?* (P=0.21) and Mg?* (P=0.23). Mn®" has higher
affinity compared to Mg?* (P<0.01).

6.6 Discussion

Divalent cation has been recognized as a very important player in integrin
regulation for a long time, but the mechanism of regulation is not very clear. Using
micropipette adhesion frequency assay, the binding affinity and dissociation rate of Mn?®",
Mg**, or Ca* for WT or locked | domain MIDAS were measured.

Mn?* binds to | domain MIDAS with higher affinity and the Ky was about several

uM. In comparison, the binding affinity of Mg** to | domain MIDAS was ~ 40 fold
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lower, with Kp of tens to hundreds of uM. These results are consistent with previous
studies using purified proteins [78, 118].

Ca®" is unique in its binding by exhibiting two affinities for | domain MIDAS, a
high binding affinity (uM) and a low binding affinity (mM). It is suggested there are two
distinct classes of Ca®* binding sites that differ in their affinity in integrin. An
equilibrium dialysis study with purified platelet integrin o3 has provided evidence for
one high affinity (uM) and three to four low affinity (mM) Ca®* sites [120]. A similar two
site model for Ca®* regulation of purified o f, binding to ICAM-1 has also been
proposed [78]. However, there is no evidence to show | domain contains more than one
divalent cation coordination site. Therefore, the two affinities could not be explained by
Ca®* binding to two different sites. Here, the results is interpreted by assuming | domain
adapts two different conformational states with the presence of Ca®". These two states
have distinct Ca®* binding affinities and there is an equilibrium between these two
conformations. Another possibility is that extra Ca** was secreted by cells during the
experiments. However, using cells washed with HBSS/EDTA and then HBSS-, no
specific adhesion was detected even after the cells were put in HBSS- for 8 hours. Thus,
the first plateau of the curve could not be due to Ca®* secreted by K562 cells unless the
secretion depends on the presence of Ca*".

Open and intermediate | domains had comparable binding affinities for Mn?* and
Mg**. WT and closed | domains had similar binding affinities for Mn** and Mg?*, which
were lower than those of open and intermediate | domains. Changing of | domain
conformation from closed to open | domain increased the binding affinity for Mn?* by ~ 6

fold and for Mg** by ~ 7 fold, indicating the divalent cation binding is regulated by |
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domain conformation. Consistently, activation of oy | domain increased the binding of
Mg** by ~ 10 fold [119]. The comparability of divalent cation binding affinities of open
and intermediate | domains suggests the conformation of MIDAS of these two | domains
are very close. Similarly, WT and closed | domain MIDAS should have structures
resemble each other. Similar results were found in oy | domain. Mg** and Ca®* were
shown to have equivalent affinities to inactive oy | domain [119]. Activation of the |
domain induced a ~10-fold increase in the binding affinity of Mg?* to ay | domain with
no change in that of Ca?*. Previous studies measured the binding of divalent cations to |
domain directly, meaning that the divalent cation is the ligand for | domain in these
binding studies [118, 119, 121]. However, the ligand for | domain in this study is ICAM-
1 and the binding of divalent cations to | domain was measured indirectly using ICAM-1
binding as an indicator. An important assumption for this experiment is that the
conformation of I domain MIDAS would not be changed by the binding of ICAM-1,
especially for the WT | domain; otherwise, the measured binding affinity of divalent
cations is not the affinity for WT | domain MIDAS anymore. Using NMR, Huth et al.
showed that the presence of ICAM-1 actually induced changes in the chemical shifts of
two clusters of residues in I domain, one is in the MIDAS site and the other one is in the
C-terminal a7 helix, indicating the ICAM-1 binding can change the conformation of I
domain [121]. However, the fact that the binding affinities of divalent cations for WT |
domain is comparable to their binding affinities for closed | domain suggested this is not
the case for this study. Furthermore, the ICAM-1 binding affinity of the WT | domain is

similar to that of the closed I domain [53].
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A surprising finding of this study is the slow dissociation of divalent cations from
| domain MIDAS. Mn?*, Mg?* and Ca?* all bind to | domain MIDAS with half lives of
hours. However, these divalent cations were shown to have fast dissociation rates for
other metalloproteins with half lives from sub seconds to tens of seconds [122-124]. With
the measured binding affinities and dissociation rates, the association rates are less than
2.5x10° M™s™, which is very small compare to normal range of metal ion association
rates, 10> M™s™ [125]. An explanation for the abnormal association rate could be some
unknown mechanisms to prevent the dissociation of divalent cation after it binds I
domain MIDAS, such as structure rearrangement of the coordination site. If this is the
case, the association rate is not simply the product of binding affinity and dissociation
rate.

Mn?** and Mg?* increased the 2D binding affinity of WT o B, by hundreds of
fold, but only increased the binding affinity of isolated WT | domain by several fold. This
suggests that the binding of Mg?* or Mn®** to MIDAS does not induce conformational
change of I domain significantly enough to affect ligand binding affinity. Therefore,
Mg®* or Mn®**must bind to other metal ion binding sites on o f, in order to induce the
conformation change and subsequently increase the ligand binding affinity. With |
domain occupied with divalent cation, adding (removing) divalent cations from oy,
increased (decreased) the adhesion frequency. The increase/decrease in adhesion
frequency should be due to conformational change induced by the
association/dissociation of divalent cations to those sites that are critical for oyf3;
conformational regulation. Thus, the binding affinity and kinetics measured should be the

binding parameters of divalent cations for those sites. When | domain was occupied with
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a divalent cation, open a2 was able to mediate specific adhesion with ICAM-1 without
the addition of Mn* or Mg®". This basal frequency is several fold lower than the
frequency with saturating concentration of Mn®** or Mg?*, indicating the binding of
divalent cations induced the extension of o, .. The binding affinities of Mn?** and Mg**
for those other sites are comparable for WT and open o, 8. Mn®" has higher affinity (Kp
of ~ 1 uM) compared to Mg®* (Kp of ~ 400 uM). The stronger activation of o, 8, by Mn?*
than Mg?* could be explained by the higher affinity of Mn?* for those metal ion binding
sites. Indeed, Mn** induced extension of a larger number of ., than Mg?* (data not
shown). Taken together, these results strongly suggest that the importance of the divalent
cation binding affinity in o, 3, conformational regulation.

In strong contrast to | domain MIDAS, Mn*" and Mg®* much faster dissociate
from those metal ion binding sites important for o, 3, conformational change. Using the
experiment method in this study, the initial phase of dissociation could not be accessed
and as a result, the dissociation rate would not be accurate. Even so, the results clearly
showed the dramatic difference in the dissociation rates of divalent cations for | domain
MIDAS and for other metal ion binding sites. Therefore, different metal ion binding sites
have their own characteristics regarding divalent cation binding affinity and kinetics,

which may be an important mechanism for the regulation of o, 3, by divalent cations.

102



CHAPTER 7

UPREGULATION OF B2 INTEGRIN AFFINITY BY ENGAGEMENT
OF E-SELECTIN LIGANDS ON NEUTROPHIL

7.1 Introduction

During inflammation, neutrophils are recruited to infected or injured tissue sites
and migrate across the blood vessel wall. The capture and recruitment of neutrophils is
mediated by multiple cell surface adhesion molecules, most importantly selectins and
integrins. Neutrophils are captured from blood stream and roll on the blood vessel wall
through binding to endothelial cell selectins [126, 127]. When injured tissue releases
chemokines, endothelial cells respond with upregulated E-selectin and P-selectin
expression. These selectins bind to their ligands on neutrophils, including PSGL-1, with
rapid binding kinetics [128, 129].

During rolling, neutrophil B, integrins become activated by chemokines and
mediate firm adhesion of neutrophils to endothelial cells [130, 131]. It is suggested other
signaling pathways could also induce the activation of B, integrins during the rolling. E-
selectin engagement is proposed to be one of them [23, 132]. When neutrophils are
rolling on substrate coated with E-selectin and ICAM-1 together, they roll first and then
become arrested on the substrate; while E-selectin along only mediates cell rolling, and
cells do not roll or arrest on ICAM-1 substrate [132, 133]. Using neutrophils in whole
blood instead of isolated neutrophils, studies showed increased number of rolling cells
without firm adherent cells and decreased rolling velocity when ICAM-1 was co-

immobilized with E-selectin [23]. The activation of 3, integrins by E-selectin binding
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was blocked by MAPK inhibitors, indicating that this activating signaling pathway is
different from and independent of the chemokine activation pathway, which involves G-
proteins and protein kinase-C (PKC) [21, 23, 132-135].

E-selectin could engage multiple ligands on neutrophils. The signaling molecules
for B, integrin activation by E-selectin binding have not yet been identified, although
some candidates have been proposed. Upon cross-linking with mAbs, both PSGL-1 and
L-selectin have been shown to trigger several important signaling events, including
activation of MAPK signaling pathways [136-138]. Previously, it is suggested that both
PSGL-1 and L-selectin play roles in the activation of B, integrin activation and there
might be other unknown ligands for E-selectin on neutrophil to transduce signaling and
activate 3, integrins [132]. However, a recent study identified PSGL-1 as the main ligand
for E-selectin binding and signaling molecules for subsequent B, integrin activation
[139].

Although the activation of B, integrin by E-selectin binding has been
demonstrated by previous studies, there are still important aspects remaining unsolved.
Previous results were obtained using flow chamber technique or cell aggregation
analysis, which have poor temporal resolution for the activation events. It is reported that
after cross-linking of L-selectin, the phosphorylation of tyrosine peaks within 1 minute,
which is a time frame that required for the activation and clustering of B, integrins.
Moreover, neutrophil B, integrins shifted to activating state and formed clustering within
seconds of E-selectin binding [21]. Therefore, the time of signaling transduction and

conformational transition could be very short. However, there is so far no accurate
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estimate of the timescale of 3, integrin activation by the engagement of E-selectin ligands
on neutrophils.

In the present study, the activation of neutrophil B, integrins by E-selectin
engagement is investigated using micropipette adhesion frequency assay. The results
showed that when neutrophils were in contact with RBCs coated with both E-selectin and
ICAM-1, B integrins were activated by the E-selectin binding. When the contact duration
of the two cells was shorter than 5 seconds, the adhesion was mainly mediated by E-
selectin and the adhesion frequency reached equilibrium at around 1 second; however,
when the contact duration was longer than 5 seconds, a graduate increase in adhesion
frequency rather than a plateau in the binding curve was observed, exhibiting a two-step
binding curve phenomenon. Therefore, the two cells need to be kept in contact for at least
5 seconds before the signaling can be initiated by E-selectin binding and transduced to f3,
integrins. The results also indicate that the accumulation of E-selectin binding is required

to induce the activating signaling.

7.2 2D Binding Kinetics of E-selectin to Neutrophils

To understand the characteristics of E-selectin binding to its ligands on
neutrophils, the 2D binding affinity and kinetics were measured using micropipette
adhesion frequency assay (Figure 7-1). Human E-selectin Ig chimera was captured onto
RBC surface by a biotinylated capture antibody coated through biotin-steptavidin
reaction. The adhesion detected was specific between E-selectin and its ligands, because
the adhesion frequency is at background level when using RBCs with capture antibody

but no E-selectin (Figure 7-1). Moreover, the adhesion was abolished after Ca®* was
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stripped with 5mM EDTA (Figure 7-1). E-selectin binds to neutrophils with a fast off-

rate of 5.68+1.03 s%.
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Figure 7-1. Binding of neutrophils with RBCs coated with E-selectin Ig chimera alone.
The adhesion frequency quickly reached equilibrium at ~ 1 second and resulted in fast
binding kinetics for E-selectin and its ligands (e, solid curve). The binding between
neutrophils and RBCs coated with capture antibody but without E-selectin is at
background level (o). The addition of 5mM EDTA abolishes the binding between E-
selectin and its ligands on neutrophils (o).
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7.3 Binding of E-selectin Activates £ Integrins on Neutrophils

In order to investigate the activation of B, integrins by E-selectin binding, E-
selectin Ig chimera and ICAM-1 Ig chimera were both coated onto RBCs (E-
selectin/ICAM-1 RBCs). The binding frequency reached equilibrium at 1 second and
stayed at the equilibrium level till ~ 5 seconds. At contact duration of 5 seconds, the
binding frequency started to increase gradually and reached a second equilibrium at
contact duration of ~ 10 seconds (Figure 7-2). Thus, the adhesion frequency vs. contact
duration binding curve appears to be a two-step curve with two plateaus. Blocking E-
selectin with ES-1 Fab totally abolished the binding of both steps (Figure 7-2). Treating
the first step binding as a complete binding curve, the binding kinetics and affinity could
be extracted. The binding kinetics and affinity of the first step binding were comparable
to those of E-selectin-ligand interaction (Figure 7-3). Therefore, the first step binding is

mediated by E-selectin and its ligands.
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Figure 7-2. Two-step binding curve of E-selectin/ICAM-1 RBCs to Neutrophils. Four
curves generated by using E-selectin/ICAM-1 RBCs all showed two-step binding
phenomenon and one of them is shown in the figure. The binding of E-selectin to
neutrophils activated 3, integrins and resulted in an increase of the adhesion frequency at
around 5 seconds (#).The binding of both steps were totally blocked by an E-selectin
blocking antibody ES-1 (o).
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Figure 7-3. The binding parameters of the first step of two-step binding curve are
compared to those of E-selectin binding to neutrophils. Because it is not clear which
ligand(s) are responsible for E-selectin binding and signaling in this study, the site
density of ligand (m;) is also lumped together with A.K, as one parameter AcKam; (A).
The off-rates are also compared (B). The data were presented as mean + s.e.m. of three
different binding curves. The parameters extracted from the first step binding of the two-
step curve and E-selectin binding curve were very similar to each other.

The increase of adhesion frequency in the second step is contributed by f,
integrin-ICAM-1 adhesion. When 3, integrins were blocked with a 3, subunit blocking
antibody, 7E4, the second step of the binding curve no longer existed (Figure 7-4).
Furthermore, using RBCs coated with E-selectin alone, the binding curve was a typical
2" order binding curve with only one plateau (Figure 7-1). The activation of B2 integrins
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requires the presence of E-selectin. Using RBCs with ICAM-1 alone on the surface with
similar site density of ICAM-1 on the E-selectin/ICAM-1 RBCs, the adhesion frequency
was at background level, indicating without activation, B, integrins are not able to
support binding to ICAM-1 at the given site density (Figure 7-5). Adding of 2mM
Mg*/EGTA was able to activate B integrins and increase the adhesion frequency to ~

0.3 (Figure 7-5).
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Figure 7-4. The binding of neutrophils to E-selectin/ICAM-1 RBCs with (0) or without
(#) B2 integrin blocking mAb 7E4. In order to show the effect of blocking more clearly,
the data with antibody blocking was fitted to Equation 2-4. This binding curve showed
only one plateau without a second step.
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Figure 7-5. Binding of neutrophils to RBCs coated with ICAM-1 Ig chimera alone. With
the coated site density of 11 molecules/um?, the adhesion frequency is at background
level (0). However, the addition of 2mM Mg?'/EGTA activated B, integrins and
increased the adhesion frequency ().

The activation of 3, integrins by E-selectin binding is further confirmed by using
E-selectin in solution instead of coated on RBC surface. ICAM-1 was coated on RBCs at
a site density that is low enough, so that there is no adhesion when B, integrins are
inactive (Figure 7-6). After the neutrophils and ICAM-1 coated RBCs were added to the
chamber, E-selectin 1g chimera was added at a concentration of 10 pg/ml and the
adhesion between neutrophils and RBCs was measured immediately after the E-selectin
Ig chimera was added. The adhesion between the first pair of cell was very low,

indicating it takes some time for E-selectin Ig in solution to bind to its ligands. After
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about 5 minutes, the adhesion frequency had an obvious increase (data not shown) and
the average frequency was ~ 0.4 and ~ 2 fold lower than the adhesion frequency when
2mM Mg”*/EGTA was in presence. In contrast, monomeric E-selectin failed to activate
B2 integrins and to increase the adhesion frequency with same condition (Figure 7-6).
Furthermore, nonspecific human IgG was not able to increase the adhesion frequency as
well, indicating that the activation of B, integrins was induced by E-selectin but not by

the human 1gG Fc portion in the Ig chimera (Figure 7-6).
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Figure 7-6. The binding of neutrophil B, integrins to RBCs coated with ICAM-1 Ig
chimera was activated in the presence of 10 ug/ml E-selectin 1g chimera or replacing
Ca®*/Mg®* with Mg*/EGTA. P, integrins were not activated by the presence of
monomeric E-selectin or the activation is far weaker than that of E-selectin Ig chimera.
The activation of (3, integrins by E-selectin 1g chimera is not due to the human 1gG Fc
portion, because a nonspecific human IgG did not increase the adhesion frequency.
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7.4 Binding Affinity of B, Integrins Activated by E-Selectin Binding is at
Intermediate Level

Different two-step curves were obtained with RBCs with various site densities of
E-selectin and ICAM-1. It is not known how the availability of E-selectin in the contact
area affects the activation and ligand binding affinity of B, integrins. One possibility is
that the larger the E-selectin site density, the stronger the activation signaling and
therefore the higher the binding affinity of B, integrins. It is also possible that there is a
threshold for activation signaling, once the threshold is reached, the ligand binding
affinity of B, integrins remain the same no matter how high the site density of E-selectin
reaches. The binding affinity of activated (3, integrins could be calculated from the two-
step binding curves. Assuming E-selectin binding and B, integrin binding do not
cooperate with each other after B, integrins are activated, the equilibrium adhesion
frequency of B, integrins and ICAM-1 can be obtained by subtracting the equilibrium
adhesion frequency of the 1% step from the 2" step, and the binding affinity (A.K,) can be
calculated.

In order to study the relationship between E-selectin site density and ligand
binding affinity of activated B, integrins, the equilibrium adhesion frequency of the 1°
and 2" steps are measured using RBCs coated with E-selectin and ICAM-1 at different
site densities. The contact durations were chosen to be 3 seconds and 15 seconds, at
which the binding curve reaches 1% and 2" equilibrium respectively. The total site
density of B, integrins on neutrophil is ~ 100 molecules/umz, but the accurate site density
(my) is difficult to be determined for these experiments, because it is not clear whether all

or a fraction of B, integrins are activated by E-selectin binding. Therefore, AcKam; is used
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as a parameter to indicate the binding strength of activated 3, integrins to ICAM-1. The
plotted AcKam; of B, integrins vs. E-selectin site density appeared to be a saturation curve
(Figure 7-7). AcKam, of B, integrins increased as E-selectin site density increased up to ~

12 molecules/um?, and then reached an equilibrium of ~ 0.01 pm? (Figure 7-7).
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Figure 7-7. AcKam, of B integrins vs. E-selectin site density curve appears to be a

typical saturation curve. AcKam, of B, integrins initially increased as E-selectin site
density increased and reached equilibrium when E-selectin site density was ~ 12

molecules/um?.

Depending on the stimulation, activated B, integrins could adapt different

conformations with distinct ligand binding Kkinetics and affinities. To understand the
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characteristics of the B, integrins activated by E-selectin binding, AcKam, of the
integrins activated by E-selectin binding was compared to that of the B, integrins
activated by Mg*/EGTA and Mn?*. The A.K.m, of B integrins activated by binding of
E-selectin Ig chimera coated on RBCs and in solution were comparable, and they were ~
3 fold lower than that of the B, integrins activated by Mg*/EGTA and ~ 7 fold lower
than that of the B, integrins activated by Mn?*, indicating B, integrins activated by E-

selectin are at a conformational state with its ligand binding affinity could be further

increased (Figure 7-8).
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Figure 7-8. A.Kam, of B, integrins activated by E-selectin Ig chimera binding,
Mg*/EGTA, and Mn*". The A.Ka.m, of 2 integrins activated by E-selectin coated on
RBCs were obtained from averaging the AcKam; values in the curve of Figure 7-7 with E-
selectin site density at 12 molecules/um? and higher.
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7.5 P-selectin and L-selectin Binding did not Activate Neutrophil 5
Integrins

Because P-selectin and L-selectin also bind to PSGL-1, one of the most important
E-selectin ligands on neutrophils, it is possible that their binding could activate 3,
integrins as well. In order to test whether the ability to activate [, integrins is unique for
E-selectin or universal for all three selectins, P-selectin or L-selectin Ig chimera was
coated onto RBCs together with ICAM-1 Ig chimera, and the adhesion between the
coated RBCs and neutrophils was measured.

The binding of neutrophils to RBCs coated with P-selectin alone or with both P-
selectin and ICAM-1 showed no difference (Figure 7-9A). They were all typical 2" order
binding curves with one plateau. The binding kinetics and affinities of the curves with
both P-selectin and ICAM-1 on RBCs were comparable to that of the P-selectin alone
(Figure 7-9B&C). Similarly, coating L-selectin together with ICAM-1 on RBCs was not
able to activate B, integrins either (Figure 7-10A). The binding kinetics and affinities of
the curves with both L-selectin and ICAM-1 on RBCs were comparable to that of the
cruves with L-selectin alone on RBCs (Figure 7-10B&C). Therefore, P-selectin and L-
selectin binding to neutrophils were not able to induce 3, integrin activation, at least not

to the same extend as the activation induced by E-selectin binding.
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Figure 7-9. P-selectin binding is not able to activate B, integrins with current
experimental setting. The binding curves of neutrophils to RBCs coated with P-
selectin/ICAM-1 (m and solid curve) or with P-selectin alone (0 and dashed curve) are
shown with the adhesion frequency normalized by site density of P-selectin (A). Both of
them only had one plateau and without second step. Binding parameters, A.K.m; (B) and
Kot (C), for neutrophils to RBCs coated with P-selectin/ICAM-1 or P-selectin alone were
comparable. The data are shown as meanzs.e.m. of binding parameters of 2-3 binding
curves.
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Figure 7-10. L-selectin binding is not able to activate [, integrins with current
experimental setting. The binding curves of neutrophils to RBCs coated with L-
selectin/ICAM-1 (m and solid curve) or with L-selectin alone (0 and dashed curve) are
shown with the adhesion frequency normalized by site density of L-selectin (A). Both of
them only had one plateau and with no second step. Binding parameters, A.Kam; (B) and
kott (C), for neutrophils to RBCs coated with L-selectin/ICAM-1 or L-selectin alone were
comparable. The data are shown as meants.e.m. of binding parameters of 2-3 binding
curves.
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7.6 Discussion

For the recruitment and migration of neutrophils during inflammation, 3,
integrins need to be activated in order to mediate firm adhesion. Recently, it is suggested
E-selectin may play more roles than just an adhesion molecule for mediating neutrophil
rolling, it might also trigger a signaling to activate [, integrins [21, 23, 132]. In the
present study, the activation of [, integrins by E-selectin binding to neutrophils is
investigated using micropipette adhesion frequency assay. The results showed f,
integrins are activated by the engagement of E-selectin ligands on neutrophils to a state
with intermediated level ligand binding affinity. It takes about 5 seconds for the
activation to take place. Among the three selectins, E-selectin is the only one being able
to activate B3, integrins; P- and L-selectins failed to induce the activation of 3, integrins
with current experimental conditions. Moreover, the activation of B, integrins seems to
require crosslinking of E-selectin ligands on neutrophils.

This is the first estimation of the timescale for E-selectin binding to activate 3,
integrins on neutrophils. The results showed that after the two cell membranes were in
contact for 5 seconds or longer, B, integrins were activated to bind its ligand with higher
affinity. Depending on the site densities of E-selectin, the first step binding reached
equilibrium at adhesion frequency of 0.3-0.6. With an off-rate of ~ 5.7 s, the cellular on-
rate was estimated to be 2.0-5.2 s. That means during the contact duration of 5 seconds,
E-selectin should be able to form bonds with its ligands for 10-26 times on average and
each bond needs to wait averagely for 0.19-0.5 second to form. The average lifetime of
E-selectin bond is ~0.18 second. It is possible that the engagement of E-selectin ligands is
not continuous and the effect of E-selectin ligand engagement accumulates over time
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until it is strong enough to trigger the activation of B, integrins. If the contact duration is
not long enough for the signaling to build up, B, integrins could not be activated. The
observation that the second step binding initiated at ~ 5 seconds and reached equilibrium
at ~ 10 seconds indicated that a latent time is required for [, integrins to be activated.
This latent time, 5 seconds in this experiment, might be the minimum length of time for
activation events to take place, including E-selectin binding, initiating of the signaling,
transduction of signaling to B, integrins, and conversion of 3, integrins into a state with
higher ligand binding affinity. In the binding curve, the increase of the 2™ step is gradual.
This might be due to the increased number of activated B, integrins for the signaling
strength is further increased with a longer contact duration. It is also possible that the
signaling strength reaches a threshold and does not increase with futher E-selectin ligands
engagement. If this is the case, the gradual increase of the 2" step should be the transient
phase of the binding curve for activated 3, integrins and ICAM-1.

In the present study, ligand binding ability (A:Kam,) of activated B, integrins
increases as E-selectin site density increases up to 12 molecules/um?and then leveled off.
More E-selectin in the contact area may increase the chance of E-selectin engagement,
and therefore increase the activating signaling; but once the signaling reaches its
maximum strength, further increased E-selectin site density has no effect any more. The
equilibrium AcKam; of B, integrins activated by E-selectin binding is ~ 3 folds lower than
that of the B, integrins activated by Mg** and ~ 7 fold lower than that of the B2 integrins
activated by Mn?*. The difference in A.Kam, might be due to the numbers of B integrins
activated by E-selectin binding, Mg®*, and Mn?* are different, which results in different
m,. It is also possible that the binding affinities (K,) of B, integrins activated in different

120



ways are not the same. Or, both of them could be different. Nevertheless, these results
indicated that E-selectin binding could not fully activate B, integrins. Experimental
evidences suggested that the increased adhesion of [, integrins to ICAM-1 after E-
selectin binding could be due to clustering or conformational change of B, integrins.
Binding of E-selectin induced coclustering of L-selectin and PSGL-1, and subsequent
clustering of B, integrins [21]. The conformational change of [, integrins is also be very
important. It is reported that E-selectin binding activated o, 3, to an intermediate state,
i.e., an extended conformation with a closed I domain [139]. Extended o 3, supports cell
rolling when | domain is closed and mediates firm adhesion when | domain is open [12,
112]. Therefore, it is speculated that E-selectin binding to neutrophils activates the 3,
integrins into intermediate conformational state to mediate slow rolling, which facilitate
chemokines to further activate 3, integrins into full active state to mediate firm adhesion.

The crosslinking of E-selectin ligands seems to be important for B, integrin
activation. E-selectin Ig chimera in solution activated B, integrins on neutrophils; while
monomeric E-selectin could not. Consistently, previous study showed E-selectin dimer
binding induced coclustering of L-selectin and PSGL-1, but E-selectin monomer binidng
induced much less clustering [21]. The activation of 3, integrins also requires continuous
engagement of E-selectin. If the signaling for P, integrin activation keeps “on” once
induced by E-selectin binding, 3, integrins should be able to maintain in active state even
after the E-selectin-ligand bonds dissociate. Therefore, after B, integrins become
activated, it should be easier for the following contact test to have a positive outcome and
this will result in clustering of adhesion events in the micropipette adhesion assay. But

the clustering of adhesion events was not observed; instead, the adhesion events were
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distributed rather randomly. Therefore, it seems that (3, integrins are no longer activated
once the two cells are taken apart, and there is no “memory” of the previous contact.
Therefore, the adhesion events are independent of each other. Indeed, when neutrophils
were rolling in the flow chamber with half of it coated with E-selectin/ICAM-1 and the
other half with ICAM-1, they rolled on E-selectin/ICAM-1 but immediately detached
after entering the ICAM-1 only zone [139].

Normally, neutrophils are considered to be activated by chemotactic factors of
different origins and proinflammatory cytokines. Neutrophils fully activated by these
regulators have enhanced production of reactive oxygen intermediates, increased
respiratory burst, up-regulation of amp2, and fully activated B, integrins with high ligand
binding affinity to mediate firm adhesion. However, the requirement of continuous
engagement of E-selectin and the intermediate ligand binding affinity of the activated £,
integrins indicate the B, integrins activated by E-selectin binding is rather in a transient
activation state and is different than the full activated state that is triggered by ligation of
G protein-coupled chemotactic receptors (GPCRs) [24, 140]. Indeed, the activation of b2
integrins by E-selectin engagement only slowed down the rolling velocity of neutrophils
on the substrate coated with both E-selectin and ICAM-1; while TNF-a was able to
induce neutrophil adhesion to the same substrate through CXCR2 and G, [139].
Similarly, P-selectin binding to PSGL-1 on neutrophils activated integrin awmp2 by
partially enhancing its function and the binding of P-selectin only triggered an
intermediate state of neutrophil activation. Platelet-activation factor (PAF) and
interleukin (IL)-8 further enhanced the activation of owf, in concert with P-selectin

[141].
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Among the three selectins, E-selectin seems to be unique in its ability to activate
B2 integrins with current experimental setting. However, some studies showed conflicting
results questioning the stimulatory effect of E-selectin binding to neutrophils [142-144].
The present study showed that only E-selectin, but not P- and L-selectin, when coated
together with ICAM-1, induced a second step binding mediated by (B, integrins and
ICAM-1. E-selectin differentiates itself by its ability of binding monovalent sLe* with
greater affinity than P- and L-selectin. The binding of E-selectin to a wide variety of sLe*
ligands is sulfation independent, compared with P- and L-selectin [145]. E-selectin also
exhibits different binding kinetics. It supports neutrophil rolling rates on the order of a
leukocyte diameter per second, an order of magnitude slower than that of P- and L-
selectin [146]. Therefore, E-selectin bonds under stress may survive longer than P- and
L-selectin bonds, and this may increases the contact time and effective contact area on
the rolling neutrophils. It is controversial in the literature about the ability of P-selectin to
activate B, integrins. There are reports on the binding of PSGL-1 by purified P-selectin
failed to show integrin activation on human neutrophils [147-149]. But it was reported
that when bound to P-selectin fusion protein, PSGL-1 on mouse neutrophils trigged the
stimulation of B, integrin mediated homotypic neutrophil aggregation [150]. Moreover, a
recent study suggested PSGL-1 engagement by P-selectin induced an intermediate state
of awmp, activation [141]. It is possible that P-selectin induced activation signaling is not
as strong as that of E-selectin; therefore, in the micropipette assay, the site density of P-
selectin needs to be largely increased in order to induce the activation of B, integrins.
However, too high site density of P-selectin would result in a 100% adhesion frequency;

as a result, it is not possible to detect further increase in frequency even if the 3, integrins
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are activated. Therefore, this technique limitation prevented us from investigating the

activation of B, integrins by P-selectin with current experimental setting.
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CHAPTER 8

CONCLUSIONS AND RECOMMENDATIONS

Integrin has been extensively studied; however, a very important feature of
integrin, the regulation of integrin, has not yet been totally understood. Among the
mechanisms that have been proposed for integrin regulation, conformational regulation is
the most important one. The relationship between conformational change and oy
function is the focus of this study. Ligand binding is the very first step for o 3, to
mediate various important biological processes; and therefore one of the most important
ways to regulate o 3, activity is to change the binding affinity and kinetics. The present
study investigated the conformational change of o, and the regulation of oy, ligand
binding by conformational change. Mutation and a variety of reagents, including
antibodies, small molecule antagonists, and divalent cations were used to change the
binding affinity and kinetics of o, through inducing conformational changes of the
molecule. In order to further investigate the regulation of a3, in a more physiological
environment, the activation of o3, and other B, integrins on neutrophil by E-selectin
binding was also studied.

This study employed micropipette adhesion frequency assay to measure the
binding affinity and kinetics. This technique is very reliable for 2D binding affinity and
kinetics measurement. The most important advantage of this assay is that it allows direct
observation of the bonds of molecules. The proteins in this study are expressed on cell
surface instead of in solution, which is more close to physiological conditions. Besides

directly measuring receptor-ligand binding affinity and kinetics, this assay can be
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modified for other measurements. In this study, the micropipette assay was also used for
measuring the divalent cation binding affinity and dissociation from integrin. Another
advantage of the micropipette assay is the high temporal resolution. It is this feature on
which the experiments for studying the activation of 3, integrins by E-selectin binding are
based. Using this method, we have detected the activation of B, integrins in a real-time
fashion and thus obtained an accurate estimation of the timescale that other techniques
are not able to achieve.

In order to investigate the regulation of o3, ligand binding by | domain
conformational change and the extension of o f3,, the binding kinetics and affinity of
oL, at different conformational states were measured. The conformational change of |
domain from closed to open and intermediate conformations increased the binding
affinity of o 3, by ~ 3000 and ~ 30 fold, respectively. The off-rate, on the other hand,
only changes several fold. The off-rate is mainly regulated by the conformation of |
domain, which contain the ligand binding site. With an open | domain, the 2D binding
affinity of a B2 is in the order of 10 um*, and the reverse-rate is ~ 0.5 s™. When the |
domain is at intermediate state, the 2D binding affinity of oy f, is in the order of 10° um?*,
and the reverse-rate is ~ 1.2 s™. The 2D binding affinity of o, 8, with a closed | domain is
in the order of 10”7 um*, and the reverse-rate is larger than 2 s™. | domain conformational
change requires the presence of other domains. The extension of o, 3, leg propagates the
conformational change to ligand binding site by pulling down the C-terminal helix of the
I domain. However, the extension itself, without affecting the I domain conformation,

only increases the on-rate of ligand binding by several fold and has no effect on off-rate.
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Therefore, different conformational changes could have distinct effects on ligand binding
of o PB2.

The conformation of o 32 could not be directly accessed by the experiments. The
extension of oy 3, is detected by a reporting antibody KIM127. Since the conformations
of WT o, | domain when treated with different agents are not clear, a reporting
antibody for | domain conformation would be very useful. Moreover, the conformation of
o B2 headpiece, i.e. open or closed, is also important. But this information is totally
missing in the study. Therefore, defining the conformation of WT | domain and
headpiece of a3, would definitely provide more accurate information. This study used
divalent cations, activating antibody, and small molecule antagonists to control the
conformation of o 32 in vitro. It is therefore essential to correlate these results with in
vivo situation, where conformational change of a3, could be very complicated.

The binding affinity and kinetics of divalent cations, Mn?*, Mg, and Ca?*, are
also measured. | domain MIDAS coordinates a divalent cation in order to mediate ligand
binding, but the binding of divalent cation to MIDAS does not induce a downward
movement of the o7 helix of | domain. Mn?* has the higher binding affinity and slower
dissociation rate for WT or locked | domains than Mg?**. Ca®*" shows two different
binding affinities for | domain, which may be due to two different conformations that
MIDAS adapts after Ca** binding. Besides | domain MIDAS, there are multiple other
metal ion binding sites in a3, that play critical role in conformational regulation. The
binding of Mn** and Mg®* for these sites were also characterized. Mn®* has the higher
binding affinity and slower dissociation rate for these sites compared to Mg?*. One

interesting finding is that divalent cations dissociate from | domain fairly slowly but from
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those binding sites that are important for ICAM-1 binding of o, 3, rapidly. This different
binding characteristics of divalent cations for I domain MIDAS and these other sites may
indicate the different roles of sites in oy 32 binding and regulation.

The rapid dissociation of divalent cations from those metal ion binding sites that
are critical for o 32 ICAM-1 binding was observed in the study. However, divalent
cations dissociate so fast that most of the declining phase of the dissociation curve was
missing, which prevent an accurate estimation of the rate. Therefore, a different
technique or experimental design with better resolution may be required to obtain those
dissociation rates. The isolated | domain provide a great module for studying the divalent
cation binding for it only contains one metal ion coordination site. However, o, f3,, there
are more than 10 metal ion binding sites. The binding affinity of divalent cations to the
metal ion binding sites that are important for for ICAM-1 binding of o 3, were measured
assuming the ligand binding affinity change of o, 3, is due to the divalent cation binding
to those sites. Moreover, the effects of the multiple metal ion sites were lumped together.
Therefore, it would be very interesting to identify and isolate the specific metal ion
binding sites that are critical for specific conformational changes and study them one by
one using mutagenesis.

On neutrophil, a2 and other B, integrins are activated to have an intermediate
ligand binding affinity by E-selectin binding. Within ~ 5 seconds, the binding of E-
selectin Ig chimera coated on RBCs induced neutrophil B, integrins binding to ICAM-1
which is coated together with E-selectin. The activation signaling is accumulative and

may be induced by the crosslinking of E-selectin ligands.
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It is not clear which ligand(s) is responsible for the activation of [, integrins.
Antibody blocking experiments could be carried out to determine the key E-selectin
ligand(s). The results would provide very useful information on the ligand side to
characterize current experimental system. It is also of interest to investigate how the
change of E-selectin binding kinetics would affect the characteristics of E-selectin ligand
engagement during the contact. For example, a slower E-selectin binding off-rate would
increase the length of time for ligand engagement. As a result, the activation signaling
strength is expected to be stronger.

The results presented in this study certainly contribute to our current
understanding of integrin regulation. First of all, the measurement of 2D binding affinity
and kinetics of whole o, 3,, especially the ones containing a locked I domain, is one of
the very first studies that provided these binding parameters. The effect of o 3, extension
on ligand binding affinity and kinetics has never been reported before. Therefore, the
binding affinity and kinetics data add to our current knowledge of binding parameters of
o B2, Moreover, the results certainly help to reveal different roles of different
conformational change in the regulation of o, f3,, The measurement of divalent cation
binding affinity and dissociation rate for o, 3, metal ion binding sites is also among the
very few studies that reported these parameters. Instead of using purified molecules and
directly measuring the divalent cation binding, this study used ligand binding as an
indicator for divalent cation binding based on the understanding of the special properties
and conformational regulation of I domain and o3, The data could contribute to the
understanding of the mechanisms of o, 3, regulation by divalent cations. Furthermore, the

results confirmed the sophistication and sensitivity of the experimental design and thus
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micropipette adhesion frequency assay could be a very useful tool for this type of
measurements in the future. This study also emphasized the importance of intracellular
signaling in the regulation of o, by studying the activation of oy, and other 3,
integrins by E-selectin binding on neutrophils. The activation of o 3, and other B,
integrins by E-selectin binding was studied using a novel experiment design. This design
takes advantage of the high temporal resolution of micropipette technique and allows an
accurate estimation of the timescale of the activation event. Indeed, this study is the first
one to report the timescale of and [, integrins activation by E-selectin binding on
neutrophils. Overall, this study investigated the regulation of o3, conformation and
ligand binding activity and successfully provided useful information for the
understanding of the mechanisms for o, 3, regulation.

However, there are still a lot of questions waiting to be answered regarding the
conformational regulation of integrins. One of the most intriguing questions is how the
conformational change is initiated in the cytoplasmic tail of integrin and how it is
transmitted to the very remote ligand binding site. Another challenge is to understand the
dynamics of integrin conformational change, i.e., how fast integrins can switch to another
conformation. So far, several models for integrin conformational change have been
proposed based on experimental evidence. However, most of the experimental evidence
for integrin conformational change is static snapshots of multiple conformational states
instead of real-time dynamic conversion of between different conformers. The wide range
of integrin activators and inhibitors also adds complexity to the picture of integrin

regulation. Since there are multiple pathways of integrin activation or inhibition, it is very
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interesting to understand how these pathways or mechanisms interact and coordinate with
each other in order to accurately control and regulate integrin functions.

Although micropipette assay has a lot of advantages that other technique lacks, a
more sophisticated technique may be required when it comes to study more complicated
questions of integrin regulation and to provide larger volume of information.
Micropipette assay provides binding affinity and Kkinetic information by detecting
whether there is a bond formation upon the separation of the two cell membranes.
However, when the two cell membranes are in contact prior to separation, bonds could
already be formed and dissociated for several times. This information could not be
obtained by micropipette assay, which makes the technique very time-consuming because
the assay can only observe one bond for one whole contact duration. Micropipette assay
also omits all the information that could be very important to characterize a bond, such as
bond force, bode lifetime, and etc. Therefore, a technique that provides solution to the
above problems yet still inherits all the advantage of micropipette would be more
appropriate for future experiments in integrin study. Biomembrane Force Probe (BFP) is
an ideal candidate. The setup of BFP is very similar to micropipette except that it uses a
bead attaching to a RBC as a probe. The position of the edge of the bead is tracked by a
high-speed camera and thus any displacement of the bead could be accurately calculated.
When a bond formed between the molecules on the bead and the opposite cell/bead, the
force of the bond could be calculated from the displacement of the bead and the spring
constant of the RBC. Therefore, BFP is a more powerful tool than micropipette for the
purpose of studying integrin conformation and ligand binding properties on single

molecule level. Using BFP, the force of the bonds formed at different conformational
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states could be characterized. The dynamics of integrin conformational change, especially
the bent to extended change (or vice versa), could be directly observed. These
experiments would reveal more detailed information of integrin regulation that could
never been obtained by other methods.

In conclusion, this work provided valuable information of the regulation of o, 3,
conformational change and its ligand binding affinity and kinetics. It shed lights on the
mechanisms of o f, regulation by conformational change, divalent cations, and
intracellular signaling. The results could also be applied to understand the activation and

regulation of a3, in normal or abnormal situations in vivo.
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